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1. FOREWORD AND USER’S GUIDE

There is now a large body of evidence available to link nociception with subsequent alter-
ations in nervous system function, both peripheral and central (1,2). In various animal
models, studies have not only proven the existence of this link, but they have also pro-
vided a large amount of detail on the nature of and the mechanisms underlying these
changes (3). Such nociceptive neuroplasticity, particularly that of central nervous system
processing, is presently considered to be an important factor in the aetiology of pain after
nociception, and has been suggested to play a significant role in subsequent acute and
chronic pain outcomes (1,3,4). It should be noted at this point that in this book we will
use the term neuroplasticity in the broad sense, and that it thus includes both functional
and structural changes in nervous system function.

A large variety of animal models, both non-intact and intact, have been developed to pro-
vide valuable information on the mechanisms underlying pain and nociception (5-7). In
this context, the most frequently studied species are rodents, particularly rats. Non-intact
models are frequently either decerebrate or spinalised and are most useful for studying
specific aspects of nociception. They may include neuroelectrophysiological elements
such as single-neurone electrode recordings as well as various histobiochemical and sim-
ilar techniques to understand biochemical and biomolecular aspects of the nociceptive
process. This type of model also includes those with specific lesions in the central nerv-
ous system in order to better understand the pathways involved in pain and nociception
processing. Intact models provide valuable information on the holistic, integrated
response to nociception. In addition to electrophysiological and histobiochemical infor-
mation of the type also obtained in non-intact models, intact models permit the observa-
tion of behavioural responses, which are regarded by some as providing surrogate mod-
els for human pain behaviour and experience. Intact animal models have also proven
invaluable in the study of pathological pain states. Here, a disease state similar to a
painful human disease state is induced, and thus mechanisms as well as effects of thera-
peutic interventions can be studied. Examples of such models include experimental
monoarthritis, colitis or neuropathy, induced by the introduction of irritant material into
(or near) joint, colon or large peripheral nerve. Several animal models of surgical pain,
e.g. by incision (8), have now also been developed.

In animal models, the pattern of neuroplasticity following nociception is complex, varying
with regard to time (e.g. acute vs. chronic), anatomical location (e.g. spinal vs. supraspinal
systems), and nature (e.g. excitation vs. inhibition) (1,3,9,10). In the context of basic ani-
mal research, a considerable, albeit still far from complete, understanding of the biomolec-
ular mechanisms involved in the response to nociception has been achieved (e.g. 1,3,11). In
the animal model, it is now proving increasingly possible to link this understanding of
nociceptive biomolecular mechanisms to our higher-order understanding of the neuro-
physiological changes accompanying nociception (i.e. nociceptive neuroplasticity). This
linkage has been the basis of most of the pharmacological research in the field of pain of the
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last 10-15 years, as it provides the connection between biomolecular mechanisms amenable
to pharmacological modulation and neurophysiological changes considered relevant to the
clinical phenomenon of pain (1,3,4). Thus the discovery and exploration of post-nocicep-
tive neuroplasticity has provided - at least theoretically - the basis for a rational, mecha-
nism-based approach to pain therapeutics and management (12-14).

The practical application of this discovery to clinical pain practice is desirable because
the present symptom-based approach to pain treatment has clearly reached its limits, as
illustrated by the significant numbers of pain patients, both chronic and acute, still not
achieving satisfactory analgesia (15-18). The transfer of mechanism-based management -
based on animal model results - to clinical practice has, however, proven difficult. This is
demonstrated by the discussion surrounding one of the better-known postulates to result
from the concept of nociceptive neuroplasticity, namely the postulate of pre-emptive
analgesia for pain after surgery (1,4,12,13). One reason for this apparent transfer failure
from basic to clinical science is surely the inherent difficulty of extrapolating from exper-
imental animal data to the human clinical situation. A much more fundamental reason is
likely to be the - generally unstudied and unproven - assumption that the nociceptive
neuroplasticity demonstrated in animal studies can be equated with (or even reflected by)
the subjective pain experience of a human patient as measured by pain scores or analgesic
consumption (5,13). Both of these reasons make the collection - in the research and clin-
ical setting - of direct measures of neuroplasticity in the human necessary and unavoid-
able as the basis for a transfer to clinical mechanism-based pain management.

In the context of human surgery, data as to the nature and course of neuroplasticity after
surgical nociception remain sparse. Little is known about the relationship between meas-
ures of neuroplasticity (e.g. psychophysical measures) and measures of the patient’s pain
experience (e.g. pain scores, analgesic use), and the effects of clinically typical and rele-
vant factors such as analgesia or pre-existing pain on nociceptive neuroplasticity are
largely uninvestigated. The aim of this work is thus to provide a first basis for a transfer
from symptom-orientated to mechanism-based pain management by validating the use of
nociceptive neuroplasticity as an objective, clinically usable endpoint in the context of
surgical pain and nociception.

The current work will address this aim in a number of ways. Firstly, we will present an
integrated review of the theoretical background, particularly of knowledge from basic
animal research, on nociception, biomolecular mechanisms, neuroplasticity and pain,
with special emphasis on linking these phenomena. Secondly, based on our research, we
will offer evidence validating neuroplasticity, as measured by quantitative sensory test-
ing (QST), for quantifying both analgesia and nociception. Demonstrating that such QST
use is feasible for clinical application will form a third thrust of the present work. Finally,
we will provide an overview of the new information which application of QST-measured
nociceptive neuroplasticity has brought in the context of our research. This overview will
give insight into the real potential which nociceptive neuroplasticity has as a new, objec-
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tive endpoint providing novel information unobtainable via current subjective measures,
and thus for altering the way we practice perioperative pain and nociception manage-
ment.

This book is structured as follows. The background section provides the theoretical (chap-
ter 2) and practical (chapter 3) background to the topic under discussion, closing with an
exposition of the overall goals of the research to be presented (chapter 4). In the subse-
quent two studies sections, we present our own research in this area. Each section con-
tains an introduction to the topic which also includes a more detailed listing of the ques-
tions to be investigated by the research presented (chapters 5 and 9). The articles cover-
ing our research then follow. Each section is completed by a summary of the research pre-
sented (chapters 8 and 16), containing a specific listing of the answers to the questions
posed in the introduction. Two published review articles (chapters 17 and 18) covering
controversies and clinical practice in this field are presented in the next section. The final
section presents an overview discussion (chapter 19) of the implications of our research for
surgical pain management today together with an outlook for the future.
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2. THEORY - LINKING NOCICEPTION TO NEUROPLASTICITY

Two decades ago, the “classic” view of pain and nociception was still predominantly that
of a hard-wired nervous system responding in a fixed way to various nociceptive inputs.
Thus, noxious stimulation causes specific peripheral nociceptors to fire, with the signal
then being passed on to the spinal cord by A-delta or C-fibre primary nociceptive affer-
ent nerves. These fibres then terminate in a specific, highly spatially organised fashion in
the spinal posterior horn, where they then synapse with second order neurons project-
ing up into the brain. After crossing the midline, these second order pain fibres enter the
spinothalamic tract, located anterolaterally, traverse the brainstem in the lateral white
funiculus and terminate - again in a highly somatotopically organised fashion - in the ven-
troposterolateral nucleus of the thalamus. Here, synaptic transmission again takes place
onto third order nerve fibres, which then project on to sensory cortex, also in a somato-
topically organised fashion. Since this time, it has become abundantly clear that pain pro-
cessing and its pathologies cannot be explained within the context of a hard-wired neu-
ral processing system. What has emerged instead is the understanding that nociceptive
input itself changes the way the pain and nociception-processing nervous system behaves
and is wired. Thus nociceptive input alters the way the nervous system behaves at every
level - peripheral, spinal and supraspinal - with quantity and quality of these changes
depending not only on the quantity and quality of the nociceptive input but also on the
vulnerability of the individual nervous system to such input.

Any discussion of the connection between nociceptive input (nociception) and resulting
alterations to nervous system sensory processing (neuroplasticity) must cover both the
neurophysiological changes taking place as well as the biomolecular mechanisms pro-
ducing them. This then makes it possible to link particular effects on the nociceptive neu-
roplastic response with defined pharmacological interventions affecting nociceptive bio-
molecular mechanisms, thus providing the objective diagnostic process fundamental to
the implementation of mechanism-based management strategies regarding nociception.

To prevent misunderstanding, we also need to briefly address the difference between
nociception and pain. The pain experience by a person in response to a nociceptive input
is multifactorial in origin, and nociception is thus accompanied by many other factors in
finally determining the pain a patient subjectively experiences. However, all pain ulti-
mately has its origin in some nociceptive event, and the modulation of nociception will
always have an important - if not major - role to play in the management of pain, partic-
ularly if regarded over its entire time course. In addition, nociception is aetiologically
much closer to the metabolic and immunological consequences of a noxious stimulus than
pain is, making measures of nociceptive load much better candidates as surrogate disease
outcome endpoints than measures of pain.
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The aim of this chapter is thus to provide, based on animal studies over the last 10-15
years, an overview of the biomolecular mechanisms underlying the three main dimen-
sions of the integrated neuroplastic response to nociception, namely its nature (i.e. exci-
tatory vs. inhibitory), anatomical substrate (i.e. peripheral vs. spinal vs. supraspinal), and
time course (i.e. acute vs. chronic). This will supply the theoretical grounding necessary
to link nociception, biomolecular mechanisms and neuroplasticity, and hence justify the
use of quantitative sensory testing for diagnosing nociceptive neuroplasticity as the foun-
dation of a mechanism-based approach to nociception and pain therapeutics.

2.1. Excitatory Neuroplasticity

Excitatory changes in nervous system function after nociception occur in three phases.
Already substantial and easily reversible, the first, acute phase (activation) takes place
rapidly and manifests itself as a progressive increase in the neuronal response to repeat-
ed stimulation (“activation-dependent plasticity”). The second, sub-acute phase (modu-
lation) develops - and is reversible - more slowly. Here neuronal excitability is increased
due to altered transmembrane ionophore function subsequent to phosphorylation of
receptors, ion channels and regulatory proteins (“sensitisation”). The changes in the
third, chronic phase of neuroplasticity (modification) are long-lasting, take place much
more slowly, and result in distinctly abnormal sensory processing, not only quantitative-
ly but also qualitatively. They are the consequence of altered expression of neurotrans-
mitters, receptors and ionophores with resulting disturbances in internal and external
neuronal architecture and survival. It should be emphasised that the transitions between
these three phases are fluid.

Pain, Plasticity, and Gain

Activation

Transduction Transmission Use-dependent
angmentation

Autosensitization and Wind-up

Modulation

Phosphoryiation of
receptor/ion channels

Peripheral and Central Sensitization

Meodification

Altered gene Altered Cell death
regulation conpectivity

Persistent Pathological Pain

Figure 1: Summary of mechanisms of excitatory neuroplasticity and its time course (from reference 4).
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2.1.1. Acute Excitatory Neuroplasticity: Activation

In the periphery, the initial effect of noxious stimulation is the activation of nociceptive
transducers. These consist of receptor/ionophore complexes which depolarise (or reduce
the resting potential of) the nociceptive nerve terminal in response to specific noxious
stimuli of a chemical, thermal or mechanical nature (1-3). Activation of peripheral noci-
ceptors can be elicited both by stimuli that do (autosensitisation) or do not (heterosensi-
tisation) depolarise them, and results in a reduction of the high thresholds normally nec-
essary to depolarise nociceptors (4). If the current resulting from transduction exceeds
the membrane threshold value, an action potential follows, which is then conducted to
the spinal cord via the primary afferent nociceptive nerve fibre.

Activation Pain and auto-sensitization
Heat _—)
External '
Mechanical voltage gated sodium channels
Stimui Chemical ] , .
generator potentials action potentials

Figure 2: Summary of mechanisms of peripheral activation (from reference 4). Abbreviations: VR1 = vanilloid recep-
tor; mDEG = proton gated degenerin Na+ ion channel; P2X3 = “fast” ATP-gated purinergic receptor.

At the spinal posterior horn, signals due to minor nociception (low intensity and frequen-
cy) are synaptically transmitted by the release of neurotransmitters, mainly acting via
alpha-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA) and kainate recep-
tors, with subsequent initiation of fast excitatory postsynaptic potentials (EPSPs) which
encode stimulation onset, location, duration, and intensity (5). Activation-dependent
plasticity (here termed wind-up) occurs with prolonged, higher frequency and intensity
nociception via the generation of slow EPSPs (duration: tens of seconds), the consequence
of N-methyl-D-aspartate (NMDA) receptor stimulation by glutamate as well as neuro-
modulator (e.g. substance P; acting via NK1 or mGIuR receptors) co-release (6,7).
Cumulative depolarisation, the result of temporal summation of slow EPSPs, is further
enhanced with each successive input as calcium currents increase due to accompanying
removal of Mg+*+ block of NMDA calcium ionophores and activation of voltage-gated
non-selective cation channels (8-10). Thus generated action potentials are passed on for
further processing to supraspinal synaptic relays (e.g. in the thalamus), believed to possess
similar characteristics of activation as those described for the spinal posterior horn,
although less investigated to date.
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Ciber terminal

Activation :
AMPAJKAI receptor fast EPSPs

Ciber terminat

Activation :
Slow EPSPs, plateau potentials, summation & windup

Figure 3: Summary of fast and slow mechanisms of spinal activation (from reference 4). Abbreviations: ESPS = exci-
tatory post-synaptic potential; Glu = glutamate; GABA = gamma-amino-butyric acid; AMPA = alpha-amino-3-hydroxy-
5-methyl-4-isoxazoleproprionic acid; NMDA = N-methyl-D-aspartate; KAl = kainate; NK1 = neurokinin 1; mGIuR =
metabotrophic glutamate receptor; TrkB = tyrosine receptor kinase B; VGCC = voltage-gated calcium channel; Gly =
glycine; IP2 = inositol 4,5-bisphosphate; SP = substance P; P2X = ATP-gated purinergic receptor.
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2.1.2. Sub-acute Excitatory Neuroplasticity: Modulation
Modulation resulting in increased excitability of neurones is considered to be the basis of
the clinical phenomena of hyperalgesia (increased response to pain stimuli) and allodynia
(normally non-painful stimuli result in pain) in the context of inflammatory or neuro-
pathic pain (11). Modulation typically involves various intracellular kinase signalling cas-
cades which phosphorylate and thus activate receptor/ionophore complexes and their
regulatory proteins.

In the periphery, modulation of nociceptors (e.g. primary hyperalgesia) is mediated via
sensitising substances released after tissue damage. These include inflammatory media-
tors, e.g. adenosine, adrenaline, bradykinin, prostaglandin or serotonin, as well as neu-
rotrophic substances such as the various nerve growth factors (12,13). Peripheral modu-
lation involves phosphorylation of the tetradotoxin resistant sensory neurone-specific
sodium ion channel (SNS/PN3), and possibly the type 1 vanilloid receptor VR1, altering
activation characteristics, increasing sodium current size with depolarisation, and lead-
ing to nociceptor hypersensitivity (14-16). Phosphorylation produces protein kinase A or
C activation by intracellular kinases activated via receptors coupled to G protein- or mem-
brane-bound tyrosine kinase (17-20).

Modulation Peripheral Sensitization

Externat stimulus (heterosensitization)

j Heat -
Sensitizing stimulus
PGE2  Bradykinin MRS

EP BK

SNS/PN3

Figure 4: Summary of mechanisms of peripheral modulation (from reference 4). Abbreviations: EP = prostaglandin E
receptor; BK = bradykinin; VR1 = vanilloid receptor; PKA = protein kinase A; PKC = protein kinase C; SNS/PN3 = tetrado-
toxin resistant sensory neurone-specific sodium ion channel.

Centrally, i.e. at spinal and supraspinal levels, modulation (central sensitisation) is evoked
by primary afferent nociceptor input. Such input leads to facilitated excitatory synaptic
and depressed inhibitory functions, affects activated (homosynaptic modulation) as well
as adjacent (heterosynaptic modulation) synapses, and results in augmented responses
and expanded receptive fields to nociceptive and non-nociceptive inputs (21-26).
Homosynaptic modulation operates primarily via the AMPA receptor system and is
dependent upon NMDA receptor activation and either high intensity or high frequency
input, as seen in long-term potentiation of supraspinal (e.g. hippocampal) neurones
(5,27). As nociceptors only fire at low frequencies, physiological homosynaptic modula-
tion is likely to be limited to intense nociception. The mechanisms involved include
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enhanced AMPA (and kainate) channel conductance and cell-surface expression as well
as enhanced NMDA receptor function (5,27-29). In contrast, heterosynaptic modulation
is elicited by low frequency input, being elicited by anything longer than transient C-
fibre stimulation (30,31). It plays a major role at the spinal posterior horn, recruiting new
input sources (e.g. from A-delta fibres), expanding receptive field size as well as facilitat-
ing synapses not previously activated by conditioning stimuli (32-34). Here, presynaptic
release of neurotransmitters (NMDA) and neuromodulators (substance P, brain-derived
neurotrophic factor BDNF) alters spinal posterior horn signal transduction via effects on
postsynaptic ligand-gated ionophores (NMDA-R-glutamate), metabotropic receptors
(mGIluR-glutamate, NK1-substance P) and tyrosine kinase receptors (TrkB-BDNF), with
important contributions from pre- and postsynaptically released prostaglandin E and
prostacyclin acting on IP receptors (35,36). NMDA, NK1 and mGIuR receptor activation
plays a central and crucial role in the process of modulation and central sensitisation,
with two main mechanisms being described for this increase in cell gain. The first oper-
ates via suppression of Mg++ block of NMDA channels, the result of cumulative depolar-
isation with summing of slow synaptic potentials, as described above (37). The second

GCfiber terminal

Modulation :
Post-transiational processing and central sensitization

Figure 5: Summary of mechanisms of central modulation (from reference 4). Abbreviations: Glu = glutamate; P2X =
ATP-gated purinergic receptor; NMDA = N-methyl D-aspartate; BDNF = brain-derived neurotrophic factor; NK1 = neu-
rokinin 1; mGIuR = metabotrophic glutamate receptor; IP3 = inositol 1,4,5-trisphosphate; MAPK = mitogen-activated
protein kinase; PKC = protein kinase C; Src = a tyrosine kinase; TrkB = tyrosine receptor kinase B; VGCC = voltage-gated
calcium channel; GABA = gamma-amino-butyric acid; GLY = glycine.
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mechanism results in enhanced NMDA ionophore gating, e.g. via phosphorylation
(35,36). This most likely occurs via several signalling cascades which increase intracellu-
lar Ca**+ concentrations and activate calcium-dependent enzymes (protein kinase C,
calmodulin kinase), protein kinase A (via G-protein coupled receptors, e.g. NK1, EP,
mGIuR) and/or tyrosine kinases (e.g. trkB receptor, itself a tyrosine kinase activating
other tyrosine kinases such as Src or protein kinase C) (35,36,38). These mechanisms have
also been demonstrated to be involved in excitatory amino acid receptor upregulation
(non-receptor protein tyrosine kinase Src for NMDA receptors) or channel insertion (pro-
tein kinase C for AMPA receptors) (38,39). Other mechanisms independent of the NMDA
receptor may, however, also play a role in central modulation, e.g. via altered expression
of AMPA receptors, which permits increased neuronal Ca** influx and thus long-lasting
facilitation of synaptic transmission (28,29,40).

Two other aspects need to be considered regarding central modulation. First, it should be
remembered that central modulation also involves depression of inhibitory systems. At the
spinal level, e.g., activation of A-delta afferents can cause long-lasting depression of
inhibitory, largely GABAergic and glycinergic, primary afferent synapses (4,41). Again,
this effect is dependent upon NMDA receptor activation and subsequent rises in postsy-
naptic intracellular calcium concentrations. Second, supraspinal systems make a signifi-
cant contribution to development and maintenance of central sensitisation (42). Such
descending facilitatory systems frequently originate in the same brainstem regions as
those producing descending inhibition (e.g. the rostral ventromedial medulla RVM) (42).
It seems that low intensity electrical or chemical stimulation of these sites will tend to
facilitate spinal nociception (e.g. via activation of “on-cells”, mainly found in the nucle-
us raphe of the RVM), while high intensity electrical or chemical stimulation will result
in spinal inhibition (e.g. via activation of RVM “off-cells”) (43-46). However, the facilita-
tory and inhibitory systems operate via distinct anatomical spinal pathways (e.g. ventro-
lateral vs. dorsolateral funiculi) and receptor systems (e.g. serotoninergic and cholecys-
tokininergic vs. cholinergic and monoaminergic receptors) (42). Regarding facilitation
originating in the RVM, it is proposed that nociceptive input to the RVM via primary
afferents and then spinobulbal tracts (and possibly direct hepatic vagal afferents and the
nucleus tractus solitarius) activate RVM on-cells via mechanisms involving NMDA and
neurotensin receptors as well as nitric oxide (43,45,47-49). These on-cells then project
back to spinal posterior horn laminae I, Il and V to produce facilitation of spinal noci-
ceptive transmission (50,51). The important role of supraspinal facilitation in central
modulation is supported by a number of studies demonstrating suppression of central
sensitisation due to inflammation or nerve damage by spinal cord transection or inacti-
vation of supraspinal sites (52-57).
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Modification
Substance P ————"
A SNS/PN3 Q BONE

increased pene expression
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Abnormal sensitivity Phenotype Switch Denervation

Figure 6: Summary of mechanisms of peripheral modification (from reference 4). Abbreviations: VR1 = vanilloid
receptor; SNS/PN3 = tetradotoxin resistant sensory neurone-specific sodium ion channel; BDNF = brain-derived neu-
rotrophic factor.

2.1.3. Chronic Excitatory Neuroplasticity: Modification

In peripheral modification, changes in target-derived growth factors in primary sensory
neurones or peripheral nociceptors play a major role. These signal molecules, which nor-
mally undergo retrograde axonal transport from the periphery (target) to the centre (cell
body), increase with inflammation and decrease with nerve (axon) damage due to loss of
contact with the target (58). The function of target-derived growth factors changes in the
course of development, being vital for neuronal survival early on, but then contributing
to neuronal phenotype maintenance in the adult phase (4,58). Alterations in target-
derived growth factor levels lead to significant changes in neuronal function via modified
expression of ionophores, neurotransmitters, synaptic neuromodulators and G protein-
linked receptors, as well as growth-associated and structural proteins (4,58). Another
mechanism involved in peripheral modulation is change in sensory neurone transcription
elicited via calcium influx through purely voltage-gated ionophores (36).

Inflammation is associated with an increase in target-derived growth factors. This causes
upregulation of constitutive gene expression such as for SNS and VR1, making the
peripheral terminal more prone to sensitisation, e.g. via inflammatory mediators (59,60).
Such effects are supported by increased production of synaptic neuromodulators such as
substance P or BDNF (61-63). Inflammation also results in induction of novel genes. An
important example is the new expression of substance P and BDNF by A-delta fibres (and
even sometimes A-beta fibres), which acquisition of the neurochemical features of C-
fibres dramatically increases the ability of tactile stimulation of inflamed tissue to pro-
duce central sensitisation (36,64,65). In contrast, peripheral nerve injury results in a
decrease of target-derived growth factors, and thus reduced levels of substance P, SNS,
VR1 and CGRP. In addition, p-opioid receptor expression is decreased, perhaps con-
tributing to decreased opioid sensitivity, and brain sodium channel Il production is
increased, perhaps promoting increased ectopic neuronal activity (60,66-68). However, as
in inflammation, BDNF production is increased in peripheral nerve injury, and similar
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phenotype changes with expression of novel genes are observed, e.g. substance P and
BDNF expression in A-delta fibres, permitting these to induce central sensitisation
(69,70,71). Furthermore, nerve injury is associated with delayed sensory fibre loss, pref-
erential for C-fibres, as well as spinal rewiring through A-beta fibres sprouting to estab-
lish functional synaptic contacts with regions normally only supplied by C-fibre input
(i.e. superficial as opposed to deep posterior horn laminae) (72-75). The latter phenome-
non is highly abnormal, likely contributing to the frequently observed, refractory tactile
allodynia and other sensory pathologies seen in neuropathic pain syndromes.

Central modification (e.g. in posterior horn neurones), e.g. with inflammation or nerve
injury, involves further modified transcription, with alterations in transmitters/modula-
tors (dynorphin, enkephalin, GABA, COX2) and receptors (e.g. NK1, TrkB, GABA) subse-
quent to protein Kinase cascade activation (e.g. mitogen-activated protein kinase, MAPK
or CAMP responsive element-binding protein, pCREB) (76-78). These changes are proba-
bly due to increased electrical activity resulting in greater calcium influx via voltage-
gated calcium channels (4). Again, inflammation is associated with increased expression
of receptors and associated substances, generally the same ones as in peripheral modifi-
cation, with similar but central effects producing increased central modulation (58).

COX2 —PGE2
induction

Modification :
Altered connectivity and cell death

Figure 7: Summary of mechanisms of central modification (from reference 4). Abbreviations: Glu = glutamate; P2X =
ATP-gated purinergic receptor; NMDA = N-methyl D-aspartate; BDNF = brain-derived neurotrophic factor; COX2 =
cyclooxygenase 2; PGE2 = prostaglandin E2; NK1 = neurokinin 1; mGIuR = metabotrophic glutamate receptor; IP3 =
inositol 1,4,5-trisphosphate; PKC = protein kinase C; TrkB = tyrosine receptor kinase B; VGCC = voltage-gated calcium
channel; EP = endoprostanoid; AMPA = alpha-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid; KAl = kainate;
GABA = gamma-amino-butyric acid; GLY = glycine.
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Nerve damage results in decreased inhibition, e.g. via reductions in receptors and neuro-
transmitters as well as loss of inhibitory interneurones (79,80). The latter process is initi-
ated by neuronal injury discharge and ectopic activity, with subsequent cell death in the
superficial spinal posterior horn laminae, where inhibitory interneurones are mainly
localised (81,82).

2.2. Inhibitory Neuroplasticity

In intact organisms, nociceptive input elicits not only excitation but also inhibitory
responses. Such an interaction of excitatory and inhibitory systems is typical for other
sensory systems and for the central nervous system in general. Nociceptive processing is
no exception in this respect, and inhibitory responses form part of the complex modula-
tion which nociceptive signals undergo as they are transmitted from peripheral to central
in the nervous system (83). Inhibitory neuroplasticity can be divided into two main
types, spinal and supraspinal inhibition.

2.2.1 Spinal Inhibitory Neuroplasticity
Spinal inhibition is mainly triggered by innocuous stimuli transmitted via large diameter
cutaneous afferents (e.g. A-beta fibres). This mechanism and its input is segmentally organ-
ised, being most effectively elicited by (non-noxious) mechanical stimulation in the
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Figure 8: DNIC demonstrated in the human model (from reference 105). Left: Setup of model and increasing inhibito-
ry effect of hotter conditioning stimulus. Right: Inhibitory effect of morphine on DNIC and its reversal by naloxone.
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inhibitory receptive fields surrounding the excitatory receptive fields (e.g. secondary
hyperalgesia) of convergent neurones (83,84). Propriospinal controls, possibly involving an
upper cervical relay, and triggered by noxious stimulation have also been described (83).

2.2.2. Supraspinal Inhibitory Neuroplasticity

Multiple systems have been described producing supraspinal nociceptive inhibition,
both tonic and phasic, and originating in the medulla and midbrain (83). As mentioned
before, the centres involved (e.g. rostral ventromedial medulla RVM or periagueductal
grey PAG) are often the same ones as those implicated in supraspinal facilitation - albeit
involving different spinal pathways and receptor systems (85,86). The type of response
involved depends on stimulation characteristics (e.g. intense or weak), sensory test
modality (e.g. thermal or mechanical), pathophysiological condition of the organism (e.qg.
inflammatory or neuropathic, acute or chronic) and neural pathways involved (87).
Supraspinal inhibition is considered to operate mainly via cholinergic or monoaminergic
neurotransmission and/or neuromodulation at the level of the posterior horn of the spinal
cord; particularly more rostrally, GABAergic interneuronal transmission is frequently
implicated as well (42,83).

Tonic inhibitory descending controls on convergent spinal neurones have been demon-
strated to involve structures both in the rostral and caudal medulla (83,87,88).
Descending controls originating in the caudal medulla are mainly triggered directly by
nociceptive inputs, while activation of inhibition from the more rostral medulla (e.g. PAG
or RVM) may also involve environmental and contextual factors (83,87,88). The RVM con-
tains cells which control nociceptive transmission (50,51,89). Situated mainly in the
nucleus raphe magnus, and projecting onto spinal laminae I, Il and V, activated “on-cells”
facilitate nociception and activated *“off-cells” inhibit nociception, with the former being
activated indirectly via the PAG by p-opioid agonists, and the latter directly inhibited by
opioids (90). Both these cells types are considered to be implicated in the development of
morphine tolerance, with “off-cells” being activated via excitatory amino-acid neuro-
transmission (51,90,91). The third class of cells present in the RVM, “neutral cells”, is
insensitive to opioids, and its role in nociception is unknown at present (90). This PAG-
RVM circuit has been shown to contribute to analgesia in humans, with descending inhi-
bition being activated not only by nociception, but also by PAG stimulation, acute stress
or the expectation of relief (89). Stress-induced analgesia has been described in least two
forms: “opioid” and “non-opioid” (e.g. mediated by NMDA-based mechanisms), with
more severe forms of stress being likely to stimulate the latter, and milder ones the for-
mer (93,94).

Another well-described supraspinal inhibitory system is that of diffuse noxious inhibito-
ry controls (DNIC) (83,88,95,96). This phasic inhibition is exclusively triggered by noci-
ceptive, heterosegmental afferent A-delta and C-fibre input from parts of the body dis-
tant to the convergent spinal posterior horn neurones’ excitatory receptive fields. The
resulting powerful inhibition is selective for the wide dynamic range (WDR) spinal con-
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vergent neurones and thus can affect both nociceptive and non-nociceptive processing.
Structures situated in the caudal medulla (e.g. subnucleus reticularis dorsalis) and sepa-
rate from those involved in the more tonic inhibitory controls described above are impli-
cated, with the afferent arm of the loop ascending in the ventrolateral, and the efferent
part in the dorsolateral spinal funiculi (83,88,95,96). More rostral lesions, such as affect-
ing the PAG, RVM (including nucleus raphe magnus), cuneiform nucleus, locus
coeruleus/subcoeruleus, gigantocellular and paragigantocellular nuclei, and the
parabrachial area, do not significantly affect DNIC (97,98). A major purpose of DNIC is
considered to be improvement of the signal-to-noise ratio between spinal neurone pools
activated nociceptively, and those not activated and thus remaining silent, thereby facil-
itating the extraction and interpretation of nociceptive information (97-100). There is evi-
dence that the acute inhibitory controls elicited by, e.g. inflammation, may decrease with
time as inflammation becomes chronic (101-103). Another interesting finding is that, in
contrast to other forms of descending inhibition, opioids in the lower dose range inter-
fere with DNIC, via mechanisms at least partially involving the PAG (98), but not direct-
ly involving the RVM (104). Thus in this context, supraspinally mediated (low-dose) opi-
oid analgesia would not result from reduced nociceptive inputs, but rather from interfer-
ences in the detection of nociception via lower nociceptive signal-to-noise ratios due to
reductions in DNIC (97,99,100).

25



Monitoring Nociceptive Neuroplasticity

26

Quantitative Sensory Testing: A Better Therapeutic Endpoint for Managing the Pain of Surgery?

References

1 McCleskey EW, Gold MS. lon channels of nociception. Annu Rev Physiol. 1999;61:835-56

2. Caterina MJ, Rosen TA, Tominaga M, Brake AJ, Julius D. A capsaicin-receptor homologue with a high threshold for
noxious heat. Nature. 1999;398:436-41

3. Waldmann R, Lazdunski M. H(+)-gated cation channels: neuronal acid sensors in the NaC/DEG family of ion channels.
Curr Opin Neurobiol. 1998;8:418-24

4. Woolf CJ, Salter MW. Neuronal plasticity: increasing the gain in pain. Science. 2000;288:1765-9

5. Li P, Wilding TJ, Kim SJ, Calejesan AA, Huettner JE, Zhuo M. Kainate-receptor-mediated sensory synaptic transmission
in mammalian spinal cord. Nature. 1999;397:161-4

6. Duggan AW, Hope PJ, Jarrott B, Schaible HG, Fleetwood-Walker SM. Release, spread and persistence of immunoreac-
tive neurokinin A in the dorsal horn of the cat following noxious cutaneous stimulation. Studies with antibody micro-
probes. Neuroscience. 1990;35:195-202

7. King AE, Thompson SW, Woolf CJ. Characterization of the cutaneous input to the ventral horn in vitro using the isolat-
ed spinal cord-hind limb preparation. J Neurosci Methods. 1990;35:39-46

8. Mayer ML, Westbrook GL, Guthrie PB. Voltage-dependent block by Mg2+ of NMDA responses in spinal cord neu-
rones. Nature. 1984;309:261-3

9. Sivilotti LG, Thompson SW, Woolf CJ. Rate of rise of the cumulative depolarization evoked by repetitive stimulation of
small-caliber afferents is a predictor of action potential windup in rat spinal neurons in vitro. J Neurophysiol.
1993;69:1621-31

10. Morisset V, Nagy F. lonic basis for plateau potentials in deep dorsal horn neurons of the rat spinal cord. J Neurosci.
1999;19:7309-16

11. Coderre TJ, Katz J, Vaccariono AL, Melzack R. Contribution of central neuroplasticity to pathological pain: review of
clinical and experimental evidence. Pain 1993;52:259-85

12. Shu X, Mendell LM. Nerve growth factor acutely sensitizes the response of adult rat sensory neurons to capsaicin.
Neurosci Lett. 1999;274:159-62

13. Reeh PW. Cellular mechanisms of sensory processing, NATO ASI series, H: Cell Biology, vol. 79, L. Urban, editor.
Springer-Verlag, Berlin, 1994, pp 119-41

14. Fitzgerald EM, Okuse K, Wood JN, Dolphin AC, Moss SJ. cAMP-dependent phosphorylation of the tetrodotoxin-resist-
ant voltage-dependent sodium channel SNS. J Physiol. 1999;516(Pt 2):433-46

15. Gold MS, Reichling DB, Shuster MJ, Levine JD. Hyperalgesic agents increase a tetrodotoxin-resistant Na+ current in
nociceptors. Proc Natl Acad Sci U S A. 1996;93:1108-12

16. England S, Bevan S, Docherty RJ. PGE2 modulates the tetrodotoxin-resistant sodium current in neonatal rat dorsal
root ganglion neurones via the cyclic AMP-protein kinase A cascade. J Physiol. 1996;495(Pt 2):429-40

17. Mizimura K, Kumazawa T. The polymodal receptor: a gateway to pathological pain, T Kumazawa, L Kruger, K
Mizimura, editors. Elsevier, Amsterdam, 1996, pp115-41

18. Aley KO, Levine JD. Role of protein kinase A in the maintenance of inflammatory pain. J Neurosci. 1999;19:2181-6

19. Khasar SG, McCarter G, Levine JD. Epinephrine produces a beta-adrenergic receptor-mediated mechanical hyperalge-
sia and in vitro sensitization of rat nociceptors. J Neurophysiol. 1999;81:1104-12

20. Cesare P, Dekker LV, Sardini A, Parker PJ, McNaughton PA. Specific involvement of PKC-epsilon in sensitization of the
neuronal response to painful heat. Neuron. 1999;23:617-24

21 Woolf CJ. Evidence for a central component of post-injury pain hypersensitivity. Nature. 1983;306:686-8

22. Koltzenburg M, Torebjork HE, Wahren LK. Nociceptor modulated central sensitization causes mechanical hyperalgesia
in acute chemogenic and chronic neuropathic pain. Brain. 1994;117(Pt 3):579-91.

23. Woolf CJ, King AE. Dynamic alterations in the cutaneous mechanoreceptive fields of dorsal horn neurons in the rat

spinal cord. J Neurosci. 1990;10:2717-26



24.

25.

26.

217.

28.
29.
30.

3L

32.
33.

34.

35.

36.

37.

38.

39.

40.

41

42.
43.

44,

45.

46.

47.

Monitoring Nociceptive Neuroplasticity

Quantitative Sensory Testing: A Better Therapeutic Endpoint for Managing the Pain of Surgery?

Simone DA, Sorkin LS, Oh U, Chung JM, Owens C, LaMotte RH, Willis WD. Neurogenic hyperalgesia: central neural cor-
relates in responses of spinothalamic tract neurons. J Neurophysiol. 1991;66:228-46

Ali Z, Meyer RA, Campbell JN. Secondary hyperalgesia to mechanical but not heat stimuli following a capsaicin injec-
tion in hairy skin. Pain. 1996;68:401-11

Kilo S, Schmelz M, Koltzenburg M, Handwerker HO. Different patterns of hyperalgesia induced by experimental
inflammation in human skin. Brain. 1994;117(Pt 2):385-96

Randic M, Jiang MC, Cerne R. Long-term potentiation and long-term depression of primary afferent neurotransmis-
sion in the rat spinal cord. J Neurosci. 1993;13:5228-41

Soderling TR, Derkach VA. Postsynaptic protein phosphorylation and LTP. Trends Neurosci. 2000;23:75-80
Salter MW. Src, N-methyl-D-aspartate (NMDA) receptors, and synaptic plasticity. Biochem Pharmacol. 1998;56:789-98

Woolf CJ, Shortland P, Sivilotti LG. Sensitization of high mechanothreshold superficial dorsal horn and flexor motor
neurones following chemosensitive primary afferent activation. Pain. 1994;58:141-55

Simone DA, Baumann TK, Collins JG, LaMotte RH. Sensitization of cat dorsal horn neurons to innocuous mechanical
stimulation after intradermal injection of capsaicin. Brain Res. 1989;486:185-9

Treede RD, Magerl W. Multiple mechanisms of secondary hyperalgesia. Prog Brain Res. 2000;129:331-41

Campbell JN, Raja SN, Meyer RA, Mackinnon SE. Myelinated afferents signal the hyperalgesia associated with nerve
injury. Pain. 1988;32:89-94
Stubhaug A, Breivik H, Eide PK, Kreunen M, Foss A. Mapping of punctuate hyperalgesia around a surgical incision

demonstrates that ketamine is a powerful suppressor of central sensitization to pain following surgery. Acta
Anaesthesiol Scand. 1997;41:1124-32

Lu WY, Xiong ZG, Lei S, Orser BA, Dudek E, Browning MD, MacDonald JF. G-protein-coupled receptors act via protein
kinase C and Src to regulate NMDA receptors. Nat Neurosci. 1999;2:331-8

Mannion RJ, Costigan M, Decosterd |, Amaya F, Ma QP, Holstege JC, Ji RR, Acheson A, Lindsay RM, Wilkinson GA,
Woolf CJ. Neurotrophins: peripherally and centrally acting modulators of tactile stimulus-induced inflammatory pain
hypersensitivity. Proc Natl Acad Sci U S A. 1999;96:9385-90

Thompson SW, Woolf CJ, Sivilotti LG. Small-caliber afferent inputs produce a heterosynaptic facilitation of the synaptic
responses evoked by primary afferent A-fibers in the neonatal rat spinal cord in vitro. J Neurophysiol. 1993;69:2116-28

Yu XM, Askalan R, Keil GJ 2nd, Salter MW. NMDA channel regulation by channel-associated protein tyrosine kinase
Src. Science. 1997;275:674-8

Li P, Kerchner GA, Sala C, Wei F, Huettner JE, Sheng M, Zhuo M. AMPA receptor-PDZ interactions in facilitation of
spinal sensory synapses. Nat Neurosci. 1999;2:972-7

Gu JG, Albuguerque C, Lee CJ, MacDermott AB. Synaptic strengthening through activation of Ca2+-permeable AMPA
receptors. Nature. 1996;381:793-6

Sandkuhler J, Chen JG, Cheng G, Randic M. Low-frequency stimulation of afferent Adelta-fibers induces long-term
depression at primary afferent synapses with substantia gelatinosa neurons in the rat. J Neurosci. 1997;17:6483-91

Urban MO, Gebhart GF. Supraspinal contributions to hyperalgesia. Proc Natl Acad Sci U S A. 1999;96:7687-92

Urban MO, Gebhart GF. Characterization of biphasic modulation of spinal nociceptive transmission by neurotensin in
the rat rostral ventromedial medulla. J Neurophysiol. 1997;78:1550-62

Urban MO, Smith DJ. Role of neurotensin in the nucleus raphe magnus in opioid-induced antinociception from the
periaqueductal gray. J Pharmacol Exp Ther. 1993;265:580-6

Zhuo M, Gebhart GF. Characterization of descending facilitation and inhibition of spinal nociceptive transmission from
the nuclei reticularis gigantocellularis and gigantocellularis pars alpha in the rat. J Neurophysiol. 1992;67:1599-614

Zhuo M, Gebhart GF. Biphasic modulation of spinal nociceptive transmission from the medullary raphe nuclei in the
rat. ) Neurophysiol. 1997;78:746-58

Urban MO, Smith DJ, Gebhart GF. Involvement of spinal cholecystokininB receptors in mediating neurotensin hyperal-
gesia from the medullary nucleus raphe magnus in the rat. J Pharmacol Exp Ther. 1996;278:90-6

27



Monitoring Nociceptive Neuroplasticity

28

Quantitative Sensory Testing: A Better Therapeutic Endpoint for Managing the Pain of Surgery?

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Zhuo M, Gebhart GF. Spinal cholinergic and monoaminergic receptors mediate descending inhibition from the nuclei
reticularis gigantocellularis and gigantocellularis pars alpha in the rat. Brain Res. 1990;535:67-78

Zhuo M, Gebhart GF. Spinal serotonin receptors mediate descending facilitation of a nociceptive reflex from the nuclei
reticularis gigantocellularis and gigantocellularis pars alpha in the rat. Brain Res. 1991;550:35-48

Tortorici V, Morgan MM, Vanegas H. Tolerance to repeated microinjection of morphine into the periaqueductal gray is
associated with changes in the behavior of off- and on-cells in the rostral ventromedial medulla of rats. Pain.
2001;89:237-44

Fields HL, Malick A, Burstein R. Dorsal horn projection targets of ON and OFF cells in the rostral ventromedial medul-
la. J Neurophysiol. 1995;74:1742-59

Urban MO, Jiang MC, Gebhart GF. Participation of central descending nociceptive facilitatory systems in secondary
hyperalgesia produced by mustard oil. Brain Res. 1996;737:83-91

Urban MO, Zahn PK, Gebhart GF. Descending facilitatory influences from the rostral medial medulla mediate second-
ary, but not primary hyperalgesia in the rat. Neuroscience. 1999;90:349-52

Wiertelak EP, Furness LE, Horan R, Martinez J, Maier SF, Watkins LR. Subcutaneous formalin produces centrifugal
hyperalgesia at a non-injected site via the NMDA-nitric oxide cascade. Brain Res. 1994;649:19-26

Wiertelak EP, Roemer B, Maier SF, Watkins LR. Comparison of the effects of nucleus tractus solitarius and ventral
medial medulla lesions on illness-induced and subcutaneous formalin-induced hyperalgesias. Brain Res.
1997;748:143-50

Pertovaara A, Wei H, Hamalainen MM. Lidocaine in the rostroventromedial medulla and the periaqueductal gray
attenuates allodynia in neuropathic rats. Neurosci Lett. 1996;218:127-30

Bian D, Ossipov MH, Zhong C, Malan TP Jr, Porreca F. Tactile allodynia, but not thermal hyperalgesia, of the hindlimbs
is blocked by spinal transection in rats with nerve injury. Neurosci Lett. 1998;241:79-82

Woolf CJ, Costigan M. Transcriptional and posttranslational plasticity and the generation of inflammatory pain. Proc
Natl Acad Sci U S A. 1999;96:7723-30

Michael GJ, Priestley JV. Differential expression of the mRNA for the vanilloid receptor subtype 1 in cells of the adult
rat dorsal root and nodose ganglia and its downregulation by axotomy. J Neurosci. 1999;19:1844-54

Tate S, Benn S, Hick C, Trezise D, John V, Mannion RJ, Costigan M, Plumpton C, Grose D, Gladwell Z, Kendall G, Dale K,
Bountra C, Woolf CJ. Two sodium channels contribute to the TTX-R sodium current in primary sensory neurons. Nat
Neurosci. 1998;1:653-5

Ma QP, Woolf CJ. Involvement of neurokinin receptors in the induction but not the maintenance of mechanical allody-
nia in rat flexor motoneurones. J Physiol. 1995;486(Pt 3):769-77

Traub RJ. The spinal contribution of substance P to the generation and maintenance of inflammatory hyperalgesia in
the rat. Pain. 1996;67:151-61

Kerr BJ, Bradbury EJ, Bennett DL, Trivedi PM, Dassan P, French J, Shelton DB, McMahon SB, Thompson SW. Brain-
derived neurotrophic factor modulates nociceptive sensory inputs and NMDA-evoked responses in the rat spinal cord.
J Neurosci. 1999;19:5138-48

Neumann S, Doubell TP, Leslie T, Woolf CJ. Inflammatory pain hypersensitivity mediated by phenotypic switch in myeli-
nated primary sensory neurons. Nature. 1996;384:360-4

Ma QP, Woolf CJ. Progressive tactile hypersensitivity: an inflammation-induced incremental increase in the excitability
of the spinal cord. Pain. 1996;67:97-106

Hokfelt T, Zhang X, Wiesenfeld-Hallin Z. Messenger plasticity in primary sensory neurons following axotomy and its
functional implications. Trends Neurosci. 1994;17:22-30

Black JA, Cummins TR, Plumpton C, Chen YH, Hormuzdiar W, Clare JJ, Waxman SG. Upregulation of a silent sodium
channel after peripheral, but not central, nerve injury in DRG neurons. J Neurophysiol. 1999;82:2776-85

deGroot JF, Coggeshall RE, Carlton SM. The reorganization of mu opioid receptors in the rat dorsal horn following
peripheral axotomy. Neurosci Lett. 1997;233:113-6

Michael GJ, Averill S, Shortland PJ, Yan Q, Priestley JV. Axotomy results in major changes in BDNF expression by dorsal



70.

71

72.

73.

74.

75.

76.

7.

78.

79.

80.

8l

82.

83.

84.
85.

86.

87.
88.

89.
90.

91

92.

Monitoring Nociceptive Neuroplasticity

Quantitative Sensory Testing: A Better Therapeutic Endpoint for Managing the Pain of Surgery?

root ganglion cells: BDNF expression in large trkB and trkC cells, in pericellular baskets, and in projections to deep
dorsal horn and dorsal column nuclei. Eur J Neurosci. 1999;11:3539-51

Noguchi K, Kawai Y, Fukuoka T, Senba E, Miki K. Substance P induced by peripheral nerve injury in primary afferent
sensory neurons and its effect on dorsal column nucleus neurons. J Neurosci. 1995;15:7633-43

Zhou XF, Chie ET, Deng YS, Zhong JH, Xue Q, Rush RA, Xian CJ. Injured primary sensory neurons switch phenotype for
brain-derived neurotrophic factor in the rat. Neuroscience. 1999;92:841-53

Coggeshall RE, Lekan HA, Doubell TP, Alichorne A, Woolf CJ. Central changes in primary afferent fibers following
peripheral nerve lesions. Neuroscience. 1997;77:1115-22

Woolf CJ, Shortland P, Coggeshall RE. Peripheral nerve injury triggers central sprouting of myelinated afferents.
Nature. 1992;355:75-8

Koerber HR, Mirnics K, Kavookjian AM, Light AR. Ultrastructural analysis of ectopic synaptic boutons arising from
peripherally regenerated primary afferent fibers. J Neurophysiol. 1999;81:1636-44

Kohama 1, Ishikawa K, Kocsis JD. Synaptic reorganization in the substantia gelatinosa after peripheral nerve neuroma
formation: aberrant innervation of lamina Il neurons by Abeta afferents. J Neurosci. 2000;20:1538-49

Noguchi K, Dubner R, Ruda MA. Preproenkephalin mRNA in spinal dorsal horn neurons is induced by peripheral
inflammation and is co-localized with Fos and Fos-related proteins. Neuroscience. 1992;46:561-70

McCarson KE, Krause JE. NK-1 and NK-3 type tachykinin receptor mRNA expression in the rat spinal cord dorsal horn
is increased during adjuvant or formalin-induced nociception. J Neurosci. 1994;14:712-20

Hay C, de Belleroche J. Carrageenan-induced hyperalgesia is associated with increased cyclo-oxygenase-2 expression
in spinal cord. Neuroreport. 1997;8:1249-51

Castro-Lopes JM, Tavares |, Coimbra A. GABA decreases in the spinal cord dorsal horn after peripheral neurectomy.
Brain Res. 1993:620:287-91

Fukuoka T, Tokunaga A, Kondo E, Miki K, Tachibana T, Noguchi K. Change in mRNAs for neuropeptides and the
GABA(A) receptor in dorsal root ganglion neurons in a rat experimental neuropathic pain model. Pain. 1998;78:13-26

Sugimoto T, Bennett GJ, Kajander KC. Transsynaptic degeneration in the superficial dorsal horn after sciatic nerve
injury: effects of a chronic constriction injury, transection, and strychnine. Pain. 1990;42:205-13

Azkue JJ, Zimmermann M, Hsieh TF, Herdegen T. Peripheral nerve insult induces NMDA receptor-mediated, delayed
degeneration in spinal neurons. Eur J Neurosci. 1998;10:2204-6

Bouhassira D, Chitour D, Villaneuva L, Le Bars D. The spinal transmission of nociceptive information: modulation by
the caudal medulla. Neuroscience. 1995;69:931-8

Besson JM, Chaouch A. Peripheral and spinal mechanisms of nociception. Physiol Rev. 1987;67:67-186

Fields HL, Bashaum Al, Endogenous pain mechanisms, Textbook of pain, Wall PD, Melzack R, editors. Churchill
Livingstone, Edinburgh, 1989, pp 206-17

Willis WD Jr. Anatomy and physiology of descending control of nociceptive responses of dorsal horn neurons: compre-
hensive review. Prog Brain Res. 1988;77:1-29

Pertovaara A. Plasticity in descending pain modulatory systems. Prog Brain Res. 2000;129:231-42

Gozariu M, Bouhassira D, Willer JC, Le Bars D. The influence of temporal summation on a C-fibre reflex in the rat:
effects of lesions in the rostral ventromedial medulla (RVM). Brain Res. 1998;792:168-72

Fields HL. Pain modulation: expectation, opioid analgesia and virtual pain. Prog Brain Res. 2000;122:245-53

Heinricher MM, McGaraughty S, Tortorici V. Circuitry underlying antiopioid actions of cholecystokinin within the ros-
tral ventromedial medulla. J Neurophysiol. 2001;85:280-6

Heinricher MM, McGaraughty S, Farr DA. The role of excitatory amino acid transmission within the rostral ventromedi-
al medulla in the antinociceptive actions of systemically administered morphine. Pain. 1999 May;81:57-65

Heinricher MM, McGaraughty S. Analysis of excitatory amino acid transmission within the rostral ventromedial
medulla: implications for circuitry. Pain. 1998;75:247-55

29



Monitoring Nociceptive Neuroplasticity

30

Quantitative Sensory Testing: A Better Therapeutic Endpoint for Managing the Pain of Surgery?

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Grisel JE, Fleshner M, Watkins LR, Maier SF. Opioid and nonopioid interactions in two forms of stress-induced analge-
sia. Pharmacol Biochem Behav. 1993;45:161-72

Marek P, Mogil JS, Sternberg WF, Panocka I, Liebeskind JC. N-methyl-D-aspartic acid (NMDA) receptor antagonist MK-
801 blocks non-opioid stress-induced analgesia. Il. Comparison across three swim-stress paradigms in selectively bred
mice. Brain Res. 1992;578:197-203

Villanueva L, Chitour D, Le Bars D. Involvement of the dorsolateral funiculus in the descending spinal projections
responsible for diffuse noxious inhibitory controls in the rat. J Neurophysiol. 1986;56:1185-95

Villanueva L, Peschanski M, Calvino B, Le Bars D. Ascending pathways in the spinal cord involved in triggering of dif-
fuse noxious inhibitory controls in the rat. J Neurophysiol. 1986;55:34-55

Villanueva L, Le Bars D. The activation of bulbo-spinal controls by peripheral nociceptive inputs: diffuse noxious
inhibitory controls. Biol Res. 1995;28:113-25

Guirimand F, Chauvin M, Willer JC, Le Bars D. Buprenorphine blocks diffuse noxious inhibitory controls in the rat. Eur J
Pharmacol. 1995;294:651-9

Villanueva L, Le Bars D. Indirect effects of intrathecal morphine upon diffuse noxious inhibitory controls (DNICs) in the
rat. Pain. 1986;26:233-43

Bouhassira D, Gall O, Chitour D, Le Bars D. Dorsal horn convergent neurones: negative feedback triggered by spatial
summation of nociceptive afferents. Pain. 1995;62:195-200

Danziger N, Weil-Fugazza J, Le Bars D, Bouhassira D. Alteration of descending modulation of nociception during the
course of monoarthritis in the rat. J Neurosci. 1999;19:2394-400

Danziger N, Gautron M, Le Bars D, Bouhassira D. Activation of diffuse noxious inhibitory controls (DNIC) in rats with
an experimental peripheral mononeuropathy. Pain. 2001;91:287-96

Danziger N, Weil-Fugazza J, Le Bars D, Bouhassira D. Stage-dependent changes in the modulation of spinal nocicep-
tive neuronal activity during the course of inflammation. Eur J Neurosci. 2001;13:230-40

Bouhassira D, Bing Z, Le Bars D. Studies of brain structures involved in diffuse noxious inhibitory controls in the rat:
the rostral ventromedial medulla. J Physiol. 1993;463:667-87

Le Bars D, Willer JC, De Broucker T. Morphine blocks descending pain inhibitory controls in humans. Pain 1992;48:13-20



Monitoring Nociceptive Neuroplasticity

Quantitative Sensory Testing: A Better Therapeutic Endpoint for Managing the Pain of Surgery?

3. PRACTICE - MEASURING NOCICEPTIVE NEUROPLASTICITY
IN THE CLINICAL CONTEXT

It may be considered self-evident that an understanding of the mechanisms involved in a
disease process involving pain and nociception is fundamental to its effective therapeu-
tic management (1). From the data presented in the previous chapter, nociceptive neuro-
plasticity is a real potential target for diagnostic measures permitting insight into the
pathological mechanisms underlying nociception, and could well provide the basis for
the shift from symptom-based to mechanism-based therapeutic approaches in pain med-
icine (2). A number of questions arise, however, when we start considering nociception
and neuroplasticity in the clinical context, i.e. monitoring neuroplasticity in the individ-
ual patient:

1 How relevant is the question of nociceptive neuroplasticity to the clinical phenome-
non of pain?

2 For nociceptive neuroplasticity, can we extrapolate basic research data (e.g. animal
models) to the clinical situation?

3 Can we objectively measure nociceptive neuroplasticity in a clinical context?

3.1. Nociceptive Neuroplasticity vs. Pain in the Clinical Context

At present, our understanding of the consequences of nociception in the clinical context
is usually based upon the patient’s subjective pain experience, typically quantified via pain
intensity rating, measuring analgesic drug use, or possibly descriptive pain scoring via a
questionnaire (3). However, the use of subjective pain experience as a measure of noci-
ceptive neuroplasticity - as opposed to its direct, objective measure - can be expected to
be problematic due to the multifaceted and multifactorial nature of the pain experience
and its indirect and complex links to nervous system neuroplasticity. In animal models,
the connection between neuroplasticity and changes in behaviour following nociception
remains ill-defined. Moreover, the relevance of animal behaviour to the human pain expe-
rience is also unclear, further limiting the application of animal nociception research to the
clinical situation. In humans, the relationship between clinical pain measures and post-
nociceptive neuroplasticity is little investigated, with the research available suggesting
varying and generally weak correlations between the two (4-6).
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NOCIGEPTIVE INPUT

A NOCICEPTIVE (S8-1, §-2, PPC?,1C7?)
ARQUSAL, SENSATIONS
AUTONOMIC AND
SOMATOMOTOR
ACTIVATION g
{RF, HYP, SMA, PERCEIVED INTRUSION OR
ANYG) THREAT (PPG, IC)

IMMECIATE PAIN UNPLEASANTNESS
/ {ACE)

SECOND ORDER APPRAISALS (PFC) ——jp. SECONDARY FAIN AFFECT

Figure 1: Sensory processing linking nociception, arousal and the pain experience (from reference 7). The CNS struc-
tures likely to be involved are given in brackets, abbreviations: PAG = periaqueductal grey, PB = parabrachial nucleus
of the dorsolateral pons, VMpo = ventromedial part of the posterior nuclear complex, MDvc = ventrocaudal part of the
medial dorsal nucleus, VPL = ventroposterior lateral nucleus, ACC = anterior cingulate cortex, PCC = posterior cingu-
late cortex, HT = hypothalamus, S-1 and S-2 = first and second somatosensory cortical areas, PPC = posterior parietal
complex, SMA = supplementary motor area, AMYG = amygdala, PF = prefrontal cortex.

As described above, nociceptive input undergoes extensive processing before resulting in
the subjective experience of pain (figure 1,2). This pain experience includes both senso-
ry (e.g. pain intensity, pain location) and affective (e.g. unpleasantness, suffering) facets,
with the latter being further subdivided into primary (immediate implications, e.g.
unpleasantness) and secondary (future implications, e.g. suffering) aspects (7). Human
subjects can differentiate between the two facets if asked to, and the differential effects
of various analgesic drugs on these two facets of pain are well-described (8). Personality
traits have been demonstrated to have the least effect on the sensory facet of pain, and
the most on the affective facet, particularly its secondary aspects (9,10). The complex
path from nociceptive input to the pain experience involves both serial and parallel cen-
tral nervous system processing (8,11-14). From a number of studies, involving psy-
chophysical techniques as well as functional neuroimaging, we now know that affective
aspects of pain are processed in series with (i.e. downstream from) sensory aspects, with
parallel processing occurring for arousal and activation of both autonomous and somato-
motor nervous systems (15-19). Indeed, the major access of nociceptive spinal posterior
horn input to the anterior cingulate cortex, a major centre for integrating attentional and
evaluative (e.g. cognitive) factors into overall affective pain valency (and thus response
priorities), is indirect, serial and multisynaptic via a ventrally directed somatosensory-
limbic pathway (17-20). In contrast, nociceptive spinal posterior horn input has direct,
parallel access to lower brainstem and limbic structures mediating arousal and autonom-
ic and somatomotor activation (12-14). Thus it can be expected that the pain experience
- particularly its affective facets - will reflect nociceptive input less directly than arousal
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and somatomotor/autonomic activation. This will be the more so, the more the pain meas-
ure used includes affective facets of the pain experience (e.g. analgesia use or “pain
relief” vs. specific pain intensity rating). Furthermore, there is evidence that intensity
coding of nociceptive input is well preserved with rostral progression in the central nerv-
ous system (16), thus even quite rostral nociceptive neuroplasticity should more directly
reflect the intensity of the original nociception than the subjective pain experience.

Figure 2: CNS structures involved in processing the subjective pain experience (from reference 7). Abbreviations: PAG
= periaqueductal grey, PB = parabrachial nucleus of the dorsolateral pons, VMpo = ventromedial part of the posterior
nuclear complex, MDvc = ventrocaudal part of the medial dorsal nucleus, VPL = ventroposterior lateral nucleus, ACC =
anterior cingulate cortex, PCC = posterior cingulate cortex, HT = hypothalamus, S-1 and S-2 = first and second
somatosensory cortical areas, PPC = posterior parietal complex, SMA = supplementary motor area, AMYG = amygdala,
PF = prefrontal cortex.
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Taking all of these factors together, present evidence suggests that the relationship
between nociceptive neuroplasticity and the clinical pain experience is indirect, weak,
and in need of systematic investigation. Furthermore, nociceptive neuroplasticity is
potentially a better measure of “nociceptive load” (and the efficacy of its prevention and
therapy) than pain. If the outcomes - including pain - of disease processes involving noci-
ception are related to nociceptive load and its modulation, then nociceptive neuroplas-
ticity may prove to be a more useful and informative surrogate endpoint in this respect
than pain measures, and potentially interesting for both prognostic and therapeutic appli-
cation.

3.2. Extrapolation from Animal Models to the Clinical Situation

If data from animal models could reliably be extrapolated to the individual situation of
the patient, the need for monitoring nociceptive neuroplasticity in the clinical context
would be much smaller. From the account of nociceptive neuroplasticity presented above,
a number of inferences can be drawn of relevance to the question of extrapolation. It is
obvious that the change in central nervous system processing subsequent to nociception
is wide-ranging and complex, involving and integrating both excitatory and inhibitory
as well as peripheral, spinal and supraspinal systems. Thus, in view of the high degree of
integration and interaction of the systems involved in the response to nociception, obser-
vations on the reaction of isolated parts of the nervous system to nociception are unlike-
ly to permit accurate and comprehensive prediction of the reaction of the whole, intact
nervous system to nociception. Furthermore, the reaction of the nervous system, partic-
ularly the central nervous system, to nociception must be highly dependent on the ini-
tial state of the system, both internal and external, making details of the response very
specific to the model used. Of note is that this supposition includes the therapeutic con-
sequence that it will be more difficult to restore the activated system to its original state
than to prevent this state from occurring. Finally, the nociceptive neuroplasticity actual-
ly present will vary according to the timepoint after nociception at which it is observed
(i.e. acute vs. chronic neuroplasticity).

These factors taken together suggest that it will be difficult to forecast the integral neu-
roplastic response of a given patient to specific nociception from data gathered in the ani-
mal experimental context (5). This is the consequence of prediction being based upon a
different, often non-intact (e.g. spinalised) species of animal, frequently investigated in a
different state of health (e.g. otherwise healthy, anaesthetised animal vs. awake human
with chronic autoimmune disease), often for a short time span, and many times involving
nociceptive stimuli unlike those seen in the clinical context (i.e. electrical C-fibre stimu-
lation vs. fractured bone). As an example of the problems involved, the debate about pre-
emptive analgesia and surgery conducted over the last decade or so has provided us with
a graphic illustration of the pitfalls involved in predicting clinical nociception outcomes
based on data about nociceptive neuroplasticity in animal models (4).
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3.3. Measuring Human Neuroplasticity in the Clinical Context
The desirable transfer from symptom- to mechanism-based pain and nociception man-
agement is predicated upon the availability of clinically practicable ways of objectively
assessing and measuring nociceptive neuroplasticity in patients. A variety of methods for
measuring nociceptive neuroplasticity are at present available in the experimental con-
text, involving either neuroimaging, neuroelectrophysiological, or psychophysical tech-
niques. The first two methods have provided much useful, detailed and innovative infor-
mation regarding nociceptive mechanisms, factors influencing them, and their therapeu-
tic modulation. However, neither method is at present practical for clinical monitoring
use in the sense of providing repeated measures of nociceptive neuroplasticity in multi-
ple patients at an affordable price and in a way that is acceptable to the patient.

3.3.1. Functional Neuroimaging Methods

Functional neuroimaging techniques represent the most recent and most sophisticated
addition to the armamentarium of methods for following the changes in nervous system
function with nociception. They involve making visible the metabolic changes (e.g. blood
flow) accompanying central nervous system function, and are either based on radioiso-
topic methods (e.g. positron emission tomography PET) or magnetic resonance techniques
(FMRI) (21,22). Quite a number of studies have appeared over the last years using these
techniques to elucidate central mechanisms involved in a variety of pain states. A notable
success in this context is the demonstration and elucidation of the cortical neuroplastic-
ity accompanying amputation (23). This is implicated in the pathogenesis of phantom
pain after amputation, and institution of various treatment strategies based on (demon-
strably) reducing this cortical reorganisation is proving successful in reducing phantom
pain. Another pain state in which neuroimaging has made significant contributions to
understanding the underlying pathophysiology is migraine headache (24). Neuroimaging
studies have provided the means to gain extensive and detailed insight into the alter-
ations of central nervous system function associated with nociception and pain, as well
into their therapeutic modulation. However, at present functional neuroimaging is expen-
sive, time-consuming and only performed in dedicated locations, thus making its routine
use in the day-to-day clinical context impractical (25).

3.3.2. Neuroelectrophysiological Methods

Neuroelectrophysiological techniques involve the measurement of the electrical activity
accompanying nervous system activity (e.g. electroencephalogram EEG or electromyo-
gram EMG), and may be either evoked (a stimulus is presented and the resulting response
of the central nervous system quantified; e.g. evoked potentials, evoked reflexes) or pas-
sive (observing what happens to the EEG in a particular situation, e.g. event-related
potentials). Pain-evoked potentials (e.g. via laser stimulation), RIlI-reflex determination
(an electrically evoked nociceptive reflex) and EEG arousal reaction (an event-related
potential) are classic illustrations of neuroelectrophysiological techniques used in the
investigation of pain and nociception (26-28).
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Neuroelectrophysiological measures have proven particularly helpful in the investigation of
pain and nociception in the context of general anaesthesia, where psychophysical methods
(which require consciousness) are impossible to apply. In this context, both the EEG and
evoked potentials have been used to detect supraspinal excitation or inhibition following
nociceptive input (29,30), with the EEG giving a more holistic picture of the cortical reaction,
and evoked potentials looking more at specific pathways and structures. The application of
topographic (e.g. mapping, dipole source determination) and temporal (e.g. evoked reactions,
signal averaging) techniques has proven valuable when used to determine the pathways and
structures implicated in the processing of nociception and pain (29,31). However, the routine
clinical application of these techniques is made onerous by their large intra-individual vari-
ability in awake subjects and their time-consuming and technically demanding nature. Their
most promising clinical use at present is for nociception monitoring during anaesthesia (32).

In the context of investigating spinal nociceptive processing, electrophysiological tech-
niques specifically targeting spinal nociceptive mechanisms have proven to be of partic-
ular importance. Given that the study of spinal processing is difficult with psychophys-
ical or neuroimaging approaches, the development of methods such as nociceptive flex-
ion reflexes (e.g. the R-111 reflex) (33) has proven invaluable. Unfortunately, as for
supraspinal electrophysiological techniques, the application of spinal electrophysiology
to routine clinical use is at present not practicable, again due to its time-consuming and
technically demanding nature.

3.3.3. Psychophysical Methods

Psychophysical techniques study the relationship between physical stimulation and
resulting sensation. They thus detect neuroplasticity via the changes produced in stimu-
lus-response curves, such as the left-ward shift resulting from hyperalgesia.
Psychophysical methods are suitable for everyday clinical use as the equipment is
portable and not overly complicated, and the protocols involved can be adapted to limit
the time necessary to perform them (34). Typical examples in pain research include the
determination of thresholds (e.g. pain tolerance threshold) to various stimuli (e.g. electric,
mechanical or thermal), and the rating by subjective measures (e.g. pain intensity visual
analogue scales) of stimuli of varying intensity (usually above threshold), e.g. in order to
obtain dose-response relationships (35). For formal, quantitative testing of somesthetic
function (quantitative sensory testing, QST), standardisation and validation of both test
stimuli and testing paradigms is of particular importance. Standardised and validated
testing protocols were first developed in the context of sensory testing for neurological
disease (e.g. diabetic neuropathy), starting over a decade ago (36,37). Since then the appli-
cation of such protocols has been extended to nociception and pain research by several
groups, resulting in a number of protocols for performing quantitative sensory testing in
the field of pain research (6,38,39).
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For clinical application, a trade-off between accuracy (which lengthens protocols) and
practicability (which makes them less comprehensive) has to be made. The data collected
should, however, inform about the effects of stimulation modality (e.g. electrical, mechan-
ical, thermal), summation (e.g. temporal, spatial) and topography (e.g. generalised, seg-
mental). To date, quantitative sensory testing has been applied in many clinical experi-
mental contexts including various types of neuropathic pain, complex regional pain syn-
dromes, and soft-tissue/joint disorders such as fibromyalgia or osteoarthritis (36-40). In
the future, testing different types of structure (e.g. somatic vs. visceral, superficial vs.
deep) will assume increasing importance, although at present this is still very much sub-
ject to experimental development.

Transcutaneous electrical stimulation remains a foundation of clinical QST in view of its emi-
nent controllability, ease of use, and extensive as well as long-standing record of validation
(41). Its advantages include a) the ability to provide well-defined single and summated stim-
uli, b) proven sensitivity to excitatory and inhibitory (e.g. DNIC) neuroplasticity, and c) the
potential to stimulate of a wide range of tissues (e.g. skin, muscle). Disadvantages include a)
the non-physiological nature of the stimulus, and b) the need to adapt existing methods to
include a topographical element.

Mechanical stimulation is well-established in practice and includes the use of graded fila-
ments (e.g. von Frey hairs) and pressure algometers (6,39,42). The facts that a) this is a phys-
iological stimulus with proven sensitivity to excitatory neuroplasticity, and b) the filaments
are eminently suited to sensory mapping, are clear advantages. However, disadvantages
include that a) filaments do not provide pain tolerance thresholds and must be used very
carefully to achieve precise, reproducible results, b) pressure algometers are not easily
applied everywhere (best over bony prominences), ¢) mechanical stimulation appears to be
less sensitive to inhibitory neuroplasticity than electrical stimulation in the post-surgical
context, and d) pressure thresholds are more influenced by gender than others (43).

Thermal sensory testing is at present achieved mainly by Peltier element or laser stimula-
tion and is a traditionally recognised method in pain research (44,45). Both methods have
achieved a high degree of sophistication and are frequently used in pain research. The
advantages of thermal testing are that it is a) an eminently controllable physiological stim-
ulus, and b) sensitive to excitatory neuroplasticity. The main disadvantage is that it rep-
resents a monomodal stimulus highly selective for certain peripheral nerve fibre subpop-
ulations, which might limit its application to the multimodal surgical context.

Thus we have in quantitative sensory testing involving psychophysical methods a
defined, validated, practicable and affordable technique with the realistic potential of
being applicable to everyday clinical practice for the diagnosis and monitoring of noci-
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ceptive neuroplasticity. The different stimulus modalities (i.e. electrical, mechanical, ther-
mal) may be at least partially complementary in the information they provide, with elec-
trical stimulation appearing to provide the most comprehensive coverage at present.
Further research is necessary to define the exact differential and comparative usefulness
of the various stimulus modalities either alone or in combination.
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4. STUDY GOALS - QUANTITATIVE SENSORY TESTING,
ANALGESIA AND NOCICEPTIVE NEUROPLASTICITY

Pain associated with surgery continues to be a major clinical challenge (1). Over 80% of
patients in a large British survey reported experiencing significant pain after surgery, and
in one third of these patients, such pain was present most or all of the time (2). An
American survey of pain and surgery found that postoperative pain was the primary con-
cern of patients preoperatively, and that three quarters went on to suffer significant post-
operative pain (3). Apart from the humanitarian obligation of treating postoperative pain,
adequate perioperative management of pain and nociception is now accepted to play an
important role in reducing postoperative morbidity, improving clinical outcomes and
speeding the patient’s recovery. A recent large meta-analysis of the intraoperative use of
neuraxial anaesthesia, which considerably attenuates intraoperative nociceptive input,
has demonstrated reduction of mortality by one-third, together with lower risk of deep
venous thrombosis, pulmonary embolism, blood transfusion, pneumonia, respiratory
depression, myocardial infarction and renal failure (4). Postoperative neuraxial analgesia
has also been demonstrated to be of benefit, particularly regarding pulmonary complica-
tions (5). Despite such insight into the importance of perioperative management of noci-
ception and pain, despite considerable advances in understanding nociception and pain
mechanisms, and despite improvements in the system for treating postoperative pain (e.g.
by introduction of acute pain services), progress in achieving significant advances in
perioperative nociception and pain management has been slow.

Management strategies for perioperative pain and nociception have so far been symptom-
based (6). Traditionally, postoperative analgesia has been managed by asking the patient
about his pain experience. However, the alterations in central nervous system processing
(neuroplasticity) associated with surgical nociception are increasingly recognised to play
an important role in acute postoperative pain (7). Nociceptive neuroplasticity is also con-
sidered to be implicated in pain chronification, and hence to be of relevance to long-term
pain outcomes after surgery (7). In addition, as discussed above, nociceptive neuroplas-
ticity may provide a link to other outcomes (e.g. complications) after surgery, particular-
ly via metabolic and immunological mechanisms. Thus an understanding of the neuro-
plasticity allied with surgery is likely to provide insight into the mechanisms underlying
postoperative pain and associated with surgical nociception, offering the basis for a shift
from symptom-based to mechanism-based management strategies for perioperative pain.

The detection and diagnosis of surgical nociceptive neuroplasticity is still very much in
the early stages of development, with little systematic research having been performed in
this area to date. Several promising methods for the quantification of changes in sensory
processing are available - and reasonably well-validated - in the experimental arena.
However, the transfer of these methods to everyday clinical, surgical use is little investi-
gated and promises to be challenging. Clinical testing for surgical nociceptive neuroplas-
ticity demands both simplicity and rapidity in order to ensure its everyday feasibility.
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At the same time, testing must not sacrifice a certain minimum of multimodality in order
to do justice to the complexity of surgical neuroplasticity. Taking into account these con-
siderations, it would appear to us that psychophysical methods (i.e. quantitative sensory
testing) may provide an attractive approach to the postoperative quantification of noci-
ceptive neuroplasticity (8).

Against this background, the main, overall aim of the research presented here is thus to
provide the first basis for a change from symptom-based to mechanism-based manage-
ment of perioperative pain and nociception. Our plan was to achieve this by using quan-
titative sensory testing (QST) as a means of exposing the mechanisms underlying periop-
erative analgesia and pain. This approach has, to date, been rarely applied in the clinical
context, with a systematic investigation not having been published so far. Section Il will
provide the introduction to this topic. It covers the feasibility of using QST to quantify
pharmacologically induced analgesia and antinociception in healthy persons without the
influence of surgery. In section IV we then go on to systematically explore the neuro-
plasticity resulting from surgical nociception using QST. Furthermore, we study the
influence of clinically important factors such as analgesia and preoperative pain on post-
operative surgical neuroplasticity.
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5. INTRODUCTION - QUANTITATIVE SENSORY TESTING AND
ANALGESIA MEASUREMENT

The purpose of the studies presented in this section is to help us to understand and opti-
mise the performance of quantitative sensory testing (QST) in the human, clinical context
by applying it first to the investigation of analgesia before moving on to the more com-
plex issues of monitoring perioperative neuroplasticity. Antinociception and analgesia
are an essential part of the anaesthesiological management of surgical nociception and
pain. As for surgical nociceptive neuroplasticity, analgesia has generally been quantified
up till now in the clinical context by measures of the subjective pain exeprience.
Classically, this involves documenting the reduction in pain intensity due to a clinically
relevant painful condition induced by analgesic intervention. Again, QST offers the
opportunity of obtaining a more objective measure by quantifying the shift in stimulus-
effect curves caused by the analgesic intervention (e.g. hypoalgesia to a defined experi-
mental painful stimulus). Thus it seemed logical to us to investigate whether the antinoci-
ceptive and analgesic effects of drugs with accepted anaesthetic and analgesic properties
could practicably be measured using QST. In particular, we wished to study how such
drugs affect QST measures of themselves, before going on to use QST in the more com-
plicated context of studying surgical nociceptive neuroplasticity and it modulation.

Since the first QST publications a quarter of a century ago (1,2) many studies reporting
QST use have been published, the bulk of which involve testing in the context of neuro-
logical disease (3). The application of formal QST paradigms to pain medicine took place
more slowly, with the majority of publications over the last 20 years investigating chron-
ic pain syndromes. Sensory thresholds are the most frequently used QST parameter, but
pain report after a fixed, usually suprathreshold stimulus is also used (4). Pain threshold
testing to determine analgesic effects of drugs in humans has been practised for at least
as long as formal QST testing (5), with a large body of literature (some 250 articles) involv-
ing a variety of techniques having been published since.

Quantifying analgesia by means of QST techniques such as threshold testing requires
attention to a variety of methodological issues. These include:

choice of appropriate stimulus modality (e.g. electrical vs. mechanical)

choice of stimulus characteristics (e.g. phasic vs. tonic stimuli, pain detection vs. tolerance)
choice of appropriate time-points for measures

choice of an appropriate testing paradigm.

B w N

For systemic analgesia quantification, topographic considerations are of lesser impor-
tance, making the measure of thresholds at multiple anatomical sites unnecessary.
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5.1. Stimulus Modality

The choice of stimulus modality is determined by a number of considerations.
Mechanical thresholds (pressure pain thresholds) are more influenced by gender than
electrical or thermal thresholds (6), and may be less sensitive to direct pharmacological
analgesic effects (7). Thermal stimulation is very specific for thin-fibre nociceptive affer-
ents and is eminently controllable and well-validated both via laser and Peltier element
application (4,8). With mechanical as well as thermal stimulation it is, however, difficult
to produce the intensive and multimodal nociceptive stimuli necessary to model clinical-
ly typical nociceptive inputs without permanent tissue damage, and thus to achieve clin-
ical relevance in assessing analgesia. In contrast, electrical stimulation, while not a strict-
ly physiological stimulus, has been demonstrated to be able to produce clinically relevant
nociceptive input - including sensitisation - without permanent tissue damage (9).
Furthermore, the analgesic effects of analgesic drugs may be modality specific (7). Taking
these factors into account, we chose to initially investigate both thermal and electrical
stimulus modalities for our experimental analgesia studies.

5.2.  Stimulus Characteristics

The major consideration is to use a nociceptive stimulus which has predictive relevance
to the clinical situation. Thus phasic and pain tolerance thresholds have more predictive
strength than tonic and pain detection thresholds, as the former are more likely to achieve
an adequate load of nociceptive input and to stimulate the C-fibres necessary for clini-
cally relevant pain and its consequences (e.g. sensitisation) (10,11). In addition, it is
important to include the elements of temporal and spatial summation in the choice of the
stimulus, as modulation of summation is important for the clinical effectiveness of anal-
gesia (12,13). Repeated and longer-lasting (tonic) stimuli are thus more likely to predict
clinically relevant analgesia than single and short-lasting (phasic) ones. The studies dis-
cussed here investigate the effects of a variety of stimulus characteristics in an attempt to
understand their applicability to and predictiveness of clinical analgesia.

5.3.  Timepoints Of Measures

The timepoints chosen for threshold determination should take into account pharmacolog-
ical factors, both pharmacodynamic and pharmacokinetic (10). Thus bolus investigations
need to include multiple measures, with a higher density at the beginning of the study to
include the time of peak concentration, while infusion studies should ideally be performed
in steady-state. The need for higher density of threshold measures will of course necessi-
tate the choice of a QST measure that is simple, repeatable and rapidly performed. It is also
important to consider the differences between plasma and effect site drug Kinetics. We pres-
ent both a bolus and an infusion study design here as examples of how timepoints of meas-
ure might be appropriately chosen in the investigation of experimental analgesia.
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5.4. Testing Paradigm
QST results are based on psychophysical responses. They are thus highly sensitive to
methodological details and susceptible to a great variety of internal and external envi-
ronmental influences (3). Therefore due attention must be paid, via strict experimental
protocols, to such details in order to achieve acceptable reproducibility and validity of
the results (14). In particular, it is important to consider the following points:

1 minimise learning and habituation effects, e.g. via familiarisation and training sessions
before any actual study measures are made, e.g. via pseudo-randomisation of stimulus
presentation (3,14-16)

2 standardise the environment within which measures are performed, e.g. via standard
instructions to subjects (3,14,15)

3 standardise sites of QST testing, e.g. use and mark same stimulation sites throughout
study (14,15)

4 use validated testing paradigms, including methods to test for non-co-operation of the
patient, e.g. null stimuli (17).

A number of validated testing paradigms are now available (3,14,15), based either on the
method of limits (stimulus increases up to threshold, at which time a button is pressed,
necessitating consideration of reaction time), levels or staircases (fixed stimuli, increasing
or decreasing according to response), or forced choice (subject indicates which of two
time epoch contains the target stimulus) (3,14,15).

For the studies presented here, we chose the method of limits, as this type of algorithm is
quick and simple to perform with good reliability and validity (14). For thermal testing we
used a commercially available computer-controlled system with Peltier thermode, using a
well-validated algorithm, and incorporating the desirable design details listed above (15).
Electrical testing was performed manually using a standard nerve stimulator and tetanic
stimulation via self-adhesive ECG electrodes remaining in situ for the duration of the
study, again using a method of limits and incorporating the above design details.

The overall purpose of the studies presented here is as an introduction to the practical
use of QST in the context of pain. In particular we consider it important to first under-
stand the effects of analgesic and antinociceptive drugs by themselves on QST before
going on to study the effects of - and interactions with - surgery. Taking into account the
methodological issues detailed above, a major aim was to investigate the practicability and
performance of QST when used in the clinical context to study antinociceptive proper-
ties of anaesthetic or analgesic drugs. Detailed questions to be addressed by this research
included the following:
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1 When anaesthetics are used for sedation, do they also modulate nocicep-
tion, and if so, is this modulation affected by dosage and agent chosen?

2 How do different stimuli perform in demonstrating antinociception by an
opioid analgesic, and how do such different measures of analgesic effect
relate with plasma pharmacokinetics of the agent?
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6. Article - Thiopental vs. Propofol

(Wilder-Smith OH, Kolletzki M, Wilder-Smith CH. Sedation with intravenous infusions of propofol or thiopen-
tone. Effects on pain perception. Anaesthesia 1995;50:218-22)

Sedation with intravenous infusions of propofol or thiopentone
Effects on pain perception

O. H. G. WILDER-SMiTH. M. KOLLETZK! anp C. H. WILDER-SMITH

Summary

The aim of this study swas to investigate pain perception during thiopentone or propofol infusions for sedation. Thiriy ASA4 !
or 2 paticais received @ two step infusion of either thiopenione (step 1 1.25mgkg ' followed by 2Smghky "hH 'osiep 2
1 25mgkg ™" and 125mgkg "h ': n =15 or propoful (step 1 O.5mgkg fmeghkg "h ' osep 2 03mghkg 7,
Smghky hin = I5) for sedation. At contral and 10 min after the start of each infusion dosage. reaction times und thermef
pain detection thresholds were determined. We found no clinicaliv or stavistically significans depression of thermal pain detection
thresholds during propofol or thiopertone infusions and these are, therefore, unlikely 1o he associated with ctinicatly relevani

heperatyesia.

Key words

Anuesthetics, intrarenous: propofol, thiopentone,
Pain: thresholds.

Subanaesthetic inlusions of intravenous agents for sedation
during regional anaesthesia. uncomfortable diagnostic
procedures (e.g. endoscopies, interventional radiclogy) or
minimally invasive surgery are used increasingly I, 2]
These infusions increase patient comfort and acceptance of
such procedures by inducing sleep. amnesia and anxiolysis.
Hyperalgesia in the presence of discomfiort and pain from
the procedure ttself. or from uncomfortable positions. hard
tubles or trolleys and long-lasting immobility. is clearly
undesirable.

Fropofol has proved well-suited lor use as a continuaus
intravenous infusion. particularly for sedation [2, 3] but
thiopentone infusions are much less frequentty used due 1o
less favourable pharmacokinetic propertics [4- 6}, Barbitu-
rates and propofol have been considered by some workers
to bc hyperalgesic in small doses [7]. Indeed. with the
emergence of new measurement lechnigues. the discussion
on hyperalgesia and intravenous agents has been renewed
[7. 8]. with both hypo- and hyperalgesic properties being
demonstrated for barbiturates and propofel [9-13] At
present no clinical studies of pain perception  during
scdation by intravenous infusion of anaesthetic drugs are
available.

The aim of this study was 10 investigate pam pereepiion
during a4 two-step. continuous intravenous sedative infusion
of cither propefol or thiopentone using thermal pain

detection  thresholds,  The main  objective was Lo
demenstrate the ubsence or presence ol clinically significant
hyperalgesia during such infusions.

Methods

The siudy protocel was approved by the University of Bern
cthics commitiee. We studied 30 ASA | 2 patients, aged
17-69 wvears. scheduled for elective orthopaedic surgery
under epidural anaesthesia. Patients with conditions associ-
ated with peripheral neuropathy (e.g. diabetes mellitus) op
who had other neurological discases. were nol studied.
After detailed explanation and informed consent, the
patients were prospeclively rundomly atlocated 10 reecive a
continuous intraveneus infusion of either propofo! or
thiopentone for sedation. Patients did not receive premedi-
cation and did not know which sedative infusion they were
allocated,

After establishing venous aceess and ECG and noninva-
sive aulomatic arteral blood pressure monitoring in the
anaesthetic room. patients were allowed to rest lor 5 min.
The subsequent bascline mecasurements (control} consisted
of pulse. arterial bloed pressure, reaction time and thermal
pain detection thresholds, Sedation was induced by an
intravenous  bolus of either propofel 0.5mgkg ' or
thiopentone 1.25mgkg . immediately tollowed by an

O.H.G. Wilder-Smith. MD. M. Kolleteki. $taff Anaesthesiologists, Zieglerspital Bera. Morillonstrasse 75 91 CH-3007 Berar,
Switzerland. C.H. Wilder-Smith. MD. Research Fellow, Department of Gastroenterclogy, Bern University Hospital,

CH-3010 Bern, Switzerland.
Accepted § June 1994
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infusion of either propofol | mg.kg ~*.h~' or thiopentone
2.5mgkg '.h~', respectively. A lumbar epidural catheter
was inserted using the classical loss of resistance method
with the patient in the left lateral decubitus position. A test
dose of local anaesthetic (3ml 2% lignocaine with
adrenaline 1:200,000) was injected into the cpidural
catheter at this stage and the patients were returned 1o the
supine position. Ten min after bolus injection of the intra-
venous anaesthetic, the same series of measurements carried
out for control were repeated (low infusion rate measure-
menis). Twenty min after the initial bolus, patients received
a second intraverous bolus of either propofol 0.5 mgkg™'
or thiopentone 1.25 mg.kg™'. Simultaneously, the infusion
was increased o propofol 5mgkg ".h™' or thiopentone
12.5mgkg "h ' Ten min later, the last set of measure-
ments (high infusion rale measurements) was performed
and the study terminated.

Patients were encouraged to familiarise themselves with
the reaction ume and pain threshold tests in a learning
session just before the study started. Reaction ume (RT)
was determined in order to control for confounding sedative
effects on pain threshold determination and as a gross
measure of psychomotor impairment. It was obtained by
means of a simpie computer programme which generated an
acoustic signal (beep) and then measured the time taken
press 4 button as fast as possible. This was repeated five
times and a mean time calculaled. Reaction time measures
were  always performed  just before measuring pain
thresholds.

The thermal pain detection threshold was measured on
the thenar enuinence of the dominant hand by a device
well validated for pain rescarch (Pathtester, Phywe,
Gottingen/D) [14, 15]. For the determination of the pain
detection threshold, this device heats a Peltier clement
under computer conirol from a baseline temperature of
40 C at a rate of 0.7 Cs ', with a cut-off temperature ol
52 €. The subject was asked 10 press a button, thus
stopping further heating, as soon as the sensation of heat
just changed to pain. Heating is preceded by an alerting
tone and the interval to heating was pscudorandomised
between | and 35 by the controlling compulter programme
10 avoid habitwation and learning effects. The intertrial
interval was 10s. After three practice attempts, a series ol
five measurement runs were performed which were averaged
10 give 4 mean value. The thermal pain detection thresholds
were converled to percentages of maximurmn possible effect
(MPE} according o the foliowing formula:

MPE — ( Ty — 40):12) « 100

where Typp is the thermal pain detection threshold
measured in € and 12 s the difference between the
maximum possible temperature (52 C) and the bascline
temperature (40 C).

Data analysis was performed using the computer statisti-
cal package Staristica for Windews [16]. Physical character-
istics and reaction times are expressed as mean (ST (95%
confidence intervals). Pain thresholds are expressed as
median (range). The patients’ physical charactenistics and
reaction times were compared using Student’s z-tests for
dependent or independent samples as appropriate. Thermal
pain thresholds were compared within groups using
Wilcoxon's rank sign test: intergroup comparisons werc
made using the Mann-Whitney {-test. p << 0L05 was con-
sidered stansticaliy significant.

Results

One patient in the thiopenione group was excluded from
analysis because of technical problems with threshold
Measuremant,

Physical characteristics are listed in Tuble 1 and were
similar for the two groups. The haemodynamic values,
reactlicn times and pain thresholds are presented in Table 2.
Patients receiving propofol had shorter initial reaction times
than those receiving thiopentone (p = 0.31) but the control
values for the pain detection thresholds were sumilar
(Table 2). Systolic and diastolic arterial blood pressures
decreased from control values in both groups but there were
no between-group differcnces.

The changes in thermal pain detection thresholds within
the groups compared to baseline were statistically signifi-
cant only for the high thiopentone infusion rate (Table 2,
Fig. 1). At no time were there significant differences between
the propofo! and thiopentone groups for pain thresholds.
Higher infusion rates lengthened reaction times significantly
(Table 2. Fig. 2). Therc were. however, no significant
differences between the groups. This remained so when
analysing changes in reaction time (0 try and compensate
for the differing inilial reaction times. Although thiopen-
tone showed a trend towards larger increases in teaction
time for a given increase in pain threshold. this difference
was not slatistically significant (Fig. 3).

Discussion

To our knowledge, this is the first clinical study to have
investigated pain perception dunng intravenous infusions
of anacsthetic agents for sedation. At low and medium
infusion rates typically used clinically for sedation |2, 17},
we were able to demonstrate the absence of a depression
of pain thresholds of statistical or clinical significance.
Thus, the perception of pain is not increased during such
infusions

In fact. Tor the higher infusion rate used in this study, the
thiopentonc infusion brought about a statistically signifi-
cant depression of pain perception [pain threshold increase
approximately 19%). paralleled by increases in reaction
time {94%) as a measure of increasing psychomotor
impairment. In comparison. 30 gg.kg ' of alfentaml intra-
muscularly produces a maximum increase of heat (laser)
pain thresholds of 116% for an increase i reaction time
compared to control of only 10% [18].

The effect of anaesthetic drugs on pain thresholds has
been studied for intravenous beli of thiopentone and
propofol. Clutton-Brock [9] and Dundee [13] using sem-
quantitative pressure algesimetry. found that subhypnotic
bali of thiopenione had hyperalgesic effects. Comparing
subhyprotic boli of propofol with thiopentone. Briggs and
co-workers [10], also using  semi-quantitalive  pressure
alpesimetry, again found thiopentone to exhibit hyperal-
gesic actions. whereas propolol produced hypo-algesia,

Table 1. Physical characteristios, Values are expressed us mean (801
195" Cl) where appropriate.

Propofol
IS4 3267 426)

Thispentone

Ape: years 36(13502K 2 438)

Height: cm 174 (301650 1791 1724500401670 176 9)
Weight; kg TA04H66.8 THE) 6o A0 725
Meniwomen y 8 &7
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Table 2. Haemodynamic values, reaction imes, and thermal pain threshold values
in patients receiving thiopentone (n = 14} or propofol (n = L5} infusions for sedation
during epidural anaesthesia.

Thicpentone Propolcl

SAF. mmHg

control 140 (12.3) (133-147.6) 1381793 (128-148)

low 131 (12.3) (124-138)* 2700523 0119-136)*

high 123(9.9) (117 128*C 1194265 (108 131)*
DAP. mmHg

control 86{9.8)(80 91} 80¢(14.4)(72 88)

low TH{12.6) {70 Kd4}* 73010.6){67 78)

high 69(8.9) (64 79)* 64 (10.5) (58 701*
Pulse: beat.min '

controt FO(I3AN63-78) 77¢(15.9) (68-80)

low FT(13.3)(69-84)* BI{LO.7Y(T5 91)

high TEI10.2)(72.1-83.8)* 84 (10.73{78-90)
Reaction time: ms

control 255(34.43(235 27T5)# 224 (25.8) (210 238)

low 326(202.6) (209 443) 251 (41.93(228 274)*

high 495 (284.3)(331.3 a60.0)*" 330136110254 d05)*
Thermul pain threshold: % maximum possible effect

control T3(39.4-96.0)) 76 (61.7-97.8)

Tow T4(41.9 99.8) %0(59.0 91.0)

high &7(42.0-100.0)* 76 (60.4-97.6)

SAP. DAP = systolic, diastolic arterial blood pressure.

Vzlues for SAP. DAP. pulse rate, reaction Limies are mean (SD) (95% CI). Thermal
pain detection threshold is median {range).

low’. "high” represent measurements taken 10 min after the start of low and high
infusion rates of the two drugs (see lext).

* =p <005 vs control: ¥ = p < 0.05 vs low infusion rate: # =p <0.05 vs propofol
group.

Robson and colleagues [12], comparing two different
methods of algesimetry in investigating the cffects of
thiopentone. again found thiopentone to be hyperalgesic
using pressure algesimetry. but hype-algesic using simple
thermal stimulation with a heated platinum wire. Using
argon laser algesimetry 10 determine thermal pain detection
thresholds during subhypnotic boh  of thiopentone
(0.5mg.kg ') or propofol (0.25mgkg "), Anker-Maller
and celleagues [11] also found both propofel and thiopen-
tone to have hypo-algesic effects.

240
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% maximum paossible effect
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propufol -lew
propafil high

thivpentone-luw

Infusien scheme

Fig. 1. Box plots of the median percentage change in pain

thresholds compared to control. expressed as percentage of masi-

mum possible effect at low and high infusion rates, [l. 95% CT.
. mean, —. SD

The quoted studies [L1.12] using thermal stimuli agree
with ours in finding small doses of barbiturates or propofol
to be neutral or hypo-algesic. The ditferences between these
and ours are mainly quantitative and are most likely to be
the result of differences in plasma and biophase levels
present at the time of measurement [19]. Interestungly, these
results arc n agreemeni with recent experimental work
showing both propofol and barbiturates to inhibit spinal
nociceptive transmission. with no evidence of facilitation.
even al the smallest doses [7].

80

60

A

20

% change

-
- —
A
n
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Fig. 2. Box plots of the mean percentage change m reaction time
compared to control at low and high infuston rates. Symbols as for
Figure |
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120 _ —

|
i

propotol-low
propafol-high

thiopentone-low
thiopentone-high

Infusion scheme

Fig. 3. Box plots of the mean percentape change, compared to
control. in reaction time to pain threshold ratios at low and high
infusion rates. Symbols as lor Figure 1.

The differing, in part, opposing, results of using
mechanical and heat stimuli for pain threshold determ:-
nation are increasingly known and described [15]. They are
generally considered to be due 1o the fact that mechanical
stimulation is much more polymodal in nature, making the
production of a ‘pure’ nociceptive stimulus much more
difficult and allowing the introduction of muhiple
confounding factors [15.20]. In additon, mechanical
stimulation remains much less well validated than thermal
or even electrical stimulation for pain research [15, 21-23].

The infusion schemes were chosen 1o reflect typical
clinical practice for intravencus sedation [3,35,17]. Wc
chose dose ratios (propofol:thiopentone = 1:2.5) generally
considered approximately equipotent in clinical anaesthetic
practice [24]. However, from cur results it would seem that
eguipotency for the induction of clinical anaesthesia does
not correspond 10 eyuipotency for reaction time or pain
thresholds during sedation.

The pain detection threshold, generally considered to be
a good measurc of acute pain processing [19, 25]. has been
determined in a number of ways, including skin heating
[15, 20]. transcutancous clectric stimulation [26] or mechan-
ical stimulation [21-23]. These methods can give conflicing
results under similar conditions, complicating the compari-
son of results obtained by different methods. Thisis because
these different methods neither stimulate the same range of
nociceptive and non-nociceptive receptors. nor activate
peripheral nociceptors in exactly the same way [15]. We
chose thermal stimulation because it is well-validated and
standardised [14]. has been shown to be of relevance in
investigations ol clinical pain [15]. and is generally con-
sidered to produce the purest monomodal nociceptive
stimulus [15, 20].

Heal pain threshold determination by skin thermode may
be influenced by a large number of factors such as changes
in the subject’s reaction time, site of measurement. speed of
thermaode heating. application pressure of the Peltier ther-
mode and learning and habituation effects [14. 15]. In this
study. the Targest mean increase in reaclion time (thiopen-
tone group) was from (L2355 (baseling) to 0.495 (high
infusion rate; A-1.2405). Such a prolongation would have

added 0.168°C {=1.41%MPE} to the pain threshold, a
change without effect on the statistical analysis. The
measurement site and speed of thermode heating were fixed
m our study. The Pathtester standardises the thermode
application pressure with a spring-loaded arm for the Peltier
clement. The computer programme controlling the
measurement algorithm has been cxtensively validated and
provides for trial runs and pseudo-randomisation of the
stimulys-heating interval 1o minimise learning and habitu-
ation effect [14, 15].

In conclusion, we were able to demonstrate that infusions
of thiopentone or propofol at doses typically used for
clinical sedation are not associated with hyperalgesia. For
the regimens used, thiopentone had the larger hypoalgesic
effect, associated, however, with mere psychomotor impair-
ment than for propofol.
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7. Article - Morphine-6-Glucuronide

(Buetler TM, Wilder-Smith OH, Wilder-Smith CH, Aebi S, Cerny T, Brenneisen R. Analgesic action of i.v. mor-
phine-6-glucuronide in healthy volunteers. Br J Anaesth 2000;84:97-9)

Analgesic action of i.v. morphine-6-glucuronide
in healthy volunteers
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The pharmacodynamics of morphine-é-glucurcnide (M-6-G) iv. were assessed in |2 healthy
male volunteers in an open study. After a single bolus dose of M-6-G 5 mg iv., we measured
antinaciceptive effects, using electrical and cold pain tests, and plasma concentrations of M-6-G,
marphine-3-glucuronide (M-3-G) and morphine. Pain intensities during electrical stimulation
(at 30, 60 and 90 min after injection) and ice water immersion (at 60 min) decreased significantly
(P<20.005) compared with baseline. Mean plasma peak concentrations of M-6-G were 139.3
(so 38.9) ng ml~', measured at 15 min. Our data demonstrate that M-6-G has significant

analgesic activity.

Br | Anaesth 2000; 84: 97-9

Keywords: analgesics opioid, morphine: analgesics opioid, merphine-é-glucuronide; pain,

experimental; pharmacodynamics
Accepted for publication: July 26, 1999

The major metabolites of morphine are morphinc-6-glucu-
ronide (M-6-G} and morphine-3-glucurenide (M-3-Gi).!
M-6-G has a 100-fold higher aftinity for 4 opioid receptors
compared with morphine when given intrathecally. and
shows analgesic activity.” Systemic M-6-G has been shown
to be approximately equipotent to morphine with respect
to analgesic activity but with fewer side effects.? However.
a recent study failed to demonstrate analgesic activity of
M-6-G i.v. in healthy volunteers.’ In this study, we have
examined the analgesic activity of M-6-G iv. in human
volunteers using opioid sensitive pain tests. and related this
1o plasma concentrations.

Methods and results

After obtaining approved ltom the Ethics Committee of the
University of Berne and written informed consent. we
studied 12 healthy male volunteers {aged 2146 vr, weight
53-80 kg in an open study. Before tnjection of M-6-G. a
baseline blood sample was obtained from the right antecu-
bital vein and control pain tests conducted. After a light
standardized meal. M-6-G 5 mg (Lipomed. Allschwil.
Switzerland; =98.5% HPLC purity). dissolved shorly
before use in sterile isotonic saline 5 ml. was injected as
an iv. bolus dose over | min. Blood samples were obtained

every 15 min for the first 2 h and then hourly until the end
of the study (5 h). One subject reccived M-6-G 10} mg and
another subject 20 mg orally.

Subjects were instructed in detail concemning the pan
tests and a practice run was performed before actual data
collection. During testing, subjects were in a quiet, warm
room. in a comfortable sitting position. Two standardized
tests were performed. In the ice bucket pain test. the
non-dominant hand was immersed in an ice water bath
maintained at a constant temperature of 4°C and pain
intensity was noted after 170 s on a 100-mm visual analogue
scale (VAS: 0—no pmin. 100=unbearable pain). In the
electrical pain stimulation test, the pain tolerance threshold
was determined by increasing the current applied with an
clectrical nerve stimuluor (100 Hz tetanic stimulation,
Digistim. Biometer A/S. Copenhagen, Denmark) 1o the
thenar eminence of the dominant hand by 0.1 mA +~! until
the pain sensation became “intolerable”. Prior reduction of
skin resistance was ensured by degreasing und scrubbing
the skin with emery paper. The tolerance threshold current
wis applied on two occasions for 30 s and pain scores were
noted on a VAS. Both pain tests were performed 10 min
before and 30, 60, 99, 120, 180 and 3 min after injection
of M-6-G. Side cffects were noted.
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Fig | Antinociceptive effects and plasma concentrations of M-6.G, a;
Mean (sp) visual analogue pain scores 1VASH of pain intensity (0=no
pain. 100=unbearable paint during ioe bucket immersion and electrical
stimulation at 200% patn wherance thresholds in 12 healthy volungeers
EL-PTT=Flecirical pain tolerance thresholds, IBP-170v=jce bucket puin
test lasting 170 s 9 P<0000 1y pre-M-6-G baseline. B Mean (501
phasma concentrations of morphing-f- gucuromde (M-6-G

Statistical analysis was performed using amalysis of
variance [ANOVA L and post froe Tukey's honest sianiticance
test. P<0.05 was considered significant.

Concentrations of M-6-G. M-3-G and morphine in plasma
were iassaved by high-pressure liguid chromategraphy with
diode-array detection (HPLC-DAD).?

AH 12 volunteers completed the pain tests. There were
na serious or objective side effects. Subjective effects were
sensations of heaviness. warmth and faster pulse (12 of 12
subjects). nervousness (sevend. shortness of breath (three)
and locatized rash ¢three).

The time—ctfect for pain intensities during both the ice
bucket and electrical puin lests was highly significant
(P00 (Fig. La) Pain intensities during  elecirical
stmulation were significant!y lower than baseline ar 30. 60
and 90 nun atter adminsstration of M-0-G (P=0.0005).
With the ice bucket rest pain imensity at 60 min wus
significantly lower than that st baseline (P=0.004). A other
times differences were not significant. Tn two subjects
who received oral M-6-G. no etfects on nociception were
observed.

M-6-G was present in plasma only after i.v. administra-
tion. Peak plasma concentrations of M-6-G of $0-228 ng
ml~ (mean 1393 (sp 28.9) ne nl'') were measured
15 min (Fig. 81 Morphine wus not deteciable.

Comment
We have demonstrated that M-6-G has analgesic activity in
human volunteers after 1.v. application when appropriate
and sensitive pain tests are used. corroborating earlier
studies in patients and healthy subjects.? In conmirast, a
recent placebo- and morphine-controlled swdy” reported a
lack of analgesic activity afier constant infusion of M-6-G3,
although steady-state M-6-G plasma concenrations (70—
175 ng ml 'y were similar to those in our study (90-228
ng ml-'). However, the study of Loetsch and colleagues’
must be interpreted with caution because of the very
high incidence of opioid effects and use of naloxone and
anfiemelics almost exclusively in the morphine group.
The resultant unblinding may have prejudiced volunteer
reactions and it is possible that the rescue medication itself
had effects on nocicepiion. Moreover, the pain-evoked
cergbral late potentials used in their study are recognazed
to be multifacterial in origin and cannot be assumed to
measure sensory diseriminative responses to pamn, but rather
reflect emotional-motivational aspecis of pain.* Late poten-
tials of this type are particularly sensitive to non-analgesic
sedation, as seen in the morphine but not in the M-6-G or
placebo groups in the study of Loetsch and colleagues.
Because of the difficulties of true blinding in opioid
medication groups, we chose an open study design. The
choice of tests for demonsiration of opioid analgesia is
crucial, as phasic. mainly A-3 fibre activating sumeli, as
used by Loetsch and colleagues, have been shown o be
insensitive for this purpuse.® The tonic and suprathreshold
pain tolerance tests in our study were chosen to ensure
activation of (C-fibres sensitive o opioid eftects. Although
qualitative responses to eleetrical and cold pain stimulation
were similar, the former is a mulimedal stimulus and the
latter probably monomodal. Clinical studies with patients are
now necessury to further evaluate the therapeutic potential of
M-6-G.
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8. SUMMARY - USING QUANTITATIVE SENSORY TESTING FOR
QUANTIFYING ANALGESIA

The studies presented here (1,2) confirm the feasibility of quantifying drug-induced
antinociception and analgesia in human subjects using QST. This is in agreement with the
literature already available on this topic. Both thermal and electrical pain threshold test-
ing appear to be suited to this task, and it seems possible to adapt the paradigms to inves-
tigations under bolus as well as infusion conditions. We were able to teach the paradigms
used to naive subjects within about 15 minutes, and the procedure was well-accepted by
those taking part in the studies. The tests proved stable and reproducible over the study
periods (maximum variability of ca. 20% between measures), suggesting that these proce-
dures might be used to investigate routine clinical surgical patients with only minimal sim-
plification and adaptation. Thus the use of these QST paradigms for simpler experimental
analgesia studies in humans provided us not only with specific data on the antinocicep-
tive characteristics of the drugs studied, but also with valuable experience and insight for
their subsequent utilisation in the more complex context of clinical surgery.

8.1. QST and Sedation by Anaesthetic Drugs

Our study involved the use of an infusion of two frequently-used intravenous anaesthetic
drugs, thiopental and propofol, to sedate patients before surgery. Nociceptive processing
was studied by QST using thermal stimulation via a Peltier element. Two approximately
stable and hypnotically equipotent plasma levels were compared, corresponding to typical
light and moderate sedation. The rationale for studying nociceptive processing in this con-
text is that such sedation has often been accused in the literature of causing hyperalgesia
(i.e. increased sensitivity to pain), which would of course be undesirable for surgery.

Our prime finding is that neither light nor moderate infusion sedation was associated
with hyperalgesia for both propofol and thiopental. In fact, moderate sedation with
thiopental produced statistically and clinically significant depression of pain processing
by almost 20%. The difference between anaesthetic and analgesic drugs is clearly illus-
trated by the relationship between sedation (as measured by reaction time) and antinoci-
ception (as measured by threshold depression): for thiopental (moderate sedation), reac-
tion time increased by 94% for a decrease in threshold of 19%, for alfentanil (30ug/kg
i.m.) reaction time increases by 10% for decrease in threshold of 116%. Despite expecta-
tions that propofol would prove to have a better analgesic potency for a given hypnotic
potency in comparison to thiopental, this proved not to be the case in this study. Of inter-
est was also the fact that, for both anaesthetics, measures of antinociceptive potency
increased more slowly than measures of hypnotic potency with increasing dosage.

Thus this first study using QST during infusion sedation by intravenous anaesthetics not
only demonstrated that its use was practicable in this context, but also provided valuable
insight into the drugs’ antinociceptive properties and their relationships to hypnotic
potency at differing doses. In particular, we were able to demonstrate that dose-response
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relationships differ between different anaesthetic drugs, not only for antinociception/
sedation relationships but also for the individual endpoints of sedation and antinocicep-
tion, as also suggested by other studies (3,4).

8.2. QST Variables and Opioid Analgesia

The background to this study was the inability of certain authors to formally demonstrate
analgesic properties for morphine-6-glucuronide in the experimental context. In our
view, the studies unable to demonstrate morphine-6-glucuronide analgesia chose QST
variables inappropriate for quantifying opioid analgesia, using phasic, subthreshold stim-
ulation and too unspecific pain effect measures (e.g. pain-evoked cerebral late potentials).
We also wished to document plasma concentration-analgesia relationships for intra-
venous application and investigate if oral application could be effective.

The prime result of our study is to demonstrate that opioid analgesia, in particular mor-
phine-6-glucuronide analgesia, can be reliably quantified over time by QST using tonic,
suprathreshold stimulation and repeated visual analogue scaling. In this context, electri-
cal stimulation - despite its “non-physiological” nature - proved more sensitive than ther-
mal (cold) stimulation using ice-water bucket immersion. There was a time lag of about 45
minutes between peak plasma concentration and peak biophase effect (as measured by
reduction in evoked pain VAS), suggesting slow penetration into the analgesic central
biophase from the circulation. The oral application of 10 and 20 mg morphine-6-glu-
curonide proved ineffective, resulting in neither measurable plasma levels nor alterations
in evoked pain VAS. It should be noted in this context that subjects found suprathresh-
old stimulation more disagreeable than threshold determination.

The present study highlights the importance of choosing appropriate QST paradigms and
stimuli if analgesic effects are to be consistently demonstrated and followed. In the con-
text of opioids, this means giving preference to tonic and suprathreshold stimuli. It is of
practical and clinical interest that the pharmacodynamics of opioid analgesia can reliably
be quantified and followed using the QST paradigms detailed here, and that the pharma-
codynamic time course can lag substantially behind the pharmacokinetic time course.

8.3. Implications for QST and Surgical Neuroplasticity
Our experience from the studies discussed above led us to make a number of modifica-
tions for the surgical neuroplasticity QST paradigms. The major changes were that we 1)
preferred threshold determinations to methods involving the use of pain report to fixed
suprathreshold stimuli, as the former were more acceptable to subjects and were less
subject to variability, 2) concentrated on tonic/pain tolerance thresholds, as these
appeared more sensitive to changes than phasic/pain detection thresholds, and 3) decid-
ed not to use the ice-water immersion test as it was time-consuming, considered unpleas-
ant by the subjects, and less sensitive than electrical skin stimulation to nociceptive
modulation. From the pilot tests involved in these studies, we also learnt the importance
of adequate time spacing of the tests in order to avoid sensitisation and interference
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between measures. While we were of the impression that thermal testing QST paradigms
were more onerous to perform than the electrical ones, the difference was not sufficient-
ly large for us to completely abandon thermal testing, particularly the computer-con-
trolled, well-designed and validated testing paradigm in conjunction with electronic data
collection used in the first study (5,6).

Taking all of these results together, we suggest that QST, in particular thermal or electric
threshold testing, showed potential for the investigation of nociceptive processing mod-
ulation by drugs of known antinociceptive potency in humans, and commonly used in
the anaesthetic and surgical environment. Thus these studies prepared the ground for
investigating such QST paradigms in the context of perioperative alterations of nocicep-
tive processing (i.e. surgical neuroplasticity).
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9. INTRODUCTION - SYSTEMATIC INVESTIGATION OF SURGICAL
NEUROPLASTICITY BY QUANTITATIVE SENSORY TESTING

First attempts to use formal quantitative sensory testing (QST) to investigate neuroplastic
changes after human surgery began about a decade ago. A number of studies have been
published since then (1-10), with the majority involving the use of mechanical thresholds
(1-6,8,10), a couple applying electrical stimulation in combination with other electro-
physiological measures (7,9), and one study utilising thermal stimulation via a Peltier
thermode (10). To date, only two of these studies have studied post-surgical neuroplas-
ticity in a more detailed fashion by including both a longer time course (i.e. repeated
measurements over 7-8 days postoperatively) and investigation of the anatomical distri-
bution of sensory changes (i.e. primary versus secondary hyperalgesia vs. distant sites)
(1,2). The other studies cited generally embrace a time course of maximally 48 hours, and
often only comprise one or two measures in space and time.

In the studies involving mechanical stimulation, pressure pain thresholds (1,3-6,8) tend
to be used more often than von Frey monofilaments (2-4,10). This is because, with regard
to nociception, von Frey hairs produce minor, punctate stimulation at best involving A-
delta fibres, whereas pressure algometry can be used to determine both pain detection (A-
delta fibre) and pain tolerance (C-fibre) thresholds. Most of the studies using mechanical
stimulation have determined thresholds at predetermined sites, but one study has intro-
duced the alternative technique of using von Frey hairs to map the area of punctate
hyperalgesia surrounding the site of surgery (i.e. secondary hyperalgesia due to central
sensitisation) and to assess wind-up pain due to temporal summation of stimuli (2).

Pressure algometry has been most frequently used to quantify primary hyperalgesia
(wound tenderness) by measuring directly on the surgical incision (1,3-6,8). Taken
together, the studies cited show decreased pressure pain detection thresholds at the sur-
gical site up to 96 hours postoperatively (1), with one study even reporting the persist-
ence of primary hyperalgesia 3 months postoperatively (3). The degree of threshold
reduction appears to correlate with the total PCA morphine consumption at 24 hours
postoperatively (3). Primary hyperalgesia is unaffected (dextromethorphan (3), tenoxicam
(5)) or only very weakly affected (morphine (8)) by perioperative analgesia. One study
also looked at secondary mechanical hyperalgesia, which tends to decrease with distance
from the wound, and whose time course parallels that of the primary hyperalgesia pres-
ent up to 4 days postoperatively (1). The same study found no threshold changes distant
to the site of surgery (1), suggesting that mechanical thresholds may be relatively insen-
sitive to inhibitory neuroplasticity, in keeping with other evidence (11,12).

For the reasons discussed above, the use of von Frey hairs for threshold determination
in the context of surgical nociception has not proven very successful (4,11). They have,
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nevertheless, proven useful for mapping as well as for detecting the mechanical hyperal-
gesia and allodynia surrounding surgical incision (2,3). Using von Frey hairs in this way,
it has been shown that the pre- and intraoperative use of a low-dose ketamine infusion
significantly reduces the area of secondary hyperalgesia surrounding surgical incision vs.
placebo, as well as reducing allodynia in this area (2). This effect lasted for up to seven
days postoperatively, without a ketamine effect on primary hyperalgesia. Another such
study used von Frey hairs to measure postoperative primary wound hyperalgesia, with
the result that dextromethorphan - also an NMDA receptor antagonist - given preopera-
tively was again unable to reduce primary hyperalgesia compared to placebo (3).

Two early studies have used electrical skin stimulation together with electrophysiological
measures to quantify post-surgical neuroplasticity once at a single site 2-3 days postoper-
atively (7,9). The earlier one discovered evidence of inhibitory neuroplasticity compared
to subjects not having undergone surgery via raised sensation thresholds and decreased
somatosensory evoked potential amplitudes at a site distant to surgery (9). These results
would tend to support other evidence that dermatomal electrical stimulation is sensitive to
inhibitory neuroplasticity. Using direct electrical stimulation of the sural nerve, another
investigation found lowered pain detection thresholds after surgery compared to non-
operated volunteers, accompanied by a trend to decreased nociceptive flexion reflex (R-111
reflex) thresholds (9). Thus direct electrical nerve stimulation appears to be much less sen-
sitive to inhibitory controls, reflecting spinal central sensitisation more directly.

Thermal thresholds are considered to be particularly selective for the thin nerve fibres
(A-delta, C) relevant to nociceptive input (13). At present we have found only one study
using thermal thresholds in the surgical context (10). This study reveals the presence of
primary and secondary thermal hyperalgesia around the site of surgery up to six hours
postoperatively. Both primary and secondary early postoperative thermal hyperalgesia
are absent in patients given dextromethorphan preoperatively, with von Frey hair testing
being unable to detect a difference in mechanical hyperalgesia between the drug groups.

Most of the studies quoted in the present discussion have not been able to demonstrate a
tight relationship between clinical measures of pain (e.g. pain scores, analgesic consump-
tion) and measures of surgical neuroplasticity (e.g. quantitative sensory testing). If there
is a relationship between pain and neuroplasticity, primary hyperalgesia (which is of
peripheral origin) would appear to have the strongest effect, with this effect being max-
imal during the first postoperative hours. Two studies suggest that primary hyperalgesia
has a formal, weak to moderate relationship with postoperative pain scores at rest or dur-
ing coughing (1) or with postoperative patient controlled morphine consumption (3). As
mentioned before, it should be noted that primary hyperalgesia has been shown to be
quite resistant to various forms of perioperative analgesia (3-5,8).
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Based on the articles above, we would summarise what is known about surgical neuro-
plasticity as follows:

1 Primary hyperalgesia of the surgical incision (which is of peripheral origin) to mechan-
ical and thermal stimuli is better investigated and can be demonstrated up to 3 months
postoperatively. More studied than secondary hyperalgesia of central origin, it appears
to have a weak to moderate relationship to clinical pain measures, but is generally
quite resistant to (systemic) perioperative analgesic measures.

2 Secondary hyperalgesia next to surgical incision (which is of central origin) can be
demonstrated postoperatively for mechanical (up to 96 hours) and thermal stimuli (up to
6 hours). Secondary mechanical hyperalgesia area size and degree of allodynia are signif-
icantly reduced by NMDA blockade with ketamine (2), while dextromethorphan reduces
thermal secondary hyperalgesia - but apparently not mechanical hyperalgesia (10).

3 Distant to the site of surgery, postoperative sensory testing involving electrical stimu-
lation suggests the presence of central inhibitory mechanisms in the presence of cen-
tral spinal excitatory neuroplasticity at single times and sites (7,9).

From the above summary, the need for the systematic application of quantitative sensory
testing (QST) to investigate human post-surgical neuroplasticity in an integrated fashion
is evident. In particular, the central nervous system (CNS) plasticity accompanying sur-
gery remains largely unstudied, particularly regarding:

1 the feasibility of using QST to monitor surgical neuroplasticity in the everyday clini-
cal context

2 the detailed nature and time course of the neuroplastic response

the modulating effect of typical clinical factors on such neuroplasticity

4 the relationship between surgical neuroplasticity and clinical pain measures.

w

Regarding the nature of the alterations in CNS sensory processing after surgery, we need
to address the details of excitatory vs. inhibitory neuroplastic reactions and the differen-
tial contributions of supraspinal vs. spinal mechanisms to these responses. The typical
clinical modulating factors which would benefit from study include both intrinsic (e.g.
preoperative pain) and extrinsic factors (e.g. perioperative analgesic management).

The scheme for our clinical QST paradigms for surgical neuroplasticity was designed to
answer the questions discussed above and based upon experiences with analgesia quan-
tification (cf. section I11). It takes the following criteria into account:

1 simplicity (i.e. needing only minimal patient training, ca. 15 minutes)
2 rapidity (testing can be completed in ca. 15 minutes)
3 reproducibility (less than 20% interindividual variability)
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4 validation in published literature
5 multimodal testing (sensation, pain detection, pain tolerance)
6 multiple sites (sites close to and far from surgery).

In the first phase of our investigations, we used thermal stimulation for QST due to its
nociceptive specificity and the availability of a well-validated testing device (14).
However, its use proved to be onerous in everyday practice, and we thus, in the second
phase, went on to test a paradigm based on thresholds to electrical skin stimulation. To
implement this paradigm we used a relatively simple device, which proved well-suited to
clinical employ.

The major aim of the study series presented here is to initiate systematic study of the neu-
roplasticity following surgical nociception. We are specifically interested in the feasibili-
ty and practicability of using QST for this purpose in the clinical environment.
Specifically, the aim of the study series presented here was to address, using QST, the fol-
lowing questions about human post-surgical central neuroplasticity:

1 What is the nature and time course of post-surgical neuroplasticity?

2 How do a) analgesia and b) preoperative pain affect postoperative
neuroplasticity?

3 What is the relationship between postoperative neuroplasticity and clinical
pain measures?
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10. Article - Epidural Sufentanil

(Wilder-Smith CH, Wilder-Smith OH, Farschtschian M, Naji P. Epidural droperidol reduces the side effects and
duration of analgesia of epidural sufentanil. Anesth Analg 1994;79:98-104)

Epidural Droperidol Reduces the Side Effects and Duration
of Analgesia of Epidural Sufentanil

Clive H. Wilder-Smith, Mp*, Oliver H. G. Wilder-Smith, mMDt,
Mammoud Farschtschian, MDt, and Parviz Naji, MDt

*Gastrointestinal Unit, Inselspital, University of Berne, Berne, Switzerland, and Departments of Anaesthesiology,
tUniversity Hospital Geneva and jRosenberg Klinik, Heiden, Switzerland

The postoperative combination of epidural sufentanil
and epidural droperidol was assessed in 40 patients
with hip or knee arthroplasties. Patients were given a
single intraverous (IV) bolus of sufentanil 50 pg with
either droperidol 2.5 mg or placebo (0.9% NaCl) epi-
durally in a double-blind, randomized design at the
first request for postoperative analgesia. Pain scores,
side effects, and sufentanil plasma concentrations were
reguiarly assessed for 5 h after injection. Heat pain
thresholds were measured pre- and postoperatively.
The incidence of nausea, emesis, and pruritus associ-
ated with epidural sufentanil was decreased by epi-
dural droperidol (P < 0.01, ' < 0.001, P < 0.05, respec-
tively). More patients were sedated with epidural
droperidol than with placebo (P < 0.02). The mutial re-
duction in pain scores was similarly prefound, but the

duration of analgesia after sufentanil and droperidol
was significantly shorter than after sufentanil and pla-
cebe (P < (1.02). Phasic and tonic heat pain thresholds
were increased postoperatively 1 h after sufentanil and
placebo (P < 0.01 and P < 0.0005, respectively). Only the
tonic heat pain thresholds were increased 1 h after
sufentanil and droperidol (P < .002). The addition of
epidural droperidol significantly reduced the excita-
tory side effects of epidural sufentanil while diminish-
ing the duration of analgesia. These interactions may be
of clinical significance in reducing the toxicity of opi-
oids, but the effect on duration of analgesia must
be considered when repeated doses of opioids are
prescribed.

{Anesth Analg 1994,7%:98-104)

intrathecally, and intravenously in the manage-

ment of perioperative pain (1-3). It is a highly
selective n receptor agonist, with corresponding side
effects, The opioid side effects, such as nausea, emesis,
pruritus, hypotension, respiratory depression, and uri-
nary retention can markedly offset the advantages of
improved postoperative analgesia. Neurcleptic drugs
Have antiemetic and cardiovascular-stabilizing prop-
erties, as well as analgesic characteristics (4-6). The
combination of opioids and neuroleptic drugs is rou-
tinely used perioperatively, as well as in pain related to
neoplastic discase (7,8). In a previous study, the epi-
dural combination of droperidol 2.5 mg and morphine
in the postoperative period resulted in a significantly
reduced incidence of side effects (9). The effect of the

S ufentanil is a potent analgesic used epidurally,

This study was supported by rescarch grants from Janssen
Pharmaceutica. Baar. Switzerland, and Sintetica AG, Mendrisio,
Switzerland.

Presented in part at the American Socicty of Anesthesiology Con-
ference, New Orleans, [LA, 1992,

Accepted for publication February 7, 1994,

Address correspondence to Clive H. Wilder-Smith, MDD, Gastro-
intestinal Unit, Beausite Hospital, CH-3000 Berne, Switzerland.

addition of droperidol on morphine analgesia was dif-
ficult to assess because of the great variability and the
long duration of morphine analgesia. In this study, the
mere potent, p receptor-specific and shorter-acting opi-
oid, sufentanil, was used to assess the interaction with
droperidol. Sufentanil was given epidurally because a
catheter was in sity for intraoperative local anesthetic
adminijstration and because of the increased acceptabil-
ity compared to intrathecal use. Additionally, an
important part of the analgesic action of opicids is
mediated spinally (10}.

Methods

Forty successive patients were included in this ran-
domized, double-blind comparison of the epidural
combination of sufentanil with either placebe or
droperidoel for pestoperative analgesia. The patients
gave oral informed consent, and the study was ap-
proved by the University Hospital Ethics Committee.
All patients were ASA grades 111, undergoing elective
total hip or knee replacement surgery (20 each).
Specific exclusion criteria were previous opioid medi-
cation, epilepsy, renal failure, diabetes, neuropathies,

10
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excessive blood loss or other intraoperative complica-
tions, and the usual centraindications for epidural
anesthesia.

After premedication with midazelam 7.5 mg per os
3045 min preoperatively and infusion of 1000 mL lac-
tated Ringer’s solufion, all patients had a standardized
epidural anesthesia at L2-3, 134, or L4-5. The loss-
of-resistance method was used to locate the epidural
space in the lateral recumbent position. Lidocaine-CO,
2% (without epinephrine) 3 mL (Sintetica; Mendrisio,
Switzerland) was given as a test dose. After insertion
of the epidural catheter, the second 3-mL dose of
lidocaine-CQ, and, 5 min later, the first half of the dose
of lidocaine-CO, calculated according to weight, age,
and extent of block were injected (11). Sixty minutes
later the second half of the lidocaine-CO, dose was
given. The total dose of lidocaine-CQ, given ranged
from 18 to 24 mL, the mean dose being 20 mL. Post-
operatively in the recovery room, patients were given
the study drug from coded ampules as a single bolus
via the epidural catheter at the first request for anal-
gesia. Sufentanil 50 pg and placebo {(NaCl 0.9%) or
sufentanil 50 pg and droperidol 2.5 mg were given epi-
durally in a total volume of 10 mL. After the single dose
of epidural study drug, all further analgesia was per-
formed “on-demand,” when patients demanded addi-
tional pain medication, with metamizole 1 g intrave-
nously or nicomorphine 0.1 mg /kg subcutaneously. All
epidural procedures were performed by the same two
anesthesiologists.

Documentation throughout the study was done by
one research nurse, who observed the patient from ad-
mission to discharge. Pain intensity (verbal rating scale
[VRS] 04, 0 = none, 4 = unbearable}, nausea (VRS
0-4), sedation (nurse observation: 0 = spontaneous
communication, not sleepy; 1 = slightly sleepy, spon-
taneous communication; 2 = responds to verbal com-
mands, no spontaneous communication; 3 = only
responds to physical contact, no spontaneous commu-
nication; 4 = no response, even to physical contact},
emesis (number of episodes, including retching}, shiv-
ering (nurse observation 0-4), pruritus (VRS (-4}, and
side effects, specifically extrapyramidal signs, were
documented before and every 15 min for the first hour,
and then hourly until 5 h after study drug application.
Arterial blood pressure and heart and respiratory rates
were monitored at the same times. Hypotension was
defined as a decrease of more than 20% of the mean
arterial pressure compared te the pressure just before
study drug injection. Oxygen saturation was recorded
by continucus pulse oximetry for the first & h postop-
eratively, Oxygen was administered by nasal cannulae
if O-saturation decreased to less than 90%, The time to
add-en analgesia was noted. At the end of the study,
patients rated the guality of analgesia as inadequate,
good, or excelient. Blood was drawn from a forearm

Table 1. Patient Characteristics

Sufentanil and  Sufentanil and

Characteristics droperidol placebo
Knee/hip (1) 10/10 20} 10714 20
Age (yD) 484 x 18 555 % 16
Sex*, female/male 5/15 11/9
Weight (kg) 722+ 13 767 £ 14
Height {cm) 168.6 = 10 1707 £ 13
Injection site L2-3: 6 L2-3:2

L3-4: 13 L34: 18

L4-5:1 L4-5: 0
Chronic analgesics 6 4

Mean values (* o} are shown.
* P = 0.053, Fisher's one-sided test.

vein for determination of sufentanil plasma concentra-
tions before and 15, 45, 90, 180, and 300 min after study
drug administration. Sufentanil concentrations were
measured by specific radicimmunoassay (12). Heat
pain threshelds were measured at the thenar eminence
of the dominant hand and reaction times tested on the
evening before surgery and 1 h after study drug injec-
tion. Heat pain threshold measurements using the
Pathtester MPI100 have been reported previously (13-
17). Briefly, a contact thermode {6 cm? with a
microcomputer-controlled Peltier-element is heated at
a rate of 0.7°C/s, beginning from a baseline of 40°C.
Patients indicated their phasic pain detection thresh-
olds by pressing a button when the heat sensation
changed from a warm sensation to a tingling pain.
Tonic pain thresholds were determined by allowing the
patient to adjust the heat to the tolerance threshold
point, experiencing the heat for 30 s and then allowing
readjustment. These procedures were explained and
practiced on the day before surgery. Evaluation of the
pain thresholds was performed according to the Maxi-
mum Possible Effect (MPE)} method. The maximum
possible change was from baseline temperature of 40°C
to cutoff at 52°C. The actual heat pain thresholds were
canverted to percentages of MPE. Statistical evaluation
of all variables, as predefined, was performed with the
Student’s f-test. A significance level of P < 0.05 was
chosen. These data are shown as mean = sn.

Results

Patients’ characteristics are shown in Table 1. The de-
mographics of the treatment groups were similar, ex-
cept for the sex ratio, as women outnumbered men in
the group with sufentanil and placebo. The protocols of
the 20 patients accrued in each group {10 knee and 10
hip endoprostheses in each group) were fully evalu-
able. There were no group differences in the duration
of and complications during intraoperative epidural
anesthesia, which was satisfactory in all cases.
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Figure 1. Cumulative incidence of episodes of nausea in 20 patients
given sufentanil and droperidel {open circles) or sufentanil and
placebo (filled circles) epidurally postoperatively.

Three patients in the group given sufentanil with
droperidol (three episodes) and 12 patients with sufen-
tanil and placebe (23 episodes) developed nausea (P <
0.007). No patient with droperidol and two with sufen-
tanil and placebo experienced moderate to severe nau-
sea. The time profile of the prevalence of nausea in both
treatment groups is shown in Figure 1. With sufentanil
and droperidol no patient had emesis, whereas three
patients vomited with sufentanil and placebo (22 epi-
sodes) (P < 0.001).

Pruritus was reported by six patients in the group
given sufentanil and droperidol (10 episodes) and by 11
patients with sufentanil and placebo (31 episodes) (P <
0.05}. Pruritus was most prominent 1 h after sufentanil
and lasted for 1 to 2 k in most patients (Figure 2). The
intensity was classified as moderate to severe in one
patient with droperidol and in seven with placebo.

Twenty patients with sufentanil and droperidol were
considered sedated; in four the sedation was moderate
to severe. In those given sufentanil and placebo, 13 pa-
tients were sedated, three to a moderate or severe de-
gree. The difference between the two groups was sig-
nificant (P < 0.02). Sedation rapidly increased within
the first 15 min and was at a maximum in the first 2 h
after study drug injection. The greatest differences in
seclation between the two groups was evident from 1
tod h.

Four patients had developed shivering before sufen-
tanil with droperidol and twe before sufentanil with
placebo application. In both groups, shivering abruptly
ceased in all patients after study drug injection, but
recurred after 6 h in all. One additional patient in each
group developed shivering 2 h after the study drugs.

Urinary retention occurred in 14 patients with sufen-
tanil and droperidol and in 10 patients with sufentanil
and placebo and usually resolved with an antispas-
madic drug (not significant).

epinndes of pruritus

time hours

Figure 2. Cumnulative incidence of episodes of pruritus in 20 pa-
tients given sufentanil and droperidol {open circles) or sufentanil
and placebo (filled circles} epidurally postoperatively.

Mean arterial pressure decreased from 94.6 * 1 mm
Hg before sufentanil and droperidol to a minimum of
84.3 = 9 mm Hg 45 min after injection (Figure 3). Seven
patients had periods of hypotension. Three patients
were given atropine and one received ephedrine. In the
sufentanil and placebo group, the mean arterial pres-
sure decreased from 94.3 = 16 mm Hg before sufentanil
to a nadir of 87.7 = 15 mm Hg 45 min later. Six patients
were hypotonic; four received atropine and two ephed-
rine. The heart rate was 69 * 14 bpm before sufentanil
and droperidol and 71 *+ 10 bpm before sufentanil and
placebo. In both groups there were no significant
changes or differences in heart rates throughout the
study. Seven patients with droperidol and eight with
placebo had periods of bradycardia (pulse <60 bpm).

Immediately before the injection of study drugs, the
mean oxygen saturation was 94.4% *+ 3% in the sufen-
tanil and droperidol group and 94.9% £ 2% with sufen-
tanil and placebo. The lowest group O.-saturation was
seen 4 hafter sufentanil and droperidol (93% * 2%}and
5 h after sufentanil and placebo (93% + 3%) (Figure 4).
Saturation below 90% occurred in 13 patients with
droperidol (16 episodes) and in seven patients with pla-
cebo (14 episodes) (P < (.05 for number of patients). In
both groups, over 80% of all desaturation episodes took
place in the first hour after sufentanil injection.

Dizziness was reported in four cases with droperidol
and in six cases with placebo. No extrapyramidal side
effects were seen.

The pain scores before study drugs were 2.1 = 0.9 in
the sufentanil/droperidol group and 2.7 = 0.8 in the
sufentanil/placebo group (P < 0.05) (Figure 5). The
lowest group pain score with sufentanil and droperidol
was atfained 30 min postinjection (0.2 * 0.4), 16 pa-
ients being completely without pain (Table 2). The
minimum pain score was reached 1 h after sufentanil
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Figure 3. Mean arterial pressure (sn) in 20 patients given sufentanil
and droperidol (open circles) of sufentanil and placebo (filled
circles) epidurally postoperatively.
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Figure 4. Cumulative incidence of episodes of desaturation (a0,
<90%) in 20 patients given sufentanil and droperidol {open circles)
ar sufentanil and placebo (filled circles) epidurally postoperatively.

and placebo, with a mean pain score of 0.05 £ 0.2; all
but one patient were completely painfree (Table 2).
Group pain scores were consistently higher with
droperidol from 1 to 5 h postinjection in patients up to
the first add-on analgesia, but this was significant only
at 1 h (P < 0.01) (Figure 5).

The average time to first additional analgesia was
127 * 48 min with droperidel and 173 * 54 min with
placebo (P < 0.02). In the droperidol group, 19 patients
required supplementary analgesia, five of them twice
in the 5-h period. With sufentanil and placebo, 17 pa-
tients had supplementary analgesics, eight requiring a
second and one a third dose.

The mean MPE on phasic pain threshelds in the
sufentanil and droperidol group were 41.8% £ 20%
preoperatively and 44.6% *+ 19% postoperatively (not
significant). Respective values in the sufentanil and

4 T T T
o———0—0
3¢ 1

meaan pain intensity

time hours

Figure 5. Mean pain scores (s} (verbal rating scale: 0 = none, 4 =
unbearable) in 20 patients given sufentanil and droperidol (open
circles} or sufentanil and placeba (filled circles) epidurally. The
mean times (s0) to first supplemental analgesia are shown as hori-
zontal bars in the diagram. *F < 0.05; 1F < (.01

placebo group were 40.1% + 18% and 474% = 19%
(P = 0.01). The MPE on tonic pain thresholds increased
significantly with both droperidol, from 37.1% * 16%
preoperatively to 48.8% * 18% postoperatively (P <
0.002), and placebo, from 35.2% = 14% preoperatively
to 48.0% *+ 18% postoperatively {P < 0.0005). Reaction
times showed no relevant changes.

Ten patients with sufentanil and droperidol de-
scribed analgesia as excellent, nine as good, and one as
inadequate. The respective ratings with sufentanil and
placebo were nine, nine, and two. Time profiles of the
mean plasma sufentanil concentrations are shown in
Figure &. There were no differences in mean group con-
centrations at any time.

Discussion

The addition of epidural droperidel to epidural sufen-
tanil in the treatment of postoperative pain resulted in
a marked reduction in both the incidence and intensity
of nausea, emesis, and pruritus. These effects of
droperidol lasted throughout the 5-h observation pe-
riod. After the administration of sufentanil, arterial
blood pressure decreased, but this rapid and slight de-
crease was similar with droperidol and placebo. Seda-
tion was prominent in both treatment groups and was
usually minimal. The greater incidence of sedation
with droperidol detived mainly from the latter part of
the study, where the residual effect of droperidol and
the earlier use of supplementary analgesics may have
had an additive effect. Oxygen desaturation eccurred
slightly more often in patients with droperidol. This
may be attributable tc the greater sedation in these pa-
tients. Respiratory depression was short-lasting with



Monitoring Nociceptive Neuroplasticity

Quantitative Sensory Testing: A Better Therapeutic Endpoint for Managing the Pain of Surgery?

Tabie 2. Pain Scores up to Time of Supplemental Analgesia After Postoperative Epidural Injection of Sufentanil with

Droperidol or Sufentanil with Placebo

Time (hours postinjection)

o 0.25 0.5 .75 1.0 20 3.0 4.0 5.0
Sufentanil and droperidol, pain score
Patients (n) without snpplemental analgesia
0 (No pain) 0 15 16 16 12 4 0 0 0
1 7 3 4 3 5 5 2 1 1
2 4 2 a 1 3 3 i 1 4]
3 8 0 0 0 U 1 0 0 4]
4 (Maximum pain} 1 0 0 0 0 0 0 0 Y
Patients (n) with supplemental analgesics
0 ] 0 0 0 7 17 18 19
Sufentanil and placebo, pain scere
Patients () without supplemental analgesia
0 (No pain} 0 1 17 18 19 10 3 1 1
1 2 7 3 2 1 4 4 2 2
2 4 2 0 0 0 2 3 2 0
3 1 0 0 0 0 ! 1 o 0
4 (Maximum pain} 3 0 0 0 0 0 g 0 0
Patients {n) with supplemental analgesics
20 0 0 0 0 3 3 15 17

* Preinjectiom, baseline pain score.

G.04

sufentanil ng/ml
a
o
3

0.02

0.00

time hours

Figure 6, Mean plasma sufentanil concentrations (snl in 20 patients
given sufentanil with droperidol tapen circles) or placebo (filled
circles) epidurally.

both treatments, usually disappearing by the first hour
after epidural injection.

Epidural sufentanil with placebo virtually elimi-
nated all postoperative pain in the first 2 h after ad-
ministration with a latency of less than 15 min, even
though 70% of initial pain scores had been “strong” or
“severe.” The average reduction of pain severity after
1 h was 98% . This corresponds well with the published
data (1,2,18). The combination of sufentanil and
droperidol also decreased pain intensity very
markedly—91% after 30 min—but the duration of an-
algesia was significantly shortened. This was demon-
strated by a more rapid increase in pain scores and the

earlier need for supplemental analgesia. On average,
patients with droperidol required supplemental anal-
gesia 46 min earlier than patients with sufentanil and
placebo. Most patients requested additional analgesics
when their pain score was 2. Patients were equally sat-
isfied with both treatments. This confirms the patients’
expectation and acceptance of some residual pain as the
normal condition in the postoperative situation, which
can be changed by improving patient instruction (19).
The difference in the duration of analgesia between the
two treatment groups was not due to pharmacokinetic
factors, as these were unchanged by the addition of
droperidel. The plasma levels seen at the time of maxi-
mum analgesic effect were a fraction of thase reported
for analgesia or antinociception with systemic admin-
istration, indicating a predeminantly spinal site of ac-
tion after epidural injection (20-22). This was the
rationale for the epidural administration of sufentanil
in this study, as well as the greater routine use and
acceptance of the epidural route compared to the in-
trathecal use. Nonetheless, the systemically absorbed
sufentanil may also have contributed to the analgesia
by a supraspinal action.

The significant increase in both sufentanil groups of
pesteperative tonic heat pain threshelds, which reflect
mainly C-fiber activation, indicates the successful sup-
pression of postoperative nociceptive activation
{windup?} with the anesthetic and analgesic regimens
used. The phasic pain thresholds are mainiy mediated
via A-8 pathways, which are less implicated in the long-
term nociceptive up-regulation than in the referral of
acute pain. The significant elevation in the phasic pain
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thresholds only in the sufentanil- and placebo-treated
patients, at a time when pain scores were significantly
lower in this group (1 h after study drug injections), can
be taken to confirm the relationship between acute pain
blockade and phasic pain threshold measurements.

No neuroleptic-specific side effects were seen in this
or the previous study, even though, theoretically, ex-
trapyramidal signs could occur. Perispinal droperidol
has been used previously with no histopathologic ef-
fects on the spinal cord (23-25).

The results of the current study confirm the signifi-
cant reduction in excitatory side effects, such as nausea,
emesis, and pruritus, of epidural p agonist opioids by
epidural droperidol. In an earlier study these opioid
side effects after epidural morphine were reduced
markedly by concomitant epidural droperidol, without
a clear effect on analgesia (3). To better investigate the
possible analgesic interaction between opioids and epi-
dural droperidol, we chose the shorter-acting, more po-
tent and specific p agonist, sufentanil. The interference
with the excitatory and analgesic properties of opioids
may be due to several of the receptor affinities of
droperidol. These include weak 5-hydroxytryptamine
antagonism, «, and «, (weak) agonism, and the pre-
dominant dopamine D2 receptor antagonist properties
(26-29). Dopamine pathways play an important role in
the emetic response via modulation at the chemore-
ceptor trigger zone (central effect) and peripheral sen-
sory and motor inputs (29). Spinal descending dopa-
minergic pathways are involved in nociception and
current data seem to suggest that dopaminergic stimu-
lation results in potentiation of antinociception (30-32).
This would explain the abbreviated duration of anal-
gesia of sufentanil seen in the current study, when the
dopamine antagonist was added. The interaction prob-
ably varies with the route of application of the depa-
mine antagonist and the dose used, as different dopa-
mine receptor populations may be reached spinally
and supraspinally and they may have different re-
sponse characteristics (25,32,33). Droperidol given epi-
durally will have had both spinal and central effects.

The effect of epidural droperidol on morphine-
induced analgesia has not been consistent in past stud-
ies. In our own previous study, pain scores were lower
with morphine and placebo than with morphire and
droperidol, especially in the early phase of the study,
but did not quite attain statistical significance (3). The
early interaction seen with sufentanil may have been
less clearly visible with morphine because of the much
longer duration of morphine analgesia compared to
sufentanil and the greater interval between pain rat-
ings. The largest previous study reported the poten-
tiation of morphine and buprenorphine analgesia with
epidural droperidol in chronic pain patients (23). The
selection of a subgroup of chronic pain patients tolerant
te opioid analgesia in this uncontrolled, retrospective

study may have resulted in demonstration of mecha-
nisms quite different to those relevant in postoperative,
opioid-naive patients. Alternatively, epidural droperi-
dol may interact differently with opioids of divergent
receptor binding affinities.

In conclusion, the excitatory side effects of epidural
sufentanil were significantly diminished by epidural
droperidol, but the duration of analgesia was de-
creased. This decreased duration of analgesia is of little
consequence when continuous infusions are used, but
must be considered when repeated bolus injections are
administered. It remains to be ascertained whether
similar interaction occurs with the frequently used oral
and parenteral opicid-neuroleptic combinations.

References

1. Whiting WC, Sandler AN, Lau LC, et al. Analgesic and respira-
tory effects of epidural sufentanil in patients following thora-
cotomy. Anesthesiology 1988;69:36-43.

Verborgh <, Van der Auwera D, Van Droagenbroek E, Camu F.

Epidural sufentanil for postsurgical pain relief. Eur ] Anaesthe-

siol 1986;3:313-20.

Flake |W, Bloor BC, Kripke BJ, et al. Comparison of morphine,

meperidine, fentanyl and sufentanil in balanced anesthesia

Anesth Analg 1985;64:897-510.

. Patton CM, Moon MR, Dannemiller Fl. The prophylactic anti-

emetic effect of droperidol. Anesth Analg 1974,53:361-3.

Monks RC. The use of psychotropic drugs in human chronic

pain: a review. Proceedings of the Sixth World Congress of In-

ternational Psychosomatic Medicine, Montreal, Canada, 1981:

1-24,

Beaver WT. A comparison of the analgesic effect of methotri-

meprazine and morphine in patients with cancer. Clin Pharma-

col Ther 1966;7:436.

Twycrass RG, Lack SA. Symptom control in far advanced cancer:

pain relief. London: Pitman, 1984:276-80.

Bonica ]. Cancer pain. Ln: Bonica J], ed  The management of pain,

2nd ed. Philadelphia: Lea & Febiger, 1590:400-60.

Naji P, Farschtschian M. Wilder-Smith OH, Wilder-Smith (1.

Epidural droperidol and morphine for postoperative pain.

Anesth Analg 1990.70:583-8.

10 Yaksh TL, Noueihed R The physiology and pharmacology of
spinal opiates. Annu Rev Pharmacol Toxacol 1985;25:433-62.

11. Naumann CP. Epidural anaesthesia. Swiss Med 1983;5:6A.

12. Michiels M, Hendriks R, Hevkants |. Radicimmunoassay of the
new opiate analgesics alfentanil and sufentanil. Preliminary
pharmacokinetic profile in man. ] Pharm Pharmacol 198335
86-93.

13. Wilder-Smith CH, Naji P, Wilder-Smith OH. Is more better?
Dose-response effects with morphine in healthy volunteers. Acta
Anaesthesiol Scand 1991;35(86 Suppl):p48

14. Strian F, Lautenbacher S, Galfe G, Holzl R. Diurnal variations in
pain perception and thermal sensitivity. Pain 1989,36:125-31

15. Lautenbacher S, Strian F Sex differences in pain and thermal
sensitivity: the role of body size. Percept Psychophys 199150
179-83.

té. Lautenbacher S, Rollman GB. Sex differences in responsiveness
to painful and non-painful stimuli are dependent upon stimu-
lation method. Pain 1993,53:255-64

17. Galfc G, Lautenbacher 5, Hoelzl R, Strian F. Diagnosis of small
fibre neuropathy: computer-assisted methods of combined pain
and thermal sensitivity determination. Hospimedica 199038
3848,

18. Graf GG, Sinatra R, Chung J. et al. Epidural sufentanil for post-
operative analgesia: dose-Tesponse in patients recovering from
major gynecalogic surgery. Anesth Analg 1991:73:403-5.

[

B

S

-

=

~

©




2.

21

2

24

25.

6.

2

Monitoring Nociceptive Neuroplasticity

Quantitative Sensory Testing: A Better Therapeutic Endpoint for Managing the Pain of Surgery?

. Wilder-Smith CH, Schuler L. Postoperative analgesia: pain by

choice? The influence of patient attitudes and patient education.
Pain 1992,50:257-62.

Bailey PL, Streisand JB, East KA, et al. Differences in magnitude
and duration of opioid-induced respiratory depression and an-
algesia with fentanyi and sufentanil. Anesth Analg 1990;70:8-15.
Bovill |G, Sebel PS, Blackburn CL, et al. The pharmacokinetics of
sufentanil in éurgical patients. Ancsthesiology 1984;61:502-6.
Shafer SL, Varvel JR. Pharmacokinetics, pharmacodynamics and
rational opioid selection. Ancsthesiology 1991;74:53-63.

Bach V, Carl I Ravlo P, et al. Potentiation of epidural opicids
with epidural droperidel. Anaesthesia 1986;41:1116-9.

Corbey MP. Treatment of nausea with extradural droperidel. Br
| Anaesth 1986;58:1202.

Grip G, Svensson A, Gordh T, et al. Histopathology and evalu-
ation of potentiation of morphine-induced antinociception by
intrathecal droperidol in the rat. Acta Anaesthesiol Scand 1992;
36:145-52

Hyttel |, Arnt ]. Characterisation of binding SHASCH 23390 to
dopamine DI-receptors. ] Neural Transm 1987;68:171-89.

2

29.

31

=

32.

33

~

Leysen JE, Gormaneren W. Drug-receptor dissociation time: a new
tool for drug research. Drug Rev Res 1986;8:119-31

Ison PJ, Peroutka S]. Neurotransmitter receptor binding studies
predict antiemetic efficacy and side-effects. Cancer Treat Rep
1986;70:637-41.

Watcha MF, White PE. Postoperative nausea and vomiting. An-
esthesiology 1992,77:162-84.

Tulunay FC, Ischiro Y, Takemori EE The effect of biogenic amine
modifiers on morphine analgesia. Eur | Pharmacol 1976;35:
285-7.

Barasi S, Ben-Steri MM, Clatworthy AL, et al. Dopamine-
receptor-mediated spinal antingciception in the normal and
haloperidol pretreated rat: effects of sulpiride and SCH23390. Br
| Pharmacol 1987;90:15-22.

Howe AR, Zieglgansberger W. Spinal peptidergic and cat-
echolaminergic systems and nociception. Neurosurgery 19841
904-12,

Kim KC, Stoelting RK. Effect of droperidol on the duration of
analgesia and development of tolerance to intrathecal morphine.
Anesthesiology 1980;53:5219.

10

75



Monitoring Nociceptive Neuroplasticity

11

76

Quantitative Sensory Testing: A Better Therapeutic Endpoint for Managing the Pain of Surgery?

11. Article - Epidural Tramadol

(Wilder-Smith CH, Wilder-Smith OH, Farschtschian M, Naji P. Epidural droperidol reduces the side effects and
duration of analgesia of epidural sufentanil. Anesth Analg 1994;79:98-104)

Preoperative adjuvant epidural tramadol: the effect of
different doses on postoperative analgesia and pain

processing

C H. WiLper-SMrrr, O, H. G WILDER-SMITH, M. FARSCHTSCHIAK! and P Nap!
Nociception Research Group, Untwersity of Berne; Department of Anaestiesivlogy, Unizersity Hospital Geneva; 'Department of Anacsthesivlogy,

Kiirik am Rosenberg, Helden, Suitzeriand

Background: Tramadul is an analgesic with combined opicid
agonist and menoamine reuptake blocker properties, which may
be useful as a perioperative analgesic and antinociceptive adju-
vant.

Methods: The dose-dependent effects of adjuvant preoperative
epidural tramadol on postoperative analgesia (pain scores and
patientcontrolled analgesta (PCA) use) and pain processing
(heat pain thresholds) were prospectively studied in a double-
blind, randomised, placebo-controlled 5-day trial. Forty patients
undergoing knee or hip surgery received anacsthesia with epi-
dural lidocaine and epidural tramadol 20, 50 or 100 mg or pla-
cebo as a preoperative adjuvant. Postoperative analgesia was by
intravenous PCA tramadol in all patients.

Results: Postoperative pain scores were similar in all groups
The time o first PCA use was shorter, the total dose and du-
ation of PCA use greater, and side-cffects mare comemon iwith
20 mg tramadol than with 100 mg or placebo (P<0.05), There
were ne differences in PCA doses required or side-effects be-

tween the tramadol 100 mg and placebo treatment groups, Heat
pain tolerance thresholds were increased with 100 mg tramadal
at 48 h pestoperatively compared to baseline and placebo (7' —
30T

Conclusions: Preoperative adjuvant epidural tramadol does not
Improve postoperative analgesia after lidocaine epidural anaes-
thesia compared to placebo. Tramadol 20 my results in anti-anal-
gesia and increased side-effects. While tramadol 100 mg de-
presses postoperative pain-processing, as measured by heat pan
tolerance thresholds, this is not reflected in improved clinical
pain measures

Feevined J Octafier 109 novpind for pudlcanon 30 Sepfenhee 94937

Key words: Tramadol; epiduml; precperative; adjuvant; pain;
nociception; pain thresholds; side-effects; dosc-response.
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RAMADOL i a dual-action analgesic drug, with pre-

dominantly p-opioid agonist and noradrenaline
and serotonin release and reuptake blocker action and
an active metabolite {1-4). Clinical studies indicate
good analgesic efficacy in the oral, parenteral and epi-
dural applications, although the optimal dosing re-
mains unclear {5-13). Relative to morphine, tramadol
has a parenteral potency of 1/6th to 1/10th and an oral
potency of approximately 0.4 (5, 6). Tramadol differs
from other opioids in its side-effect profile, with little
cardiovascular and respiratory depression, as well as
low dependency potential (5, 8, 14, 15),

The preoperative application of opioids has in some
studies been shown to be more effective than when
given later, although these results remain contro-
versial. In positive studies the reductions in post-
operative analgesic requirements were generally mi-
nor, even though increased supraspinal analgesia
after surgery was demonstrated (16-19).

Alphay-adrenergic agonists, with a similar spinal
mode of action as the monoaminergic component of
tramadol, have been shown to augment the analgesic
action of opioids (20). Thus, the combination of the
two associated modes of action of tramadol may be
useful in the prevention, as well as treatment, of no-
ciceptive sensitisation and pain.

The aim of this study was to assess the analgesic
and antinociceptive potential, as well as the side-ef-
fects, of different doses of preoperative adjuvant epi-
dural tramadol.

Methods

Paticits

Forty patients (ASA 1-111} scheduled for elective knee
{total knee replacement or cruciate ligament repair) or
hip replacement surgery were included in this pro-

spective, randemised, double-blind,  single-centre
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trial. The randomisation list was computer generated.
Exclusion criteria were age below 20 or above 75
years, ASA {American Society of Anesthesiology)
classification greater than III, abnormal haematology
or biochemistry variables, diabetes mellitus, neuro-
pathies, major operative procedures or pain syn-
dromes in the last 6 months, regular, daily analgesic
use, present operative procedure lasting more than 3 h
and intraoperative complications. University of Berne
Ethics committee approval was obtained for the study.

Procedures and medications

After informed consent, patients were randomised te
receive either placebo (0.9% NaCl) or tramadol {Grii-
nenthal AG, Mitlodi, Switzerland} 20 mg, 50 mg or
100 mg epidurally, all in identical ampoules of 10 ml
20 min preoperatively. Doses of 100 mg and 1-2 mg/
kg are commonly used parenterally and have been
given in epidural studies (6, 10-13, 21, 22). All pa-
tients in the current study received 7.5 mg midazolam
p-0. 2 h preoperatively. Before lumbar epidural anaes-
thesia with lidecaine CO» 2% (Sintetica AG, Mendri-
510, Switzerland) patients were hydrated with 1000 ml
of Ringer’s lactate. A 3-ml fest-dese of lidocaine-CQ;
was given after localisation of the epidural space
using the loss-of-resistance technique and a further 3
mi were given after catheter insertion. The lidocaine
dose for intraoperative anaesthesia was calculated ac-
cording to a clinical formula based on age, weight and
number of segments to be blocked {23). The first half
of this dose was injected epidurally together with the
blinded study medication. The second half of the cal-
culated lidocaine dose was given when the sensory
level had regressed to the T10-11 dermatomes. Intra-
operative sedation with propofol (infusion 2-5 mg
kg 'h ') was routine. Twe orthopaedic surgeons per-
fermed alb operations in standardised fashion. Post-
operative analgesia was by iv. PCA tramadol (PCA=
patient-controlled analgesia; Pharmacia Deltec CADD,
Diibendorf, Switzerland: 50 mg boli, lock-cut time of 15
min) in all study arms and was based en the recommen-
dations of Lehmann et al. (6}. Aloading bolus of 100 mg
tramadol i.v. was given postoperatively at the first re-
port of pain in every study arm. No other analgesics
were permitted infra- or postoperatively, except for
documented rescue medication with metamizole (1 g
iv. maximum once heurly) or pethidine (160 mg iv.
maximum once hourly). Rescue antiemesis was by
metoclopramide 10 mg iv.

Documentation
Blood pressure and heart rate were measured before
and 5 min after epidural injection of the study drugs

and then every 15 min intraoperatively until 1 h post

operatively. Subsequently, measurements were half-
hourly until 4 h posteoperatively. Oxygen saturation
was monitored postoperatively with a pulse oximeter
for the first 4 h.

Pain at rest and during movement (getting out of
bed), sedation and nausea were postoperatively
elicited from the patient every half-hour until 4 h and
then 12-hourly until 96 h by the same research nurse
throughout the study using verbal rating scores (VRS)
of @ (none), 1 (slight), 2 (moderate) and 3 (severe). The
number of emetic episodes, urinary retention (need
for catheterisation) and other adverse events were re-
corded. All rescue medications and each PCA de-
mand were noted on the special documentation proto-
cols. One research nurse followed all patients from
admission to discharge and was in charge of all docu-
mentation. Patients were asked to record their overall
pain intensity, quality of sleep and intensity of nausea
by VRS (0-3} on a special data sheet at the end of each
12-h period until 96 h postoperatively.

Heat pain thresholds

Heat pain detection {phasic) and tolerance (tonic}
threshelds were measured on the evening before
surgery after adequate instruction and at 3¢ min, 3 h
and 48 h postoperatively. They were measured on the
thenar eminence of the dominant hand with the Path-
tester MPIL00 (Phywe GmbH, Gottingen, Germany)
to assess generalised, non-segmental antinociception
(24). The Pathtester has been previously described
and validated (24). The detection thresholds are meas-
ured by asking the patient to press a button as soon
as the metal Peltier element attains a temperature that
begins to feel painful. The metal element is immedi-
ately cooled off. The heating rate is set at 0.7°C/s, be-
ginning at 40°C, with a maximum temperature of
52°C. Heating begins after an acoustic signal, but the
fime to heating is randomised. The mean of 5 meas-
urements is recorded after 3 test runs. For determi-
nation of the heat pain tolerance thresholds, the pa-
tient himself adjusts the temperature to the point of
just tolerable pain, remains at this temperature for
15 5 and then readjusts the temperature te the thresh-
old, if necessary. This method excludes variations in
reaction time.

Statistics

Pain and symptom VRS, the time to first PCA de-
mand, the total duration of PCA tramadol usage, PCA
tramade] consumption and the total number of ad-
verse events were compared using Kruskall-Wallis
ANOVA testing followed by Bonferroni-corrected

11
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Mann-Whitney U-testing. Demographics, heat pain
thresholds, haemodynamics and O,-saturation were
compared with two-way ANOVA, followed by
Tukey’s Honest Significant Difference test. A signifi-
cance level of P<X0.05 was chosen.

Results

Forty patients were recruited and all successfully
completed the study. There were no significant differ-
ences in demographic variables (Table 1}.

Intraoperative variabies: There were no significant dif-
ferences in intraoperative variables, including haemo-
dynamics, O, saturation or total doses and timing of
lidocaine use (Table 1).

Postoperative pain scores: The patients” assessment of
pain always corresponded with the pain scores coi-
lected by the nurse. Consequently, onfy the nurse’s
pain ratings are shown. The time courses of median
pain scores at rest and during movement are shown in
Fig. 1. There were no significant differences in group
median pain scores at rest (Fig., 1a). The pain scores
during movement were similar except on the 3rd
postoperative day, when scores were significantly
greater in the 200 mg tramadol group than in all other
groups (P<0.05) {Fig. 1b).

Posteperative i.v. PCA tramadol: The time to first de-
mand was significantly shorter and the total dose and
the duration of PCA use were significantly greater in
the 20 mg than in the 100 mg and placebo groups
(P<<0.05) (Table 2), There were no significant differ-
ences between the latter two groups. The difference in
postoperative PCA tramadol doses was not apparent
in the first 4 h postoperatively, but developed later
(Fig. 2, Table 2).

Rescue analgesia: Throughout the entire postopera-
tive period rescue metamizole was given in 9 in-

Table 1

Pain VRS at Rest

} T J20mg BEJ S50mp == 100mg Wl placebo

pain VRS

a time postop (h)
Pain VRS during Movement

L_20mg EX156mg —100mg EERplacebo

pain VRS

time postop {h)

Fig. 1. Median postoperative pain scores (with interquartile ranges) at
rest (1a) and during movenent (1) on a verbal rating scale {VRS):
O=no pain fe 3=severe pain. Note the changes of scale i the abscissa
afier 4 . * P05 20 mg vs all other groups.

stances in the 20 mg group, in 7 in the 50 mg and 100
mg groups and in 10 instances in the placebo group
(not significant). Pethidine was never required.

Heat pain detection thresholds: There were no overall

Patient characteristics and intragperative variables (mean=5D).

Tramadel Tramadol Tramadol

20mg 50 mg 100 mg Placebo
N 10 10 10 e
Age (years) 83=20 64+ 11 62116 63+14
Sex (mA) 37 4/6 &4 5/5
Height (cm) 164+8 168=8 16811 17110
Weight (kg) 73=13 80=20 71=n 80=16
Hip/knee surgery /4 37 5/5 6/4
Total lidocaine dose (ml) 335 =5 30~5 31-4
Time between 17 and 2™ lidocaine dese (min) 555117 59.0x14 58518 605:7
Epidural site (L1-2/.3-4/L4-5) 010/ 370 2/8/0 271
Time from study drug to beginning of surgery (min) 38+14 379 45=13 35+8
Duration of surgery (min) 78+18 78+18 73:15 7711
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Postoperative use of PCA framadol and additional rescus metamizole (median and total range}.

Tramadol Tramadol Tramadol

20 mg 50 mg 100 mg Placebo
Time to first PCA demand (min) 25 (5-90)* 38 (25-95) 60 (10-125) 68 (15-85)
n PCA demands: first 4 h 8 (6-11) 8 (5-9) 7 {2-16} 8 (411}
n PCA demands: 4 hto 4 d 16 (3-27)" 14 (1-20) 7 {21} &(1-12)
Duration of PCA pump use {h) 72 (24-96)" 80 (24-96) 36 (24-48) 36 (24-48)
n PCA demands: total first 4 d 22 (8-38)" 17 (8-29) 15 (4-32) 16 (5-23)
Total postop PCA tramadol {mg) 1100 (400-1800)" 850 (400-1450) 750 (200-1600) 800 (250-1150)
n with rescue metamizole 9 7 7 10

* P<0.05 vs 100 mg and placebo group.

Table 3

Mean changes (+3D) in degrees Celsius of heat pain thresholds from baseline with different doses of epidural tramadal and placebo given

precperatively,

Pain datection thresholds

(change from preoperative baseline}

Pain tolerance thresholds
{change from praoperative baseline)

30 min 3h 48 h 30 min 3h 48 h
20mg 03213 0.0z1.6 02x1.4 0.6+1.0 0.7x1.0 0608
50 mg -0.2x07 0.0+1.5 02:1.0 0.3*1.0 1.0+0.8 08+1.2
100 mg —0.4x14 —0.4x16 01x1.4 0.7+0.6 11+190 1213
Placebo -0.8+08 0213 -09x14 0.0x0.8 0.5£190 0310

* P=0.015 180 mg vs piacebo.

significant differences at baseline or at any subsequent
time between the treatment groups and in no group
were there significant changes in thresholds from
baseline {ANOVA) (Table 3).

Heat pain folerance thresholds: There were no overall
significant differences in tolerance thresholds between
the treatment groups (ANOVA). The effect of time
was highly significant. Post hoc testing revealed a sig-
nificant increase from baseline at 48 h in the 100 mg
tramadul group (P=0.01). At this time the changes in
thresholds from baseline were also significantly differ-
ent between the 100 mg and placebo treatments (P=
0.015) {Table 3).

Sedafion: Scores were never significantly different
between the treatment groups; however, differences at
2.5 h postoperatively just failed to reach significance
{Kruskal-Wallis P=0.06), Post hoc testing at 2.5 h post-
operatively showed significantly greater sedation
scares after 20 mg epidural tramadol than with 50 mg
or placebo (P=0.03 and P=0.004, respectively).

Nausea: Median nausea scores were always 0, except
during the first postoperative night in the 20 mg and
placebo groups {(medians—1, ranges=—0-2} and at 1.5
h postoperatively in the 50 mg group (median=0.5,
range=0-2). There were nc significant differences in
nausea intensity scores between the treatment groups.

Five patients in each group received metoclopramide.

Emesis: In the first 4 h postoperatively vomiting oc-
curred once in every group, except in the 100 mg
group, where there were no emetic episodes. In the
entire first 4 postoperative days emesis occurred 9
times in the 20 mg group (6 patients), 6 times in the
50 mg group (4 patients), never in the 100 mg group

Postoperative PCA Demands (Framadc! 50mg)

10

] 20myg Sl 56mg == 100mg W placebo

I

\”

o

no. of demands

36 48 60 72 64 96

¢
3354 1224
time postop (h)

005115 225

Fig. 2. Median number of postoperative i, PCA tramado! demands
(bolus =50 migh in the four treatment groups. Note the change of scale
in the abscissa after 4 h.
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and twice in the placebo group (2 patients) (100 mg
and placebo vs 20 mg P<0.05).

Blood pressure and heart rate: Significant hypotension
(mean arterial pressure decrease >20%) did not occur
in any patient. One patient in the placebo group (at 4
h postoperatively) and another in the 20 mg group (1
h postoperatively} had bradycardia (heart rate <30/
min}.

Ouxygen saturation: Desaturation episodes with SpO,
below 90% occurred in one patient in each group (20
mg group: 1.5 h postoperatively; 50 mg group: 1.5-2
h postoperatively; 100 mg group: 4 h postoperatively;
placebo group: 0.5 and 1.5 h postoperatively). All re-
covered with oxygen via a transnasal cannula.

Adverse evenfs: The total number of reported ad-
verse events in the first 4 postoperative days was 60
in the 20 mg tramadol group, 49 after 50 mg, 48 after
100 mg and 47 after placebo {20 mg vs others P<0.05).
The adverse events included sedation, nausea and
vomiting, loss of appetite, urinary retention (3, 2, 2,
and 4, for 20, 50, 100 mg and placebo groups, respec-
tively), backache, sweating and flushing, dizziness
and headache. Pruritus did not occur in any patient,
and pestoperative shivering was only seen in a single
patient in the 20 mg group.

Statistical power: Post hoc testing of statistical power
was based on the mean PCA tramadol consumption
of the entire group during the first 4 h post surgery
{e=5%, B=20%, two-tailed}. The chosen group size
{n=10) is able to detect a clinically relevant difference
of one-third in PCA tramadel use.

Discussion

Precperative adjuvant epidural tramadol did not im-
prove clinical postoperative pain control compared to
placebo in this study. The preoperative epidural dose
of 100 mg was equivalent in analgesic effects and
toxicity to placebo, despite raised heat pain tolerance
thresholds greater than placebo as a measurc of gener-
alised antinociception. Lower doses of epidural tram-
adol, however, were associated with greater post-
operative analgesic consumption, more pain on move-
wment and more side-effects compared to both the
placebo and the 100 mg doses, This implies an anti-
analgesic effect of lower doses of epidural tramadol.
The failure of preoperative adjuvant tramadol to re-
duce postoperative pain scores or PCA use compared
to placebo may have several explanations, Epidural
local anaesthetic alone very effectively reduces intra-
operative nociceptive stimulation {16, 17) and post-
operative analgesic control with PCA tramadol was
excellent, No patient in the placebo group required

Adjuvant epidural tramadol

PCA doses after the second postoperative day and no
patient had a median pain score above 0 (ie. “no
pain”) after 60 h. Although the sample size was small,
the power of the study would have permitted clin-
ically relevant differences in PCA tramadol consump-
tion of one-third to be detected.

The doses and duration of PCA tramadol were
greater, and time to first PCA tramadol shorter, in the
20 mg epidural tramadol group than with placebo.
This suggests an anti-analgesic or excitatory action of
a single low dose of epidural tramadol. In the litera-
ture the analgesic effect of single low doses of trama-
dol in postoperative pain is equivocal, with several
studies showing little effect or no difference to pla-
cebo (25-27). Inadequate analgesia with increased
side-effects has been shown for 25 mg epidural trama-
dol compared to 50 mg and 75 mg (12). However,
with higher or repeated doses, oral parenteral and
epidural tramadol has been shown to be an effective
analgesic (5, 6, 9, 12, 22), as confirmed by our study.

The reduced analgesia and increased side-effects
seen in the 20 mg group compared to placebo are un-
likely to be explained by the insignificantly lower
mean patient age (Table 1). The difference in time to
first PCA demand cannot be explained by variation
in the lidocaine block regression because the intervals
between the first and second intraoperative lidocaine
doses and the durations of operation were very simi-
lar in all groups, with the second lidocaine dose being
given at the same level of block regression.

Side-effects were more commaon in the 20 mg group
than with placebo or 100 mg. Nausea and vomiting
were less prevalent with 100 mg than with placebo.
This dose-relationship of the side-effects could be
both explained by a direct excitatory effect of low-
dose epidural tramadol and by the larger doses of
patenteral tramadol the 20 mg group required post-
operatively. Other explanations for the dose-related
effects of epidural tramadol could include divergent
dose-effect reponses of the opioid and the mono-
aminergic actions of the stereoisomers of tramadel
and its metabolites.

Although pain scores or analgesic consumption
were similar for the 100 mg tramadel and placebo
groups, the postoperative heat pain tolerance thresh-
olds were significantly increased at 48 h in the 100 mg
group compared to placebo and baseline. The diffi-
culties associated with the use of clinical pain par-
ameters for measuring dose-response relationships in
analgesia have recently been highlighted (28). Fain
thresholds were measured in this study, because psy-
chophysical testing provides a measure of changes in
perioperative pain-processing (18, 19). The relation-
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ship between clinical analgesia (pain scores, PCA use)
and changes in pain-processing remains unclear and
requires further study. Pain thresholds were deter-
mined outside of the operated and anaesthetised
dermatomes to measure generalised antinociception,
the sum of endogenous and exogenous pharmacologi-
cally induced effects. As expected, heat pain tolerance
thresholds (C-fibre-mediated pathways) were more
affected by opicid antinociception than heat pain de-
tection thresholds (Ad-pathways) (29). The signifi-
cantly superior generalised antinociception with 100
mg tramadol compared to placebo is likely to be due
to better intraoperative modulation, as postoperative
analgesic consumption was similar. Both opioid and
monoaminergic mechanisms are known to be in-
volved in descending, inhibitory neciceptive path-
ways (30). It consequently appears that preoperative
epidural tramadel 100 mg had a longlasting post-
operative antinociceptive effect, not reflected in the
pain scores and analgesic consumption data. This dis-
crepancy has been documented in other studies (19,
31).

We chose the epidural route for preoperative trama-
dol dosing because of the more sustained effect and
because neuraxial application of opioid is considered
more effective in suppressing post-naciceptive sensi-
tisation {12, 32), Tramadol is available as a preserv-
ative-free formulation and has been applied epi-
durally in several hundred patients with no evidence
of local toxicity (e.g. 10-13, 22, 33). These toxicological
data were considered an adequate demonstration of
clinical safety by the Ethics Committee at the time of
study conception. However, mneurcpathological
studies after epidural tramadol application have to
date not been performed and these should be under-
taken before general epidural use of tramadol can be
propagated.

In conclusion, the preoperative adjuvant epidural
use of tramadol did not improve clinical measures of
postoperative analgesia. Low-duse tramadol resulted
in anti-analgesia and was associated with more post-
operative side-effects. Only tramadol 100 mg de-
pressed perioperative pain processing, but this was
not reflected in better clinical pain parameters in our
study,
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12. Article - Intravenous Opioid Agonists vs. Placebo

(Wilder-Smith OH, Tassonyi E, Senly C, Otten P, Arendt-Nielsen L. Surgical pain is followed not only by spinal
sensitization but also by supraspinal antinociception. Br J Anaesth. 1996; 76: 816-21)

Surgical pain is followed not oanly by spinal sensitization but also by

supraspinal antinociception

O. H. G. WILDER-SMITH, E. TassoNyi, C. SENLY, PH. OTTEN AND L. ARENDT-NIELSEN

Summary

Nociception can produce segmental spinal
sensitization or descending supraspinal
antinociception. We assessed both types of sensory
change after surgery during isoflurane—nitrous
oxide anaesthesia with or without fentanyl before
nociception. Patients undergoing back surgery
received fentanyl 3pg kg (n=15) or placebo
(n=15) before anaesthesia in a prospective,
randomized, blinded siudy. Sensation, pain de-
tection and tolerance thresholds to electrical stimu-
lation were measured before operation at the arm,
incision and herniated disc dermatomes (MDD} and
1.2,4,6, 24 h and 5 days after operation, together
with pain scores and patient-controlled morphine
consumption {duration 24 h). For segmental ef-
fects, thresholds were normalized to the thresholds
at a distant dermatome (arm). Raw pain thresholds
were increased after operation (fentanyl > placebo)
and were maximal at 4 h (pain tolerance in HDD:
fentanyl +5.2 mA (+62.7%). placebo, +3.8 mA
(+442%); P <0.05 vs baseline for both).
Normalized sensation thresholds decreased for
placebo only (HDD/4 h: placeba, —1.8 ( —44.8%).
P < 0.05; fentanyl, +0.1 (+5.5%) ns). All changes
returned to baseline by 24 h except for the placebo
group normalized MDD sensation (d5: placebo,
—24 (-597)% P <005, fentanyl —0.1
(-5.5%) ns). Pain scores and morphine con-
sumption were similar. The study demonstrated
both supraspinal analgesia and spinal sensitization
after surgery. Fentanyl administration before op-
eration augmented the former while decreasing the
fatter, and hence sensitization, especially if neuro-
pathic, may particularly benefit from pre-emptive
analgesia. (Br. J. Ansesth. 1996, 76: 816-821)

Key words

Pain, postoperative. Analgesia, postoperative. Analgesia, pre-
empiive. Pain, threshold.

In an editorial discussing pain after surgery, Wall [1]
noted, on the basis of animal experimentation, that
nociception results in excitatory, segmental changes
in central, spinal sensory processing (spinal
sensitization). In animal experiments, it was found
not only that opioids depress spinal sensitization, but
that they were considerably more effective if given
before rather than after nociception (pre-emptive
analgesia) [2]. The clinical application of these

findings has generated considerable debate, with the
clinical reality of pre-emptive analgesia remaining
controversialand the subject of intensive investigation
[3,4]. In patticular, it has proved difficult w
demonstrate clinically significant effects on analgesic
consumption and clinical pain measures [3, 4].

Groups [5, 6} working on intact animals and with
more intense nociceptive stressors described op-
posing, inhibitory and supraspinal phenomena, such
as ‘‘stress-induced analgesia (SIA)” or “diffuse
noxious inhibitory controls (DNIC)”. These groups
used nociception that was longer-lasting or more
intense, or both, than that of spinal sensitization
models (e.g. being forced to swim in hot water s
short-tasting electrical stimularion), and found an-
algesia and hyposensitivity in sensory testing af-
terwards [7]. Similar sensory inhibition was elicited
by stimulation of various brain regions (* stitmulation-
induced analgesia™) [6]. SIA operates via
descending, inhibitory encephalinergic, a-
adrenergic and WMDA systems [8].

Whether human surgery is associated with spinal
sensitization or supraspinal inhibition has not been
investigated in detail. Only few studies have
examined the effect of pre-emptive analgesia on
spinal sensitization; we have found none for SIA or
DNIC. Richmend, Bromley and Woolf [0] and
Collis and colleagues [10] found that mechanical
secondary hyperalgesia was suppressed by pre-
emptive morphine, but they did not give absclute
thresholds. On a single occasion after operation,
Lund, Hansen and Kehlet found an increased
electric sensation threshoid [11], while electric pain
thresholds were decreased (and the nociceptive
withdrawal reflex increased) in another study [12].
Both Willer, Bergeret and (Gaudy [13] and Peters
and colleagues [14] found increased thresholds in
small postoperative studies. Thus data on
postoperative changes in sensory processing with
human surgery are scarce and contradictory.

The aim of this study was 10 investigate sensery
processing after surgery wusing semsory skin
thresholds. In particular, we were interested in
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detecting and differentiating between generalized
{e.g. supraspinal inhibition) and segmental {e.g.
spinal sensttization) changes in sensory function. We
also determined the effect of pre-emptive fentanyl
analgesia on changes in sensory processing which
might be present after surgery. Finally, we de-
termined if altered sensory processing affects clinical
measures of pain (analgesic consumption, pain
SCOres).

Patients and methods

We studied 30 ASA I and II patients, undergoing
elective herniated intervertebral disc surgery. The
study design was prospective, randomized and
double-blind. Institutional review board and Ethics
Committee approval were obtained, and all patients
gave informed written consent.

Patients were instrucred on threshold measure-
ment, pain verbal rating scores (VRS) and use of a
patient-controlled analgesia (PCA) pump. They
received no premedication on the morning of
operation. Before insertion of a venous cannula, pain
verbal rating scores (0 = no pain; 10 = worst pain
imaginable) for the back and affected leg dermatome
and sensation, pain detecrion and pain tolerance
thresholds were determined. Thresholds were
obrained using constant skin current stimulation
{Digistim, Biometer A/S, Copenhagen /DMK ; tetanic
stimulation at 100 Hz, 0.2 ms square wave pulses)
viaself-adhesiveelectrodes 3 cmapart. Measurements
were carried out in the middle of the nerve root
dermatome most affected by disc prolapse; on the
flanks at the height of the back incision (T12-LI
dermatome), ipsilateral and contralateral 1o the side
of the involved nerve root; and the proximal arm
contralateral to the involved nerve root (C8-T1).
Care was taken not 1o stimulate major nerves, and
measurements were separated by 5 min. The three
end-points, measured successively in a run, were the
averages of the three runs.

Five minutes before induction of anaesthesia,
patients received a blinded short infusion
(0.9% NaCL 100 ml) containing either placebo
(placebo group) or fentanyl 3 pugkg! (fentanyl
group). Anaesthesia was induced with thiopentone
5mgkg !, followed by vecuronium 0.1mgkg '
After tracheal intubation, anaesthesia was
maintained with isoflurane and 66 % nitrous oxide in
oxygen. No other supplementation was given and the
interventions usually lasted less than 1 h.

Thirty minutes after extubation, morphine by
patient-controlled analgesia (PCA) was started
{loading bolus 60 ug kg~!, PCA bolus 25 pgkg ';
tock-out interval 8 min in recovery roorm, 15 min on
ward ; background infusion 15 pug kg ' h ! during the
first 2 h in the recovery room). No other analgesics
were given. Threshold and VRS measures, as before,
and cumulative morphine consumption were
assessed 1, 2, 4, 6 and 24 h after extubation. PCA
morphine was discontinued 24 h after operation.
Threshold and VRS values were obtained 5 days
after operation. Observer sedation rating scores (3 =
wide awake, 1 = unrousable) were also noted at
measurement rimes.

Based on the data of Lautenbacher and Rollman
[15], the study was designed to have the power to
detect a difference of 20%, in sensation thresholds.
To separate generalized from segmental (spinal)
effects on thresholds, normalized (or relative) and
raw thresholds were analysed. Thresholds were
normalized relative to the arm [9,10]. Thus
normalized thresholds were calculated by dividing
para-incisional and affected dermatome threshold
values by the respective arm threshold values. All
statistical analysis was performed using the software
package Statistica for Windows (release 4.5, Statsoft
Ing, 2325 East 13th Street, Tulsa, OK 74104, USA).
Patient data were compared by unpaired ¢ test.
Analysis of thresholds, pain VRS or sedation scores
and cumulative morphine consumption was by
repeated measures ANCOVA, with the preoperative
baseline values acting as covariant. Post koc testing
was by Tukey’s honest significant difference test.
Statistical significance was assumed if P < 0.05.

Results

The two groups were comparable (table 1), with
similar preoperative (baseline) pain VRS and
threshold values. There were ne significant
differences between groups for back or leg pain VRS,
cumulative morphine consumption or observer sed-
ation scores {table 2).

Raw thresholds were increased after operation

(table 3, fig. 1). In both groups mainly the 4-h
measurements of affected dermatome pain thresholds
were increased significantly compared with baseline.
Combining all thresholds, the fentanyl group values
were significantly higher than the placebo values (P
< 0.02). Overall, the thresholds ar different meas-
urement sites and the sensation, pain detection and
pain tolerance thresholds were significantly different
(P < 0.008 and 0.00001, respectively). Arm site
thresholds overall were significantly jower than for
the para-incisional site (P < 0.024), with no sign-
ificant difference between para-incisional and
affected dermatome thresholds. All three threshold
test types differed from each other (2 < 0.0001). For
thresholds overall, values at 24 h and 5 days were
generally lower than the preceding postoperative
values (7 < 0.0001). Baseline threshoelds significantly
affected subsequent values (P < 0.0001).

For normalized thresholds taken together (fig. 2),
the groups or measurement sites did not differ. Only
in the placeba group were sensation thresholds in the
affected dermatome significantly lower than baseline
at 4 and 6 h and 5 days after operation. Owerall, the
three threshold test types continued to be different
(P < 0.00001}, and day 5 threshold values together
differed from those at 1, 2 and 24 h after operation.
For sensation thresholds alone, the wvalucs in the
placebo group were significantly lower than in the
fentanyl group (P < 0.003) overall. Baseline values

Tuble | Pauient data (mean (8D or range)i

Age (¥r} Weight (kg: Height [cm) Sex (M:F)

Placebo  47.8 (2461 73.0{134) 1718921 10:5
Fentanyl 41.1 (2762 743 014.6) 1693 (20.6; 12:3
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Tabie 2 Pain, sedation and marphine consumption. VRS = Verbal rating score for leg (L) ar back (B} pain; OS85 = observer sedation
score; morphine = cumulative morphine consumption. Values for VRS and OSS are median {quartile range); cumulative morphine

consumption values are mean (S0). BL. = Baseline.

Time after operarion

4h bh 24h

BL lh 2h 5 days
VRS/L
Placebo 0 2 2 1 0 1 0.5
(0-2.5) (0-4) (0-3.5)  (D-4.5) (0-1.5) (0-L5)  {0-2.0)
Fentany! 1 2 0 o 0 ] 2
(0-2.5) (1-3.5) (0-L5) (0-1.5) {0-2.5) (0~2) ©0-3)
VRS/B
Placebo ] 5 3 4 25 25 1
(0-0.5) {2.55.5) (24 {2-5) ©5-3)  (1-3.5)  (0.5-1)
Fentzny! 0 4 3 3 3 1 1
-1y (1.5-55) (1.5-4.5) (1.5-4.5) (0~ (0-2.5)  (0-2)
0OS5s
Placebo 5 4 4 3 5 5 5
(35 (4 @S5 (5% @45 (55 (55
Fentanyl 5 4 4 5 5 5 5
(5-5) {(34) (445 435 @5 (55 (55
Morphine (mg)
Placebo q 6.3 9.8 15.3 185 337
{2.3) 4.1} {6.2) (7.2) (13.5)
Fentanyl ] 6.4 10.3 16.8 21 38.0
(1.7} 3.3 {9.2) (12.4) (29.8}

Table 3 Absolute threshold values. Values are (mean (3D}) mA, times (except controj) are postoperative, C = [ncision dermatome
contralateral to affected side, [ = incision dermaromne ipsilateral to affected side, D = dermatome affected most by ncrve compression
caused by disc prolapse. *P < 0.05 vs baseline; +P < 0.05 vs day 5 value. Only the differences at individual times for a given threshold

type and dermarome are marked; for other results, see rexr.

Time afier operation

Control  1h 2h 4h 6h 24h 5 days
Sensation thresholds
Arm, placebo 08(0.7) 2324 27017 2.0(1.5) 2.1(1.4) 21(L.T 0.8(L.1)
Arm, fentanyl 1.6¢0.9) 2.1(1.3) 25(2.2) 19(1.2) 1.7(0.9) 1.5(1.3) 0.4005)
C, placebo 0.8(0.5) 22(1.5) 23(16) 19(1.6) 2.1(1.3) 21{1.0) 0.7 (0.8)
C, fentanyl 1.1(0.8) 3.5(2.4) 3.7(1.9) 30(1.9) 2.6 (2.0) 29(2.8) 0.5(0.4)
I, placebo 0.9(0.5) 2.4¢2.1) 22(1.4) 2.1(2.1) 25(1.B) 2.2(L.1) 0.6 (0.5)
I, fentanyl 1.2(0.8) 2721 30017 2.6(1.5) 2.4(1.2) 1.7¢1.1) 0.5(0.4)
D, placebo 1.9¢2.1) 3.7¢2.4) 3327 315024 3.3(2.5) 2927 1.0(1.3)
D, fentanyl 1.4(L.1) 32{2.4) 3221 3.2(28) 25(1.5) 1.8(1.4) 0.9(0.9)
Pain detection thresholds
Arm, placcbo 53(35) 6.4{4.1) 6.6 (4.6) 6.2 (3.5) 5.4(2.9 6.3(3.3) 28037
Arm, fentanyl 4.9(3.2) 7.9 (3.5} 8.1¢3.3) 70(3.2) 63(3.4) 5.6(3.2) 3.6(3.1)
C, placebo 51(3.7) 7.3(3.6) 7.9(3.9) 75033 74038t T4t 28029
C, fentanyl 3.4(3.1) 9.5 (4.0) 8.3(3.2) 85(3.4) 78(3.8) 6.8(4.2} 3.1(3.5)
I, placebo 5.2(4.0) 8.4 (3.00 7.9(5.101 7749t 7.6(4.2)t 834101 2.6(3.3)
I, fentanyl 6.1{3.1) 5.0(3.4) 9.0(3.5) 8.0(3.3) 8.1(3.5) 6.2(3.6} 2.6(2.2)
D, placebe 5.7(5.2) 8.0{5.1) 7.8(5.1) 85(3.2) 9.3 (5.2)% 6.9(4.7) 2.9(3.5)
D, fentanyl 4.8(2.8) 8.4 (4.0) 8.0(3.8) S0 (6.2 T.0(3.1) 6.6(3.0) 3.7(3.0)
Pain tolerance threshelds
Arm, placcho 9.7{4.2) 1t.6(5.00t 10.4(5.3) 10.6 (4.3)1  10.2(4.00% ¢.4(3.7) 5.2 4.4
Arm, fentanyl 8.9¢4.0) 1266320 12103.8F 1170481 10.4(5.1) 8.8(3.8) 5.9 (4.6)
C, placeho 9.6{5.1) 11.6{3.8% 122481 128 (4.4 12.1(4.8)t 1L.1{49)F S404.7)
C, fentanyl 9.0¢3.1) 139443t  135&10F 140481 1300581 016D 56055
I, placebo 9.3{4.7) 1L7(5.79 1250381 116520+ 118(5.001 L2.1(4.5)F 4.9(4.3)
I, fentanyl 9534 150(5.84 13744t 1330431 136038 9.9(4.1) 5.7 {4.8)
13, placebo 8.6(6.0) 1:1.4(58)F 11.4(6.0)f 124(6.34* 13.2(6.2)%* 104(5.7)t 5.1{(4.9)
D, fentanyl 8.3(43) 126055  126(5.1) 135(8.004* 11.0(6.0) 9.6(4.7)  7.2(6.%)

influenced normalized thresholds enly up to 4 h after
operaion.

Discussion
In this study, surgery was associated with
generalized sensory inhibition and segmental

sensitization in the immediate postoperative period.

Changes in sensory processing generally returned to
baseline within 24 h after operation. Compared with
placebo, pre-emptive fentanyl inhibited segmental
sensitization, and was accompanied by increased
generalized sensory inhibition. These differences
between groups were not significantly reflected in
clinical measures such as pain scores or morphine
consumption in our study, indicating the importance
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Figure | Changes from baseline of raw sensory thresholds (mean, so mA). The dermatomes tested (X axis) and
the types of threshold tests (Y axis) are indicated. *P < 0.05 vs baseline; 1P < 0.05 vs day 5 value. The
significances for the plasebo growp are marked above the zero line, those for the fentanyl group, below. Only
differences at individual times within a given graph are marked (for other results, see text).
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Figure 2 Changes from baseline of normalized sensory thresholds in arbitrary units (meun, $p rations). The
dermatomes tested (X axis) and the types of threshold 1ests (Y axis) are indicated. *P < .05 vs baseline. The
significances for the placebo group are marked above the zero line, those for the fentanyl group, below. Only
differences at individual times within a given graph are marked (for other results, see text).

of sensory testing in assessing nociception after [15]. While electrical thresholds do not represent a
operaton. pure nociceptive activation, but a mixed nerve fibre
Measurement of pain thresholds by cutanecus population response, we consider its use acceptable

electrical stimulation is easy to use and well vatidated in the surgical context because surgery also involves
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a mixed responsc. Additionally, use of the more
complex equipment necessary for pure nociceptive
stimulation (lasers, Peltier elements) is difficult if not
impossible on the ward. Possible sensitization by
threshold measurements was minimized by spacing
the measures, doing only three runs and stopping on
just reaching the pain tolerance threshold. In
cemmon with other groups [9, 10] we normalized
thresholds relative 1o the arm. Because the arm was
far away from the surgical site, it was unlikely to be
affected by segmental or spinal sensory changes after
operation, while still being subject to any generalized
or supraspinal changes, making possible separation
of the two types of altered sensory processing.

Extraneous factors which may have influenced
thresholds include increased reaction times and
analgesic or anaesthetic drugs. In order to decrease
the effect of reaction times, electric stimulation was
increased very slowly (approximately 0.1 mA s 1). In
addition, sedation scores were similar between
groups throughout, and we¢re normal by 4 h after
operation. Isofluraneinsubanaestheticconcentrations
has no effect on pain detection thresholds [16];
nitrous oxide may increase pain detection thresholds
for up to 30min after its discontinuaton [17].
Opioids such as morphine or fentanyl have no direct
effects on sensation or pain detection thresholds [18].
The effects on pain tolerance thresholds are most
visible if the stimulus is long or repeated, and are
stnall for tolerance te single pain stimuli [18], Thus
direct drug effects on the thresholds can be expecred
to have been minimal, particularly Wwith regard to
sensation and pain detection thresholds.

Patients titrated themselves to similar pain levels
in the groups using PCA morphine. The lack of
difference in morphine consumption may primarily
result from group size, or because back surgery is
only mederately painful, or both. The group size had
the statistical power to detect a difference of 50%, in
morphine consumption at 24 h between the groups.
These results suggest that sensory testing may be
more sensitive in the assessment of change after
operation than clinical measures such as merphine
consumption or pain scores. The relevance of such
sensory changes for long-term outcome needs
invesrigation,

We have found no other studies which have
systematically investigated sensory thresholds after
surgery in humans with regard to spinal sensitization
or supraspinal inhibition. Richmond, Bromley and
Woolf [9] and Collis and colleagues [10], studying
pre-emptive morphine for hysterectemy, found
postoperative differential (i.e. forearm-abdemen)
pain detection thresholds to mechanical stimulation
to be smaller in the pre-emptive group, suggesting
less spinal sensitization. There was no difference in
sensation thresholds. No preoperative measures were
given, however, making further interpretation
difficult. The absence of threshold values in a
dermatome distant to the surgical site precludes
conclusions abour the presence or absence of
generalized sensory inhibition. The mainly raised
thresholds in the studies of Lund, Hansen and
Kehlet [11], Dahl and colleagues [12], Willer,
Bergeret and Gaudy [13] and Peters and colleagues

Brirish Journal of Anaesthesia

[14] have already been mentioned. Their results are
difficult to compare with ours, as they involved
different times, sites and methods.

The increased sensory thresholds after operation
demonstrated in our study are likely to be the result
of descending central inhibitory controls elicited by
the nociception of surgery (e.g. SIA or DNIC [5-8].
Sensory inhibition in our study was generalized and
detectable up to 24 h after operation, DNIC operates
on convergent neurones and generally fades shortly
after the conditioning stimulus [19], making it a less
likely mechanism in this case than SIA. SIA is
suppotrted further by the fact that while DNIC is
depressed by opioids [20], STA has been described as
being augmented by opioid supplementation [21,
22]). However, SIA mechanisms are complex, in-
volving both opioid and non-opicid pathways,
possibly muteally antagenistic [23), and a final
understanding must await more complete elucidaton
of this phenomenon. The only possible alternative
explanation could be the level adaptation theory,
which postulates that pain thresholds change because
of resetting of the reference point for pain thresholds
[14]. This theory is unlikely to explain the shift in
sensarion thresholds also seen in our smdy, but
definite differentiation would depend on measure-
ment of the nociceptive withdrawal reflex [14] not
performed in our study. It should however be
remembered that the withdrawal reflex is affected by
changes both in the sensory and motor system.
Segmental spinal sensitization caused by nociception
is also well described in the literature for animat
models [2, 3]. Seudies confirming spinal sensitization
after nociception in human volunteers have now
been performed [24], but formal clinical studies are
still lacking, as are studies of the long-term
implicaticns of such changes for cutcome after
surgery.

The fentanyl supplemented group showed more
supraspinal antineciception after operation than the
placebo group. This would suggest that, as shown
experimentally [21, 22), opioids act synergistically
with descending inhibitory systems, providing
another rationale for pre-emptive analgesia. Opioids
are effective ar preventing and treating spinal
sensitization, particularly of the nociceptive system
{4], as confirmed by our study. The fentanyl group
showed no segmental sensitization; in the placebo
group it was visible only for the somatosensory
sysiem. Expression of nociceptive  system
sensitization in the placebo group may have been
suppressed by morphine analgesia in the context of
only moderately nociceptive surgery, leaving only
somatosensory sensitization visible [25}. This possi-
bility needs further study using more painfuf surgicat
interventions and larger patient groups. In the
placebo group, segmental sensitization was still
present compared with the fentanyl group in the
affected dermatome 5 days after operation, at a time
when all cther sensory changes had reverted to
normal. This suggests that under special circum-
stances (e.g. the presence before surgery of neuro-
pathic pain or sensizization associated with nerve
damage), changes in sensory processing can persist
iong-term with poorly blocked pre- or intracperative
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nociception, as also suggested by the amputation
studies of Bach, Noreng and Tjellden [26]. Further
studies are needed to confirm this.
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13. Article - Intravenous Opioid Agonists vs. NMDA Antagonists

(Wilder-Smith OH, Arendt-Nielsen L, Gaumann D, Tassonyi E, Rifat KR. Sensory changes and pain after
abdominal hysterectomy: a comparison of anesthetic supplementation with fentanyl versus magnesium or keta-

mine. Anesth Analg. 1998; 86:95-101)

Sensory Changes and Pain After Abdominal Hysterectomy:
A Comparison of Anesthetic Supplementation with Fentanyl

Versus Magnesium or Ketamine

Oliver H. G. Wilder-5mith, mp+, Lars Arendt-Nielsen, PhD+, Dorothee Giaumann, Mpr,
Edomer Tassonyi, MD*, and Kaplan R. Rifat, MD*

*Department of Anaesthesiology, Geneva University Hospital, Geneva, Switzerland; and +Centre for Sensory-Motor
Interaction, Laboratory for Experimental Fain Research, University of Aalborg, Aalborg, Denmark

Drugs interacting, with opioid or N-methyi-p-aspartate
(NMDA) receptors may have differing effects on post-
surgical sensory changes, such as central inhibition or
spinal excitation. We compared the effect of supple-
menting isoflurane /N,Q/ O, anesthesia with an opioid
agonist (fentanyl [# = 15]) or twe drugs inhibiting the
NMDA system differently (magnesium, ketamine [n —
15 in each group]) on sensory changes after abdominal
hysterectomy. Electric sensation, pain detection, and
pain tolerance thresholds were determined (preopera-
tively and 1, 4, 24 h, and 5 days postoperatively} in arm,
thoracic, incision, and leg dermatomes together with
pain scores and cumulative morphine consumption.
Thresholds relative to the arm were derived to unmask
segmental sensory changes hidden by generalized
changes. Absolute thresholds were increased 1-24 h, re-
turning to baseline on Day 5, without overall differ-
ences among drugs. Fentanyl thresholds were lower 1 h
and higher 5 days postoperatively compared with mag-
nesium and ketamine; thresholds were lower at 24 b for

magnesium versus ketamine. Relative thresholds
increased compared with baseline only with fentanyl
(1-4 h); nene decreased. Pain scores and morphine con-
sumption were similar. Thus, all adjuvants suppressed
spinal sensitization after surgery. Fentanyl showed the
most, and maghesium the ieast, central sensory inhibi-
tion up to 5 days postoperatively, with different pat-
terns of inhibition directly postsurgery versus later.
Differences in sensory processing were not reflected in
clinical measures. Implications: We studied the effects
on postsurgical sensory processing of general anes-
thesia supplemented by drugs affecting opioid or
N-methyl-p-aspartate receptors using sensory thresh-
olds. Generalized central sensory inhibition, differently
affected by the drugs, predominated after surgery. All
drugs suppressed spinal excitation. Clinical pain meas-
ures did not reflect sensory change.

{Anesth Analg 1998,86:95-101)

ociception alters sensory processing via periph-

eral and central mechanisms {1,2). Animal mod-

els of central sensory change after nociception
demonstrate excitation as well as inhibition (3,4). Spi-
nal excitation depends on activation of dorsal horn
N-methyl-p-aspartate (NMIJA} receptors by excita-
tory amino acid transmitters (3). Opivids depress spi-
nal excitation by inhibiting the initial wide dynamic
range (WDR) dorsal horn neuron response to incom-
ing nociceptive C-fiber volleys, without directly affect-
ing neuren hyperexcitability or wind-up (5). NMDA

Accepted for publication August 28, 1997
Address correspondence and reprint requests to Dro Ot G
Wilder-Smith, Nocikeplion Research Group, University of Bermne,
Bubenbergpiatz 11, CH-3011 Berne, Switzetland. Address e-mail to
OHWS@thenet.ch

receptor blockers directly inhibit wind-up and hyper-
excitability in WDR dorsal horn neurons without af-
fecting the initial WDR respense to incoming C-fiber
volleys (3).

Central inhibition has been described in at least two
variants, stress-induced analgesia (SIA) or diffuse nox-
ious inhibitory controls {DNIC) (4,6-8). Central inhi-
bition is generalized, opposes spinal hy perexcitability,
and involves descending control originating from su-
praspinal structures, such as the midline periaqueduc-
tal grey and the locus coereolus, via cither the spinal
dorsolateral funiculus or more diffuse propriospinal
connections {4,6--8). Longer-lasting SIA comprises
neural and humoral opieid, monoaminergic, and non-
opioid mechanisms, with the latter including NMDA
receptors (6). In animais, opioid agonists augment opi-
oid SIA induced by moderate stressors (e, warm
wafer swim). NMDA receptor antagonists decrease
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nonopioid S[A associated with severe stressors {e.g.,
cold water swim) {4,6). DNIC acts on convergent neu-
rons, fades with the conditioning stimulus, and is thus
shorter-lasting (7,8). It is inhibited by morphine; inter-
actions with NMDA antagonists have not been de-
scribed (7,8).

According to animal studies, opioid agonists and
NMDA antagonists may thus exhibit similar effects on
spinal sensory excitation but opposing effects on as-
pects of central sensory inhibition (3-8) after nocicep-
tion. In a recent human study (9) of sensory changes
after surgery, adjuvant opioids suppressed spinal ex-
citation and augmented central inhibition compared
with isoflurane/nitrous oxide/oxygen anesthesia
alone, as predicted by animal models. The effects on
postsurgical sensory changes of substances acting on
the NMDA as opposed to opioid receptor systems
have not been studied.

We aimed to study the effect of a p-opioid agonist
(fentanyl) or two different NMDA antagonists (ket-
amine, magnesium) as adjuvants to general anesthesia
on the state of sensory processing after surgical noci-
ception. A major goal was to investigate whether these
substances have similar or opposing effects on post-
surgical central inhibition compared with spinal
excitation.

Methods

Atter local institutional review board/ethics commit-
tee approval and informed patient consent, 45 ASA
physical status [ or IT patients undergoing elective
abdominal hysterectomy via DPfannenstiel incision
were prospectively randomized to receive either fen-
tanyl, ketamine, or magnesium (# = 15 per group)
ancsthetic supplementation. Statistical power calcula-
tions (& = 5%, B = 10%) based on a previous study (3)
suggested that a group size of 15 should detect differ-
ences in pain tolerance thresholds of one-third, and in
24-h morphine consumption of one-half. Exclusion
criteria included systemic hypertension, epilepsy,
chronic magnesium, hypnotic or analgesic use, and
diseases predispesing te aitered sensation {e.g., diabe-
tes mellitus, neuropathies).

During the anesthesia interview, patients were in-
structed about threshold measurement, pain intensity
verbal rating scores (VRS; 0 = no pain, 10 = worst
pain imaginable) and use of a patient-controlled anal-
gesia (PCA) pump. No premedication was given on
the morning before the operation, [n the induction
room, before the insertion of venous catheters, base-
line thresholds were measured by an observer who,
like the patient, was blinded to the adjuvant drug
used. The same observer performed all measures. An-
esthesia was conducted unblinded by an anesthetist
not invelved in the study or postoperative patient
are.

Thresholds were measured usin% electric constant
current skin stimulation (Digistim . Biometer A/S,
Copenhagen, Denmark; tetanic stimulation at 100 Hz,
0.2-ms square waves, self-adhesive electrodes 3 cm
apart) on the dominant upper arm (C7 dermatome},
the lateral breast fold (T4), 10 cm laterai to the Pfan-
nenstiel incision {T12), and just above the patella (L3}.
We avoided stimulating major nerves or muscle bun-
dles. The three thresholds—sensation (stimulation just
felt), pain detection (stimulation just becomes painful;
“first pain” via Ad-fibers), and pain tolerance (pain-
fulness of stimulation just becomes intolerable; “sec-
ond pain” via C-fibers) (10)—were measured as the
average of three serial assessments within 30 min,
separated by at least 5 min.

Three minutes before anesthesia induction, patients
received either 1.5 ug/kg fentanyl, 0.5 mg/kg ket-
amine, or 20 mg/kg magnesium sulfate as a slow (60
s} intravenous {IV} injection. Anesthesia was induced
with 5 mg/kg of thiopental, followed by 0.1 mg/kg
vecuronium [V. After tracheal intubation, anesthesia
was maintained with isoflurane in oxygen/nitrous ox-
ide (1:2). Five minutes before skin incision, either
0.75 pg/kg tentanyl, 0.25 mg/kg ketamine, or
10 mg/kg magnesium sulfate was injected and subse-
quently repeated at 30-min intervals. The final dose
was given approximately 45 min before the end of
surgery. Dropout was for operations lasting longer
than 2 h or for unsatisfactory anesthesia themodynam-
ic values =20% of baseline for :»5 min).

Morphine PCA was started 30 min postextubation
in the recovery room (loading bolus 40 pg/kg, PCA
bolus 25 wg/kg: lockout 5 min, background infusion
15 pg » kg ' - h™!). Threshold measures, pain VRS,
cumulative morphine consumption, and an observer
sedation rating score (1 = unrousable, 2 = deeply
sedated, 3 = moderate sedation, 4 = minor sedation,
5 = wide awake) were obtained at 1, 4, and 24 h
postextubation. PCA morphine was discontinued 24 h
postoperatively, and analgesia on the ward continued
with per os diclofenac. Threshold and pain VRS values
were reassessed 5 days postoperatively.

Apart from absolute sensory threshelds, which pre-
dominantly reflect generalized sensory inhibition, we
also analyzed derived relative {or normalized) thresh-
olds to unmask the weaker segmental effects expected
from spinal excitation, as described previously {9). Rel-
ative thresholds were calculated by dividing thoracic,
inciston, or leg threshold values by respective arm
threshold values. We chose the arm (C7 dermatome), far
from the operation site, and thus was unlikeiy tc be
affected by lower thoracic to sacral stimulation with
hysterectomy, as the reference site predominantly re-
flecting generalized sensory changes.

Statistical analysis was performed using Statistica
for Windows (version 4.5; Statsoft Inc., Tulsa, OK).
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Demographic data, cumulative morphine consump-
tion, and thresholds were analyzed by using one-way,
Tepeated-measures two-way, and repeated-measures
four-way analysis of variance (fixed effects, three fac-
tors: drug [fentanyl, magnesium, ketamine), site [arm,
thorax, incision, leg), test {sensation, pain detection,
pain tolerance]), respectively. Post hoc testing was per-
formed by using Tukey’s honest significant difference
test. Pain and sedation scores were analyzed by using
Kruskal-Wallis analysis of variance and Bonferroni-
corrected Mann-Whitney U-testing. Statistical signifi-
cance was set at P < 0.05.

Results

All patients completed the study without problems.
The fentanyl, magnesium, and ketamine groups were
similar for age (48 * 8, 47 + 6, and 47 = 8 yr, tespec-
tively [means * so)), height (161 + 6, 162 * 7, and
158 + & cm, respectively), weight (62 + 10, 70 = 9, and
63 * 9 kg, respectively), and baseline thresholds (Fig-
ure 1). Pain intensity VRS, cumulative PCA morphine
consumption, and observer sedation scores never dif-
fered among groups (Table 1), with pain VRS differ-
ences on Day 5 just failing to reach significance ( —
0.054).

The overall courses of the absolute thresholds were
similar for the drug groups (Figure 1), differing with
test types and time (P < 0.000001). Thresholds were
increased compared with baseline 1-24 h postopera-
tively, taken together {time), for drug groups (drug x
time; P < 0.000001), test types (test X time; P —
0.000003), or measurement sites (site X time; P = 0.03).
Threshclds were highest at 4 h, returning to baseline

C tHam 1S C M4 DD C Mo omso © KETAMINE

THORAX OPSITE LEG

on Day 5. Thoracic and incision thresholds were al-
ways similar. Arm threshelds were lower than tho-
racic thresholds at 1 h and lower than incision thresh-
olds at 4 and 24 h. Leg thresholds were lower than
incision thresholds at 24 h (site % time). At 1 h, fent-
anyl thresholds were lower, and at 5 days they werc
higher, than for ketamine or magnesium (drug X
time). At 24 h, ketamine thresholds were higher than
those for magnesium.

In all three groups (drug > test X time), pain de-
tection and tolerance thresholds remain increased
compared with baseline (P < 0.001) from 1 to 24 b,
with the exception of pain detection in the fentanyl
group, which was unchanged at 1 h. Sensation thresh-
olds were increased for ketamine at 24 h, for fentanyl
at 4-24 h, and for magnesjium at 1-4 h. Magnesium
pain tolerance thresholds were lower than fentanyl at
5 days and lower than ketamine at 4-24 h. Consider-
ing measurement site (site X test X time), pain detec-
tion and tolerance thresholds were increased com-
pared with baseline from 1 to 24 h at the thorax and
incision sites, Sensation thresholds never changed in
the arin and thorax (incision increased at 4-24 h, leg
increased at 1-4 h). Leg pain tolerance thresholds
were increased at 1-24 h (detection 1-4 h) and were
similarly increased for the arm, cxcept at 1 h. At 24 h,
incision dermatome pain tolerance thresholds were
higher than those for the arm or leg. For all drug
groups {drug X site X time), thoracic and incision
thresholds were increased versus control at 1-24 h,
with the exception of fentanyl, which was unchanged
at 1 h, and magnesium/ thorax, which was unchanged
at 24 h, Arm thresholds remained unchanged with
magnesium but were increased at 4-24 h in the fent-
anyl and ketamine groups. Leg thresholds were in-
creased in all groups at 4 h (ketamine 1-24 h). For
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Table f. Postoperative Pain, Sedation, and Morphine Consumption

1h 4h 24 h 5 days

Pain intensity VRS®

Fentanyl 5 (4-8) 4 (1-5) 1 (0-3) ¢ {0-0)

Magnesium 6 (3-8) 3(3-6) 1 (0-2) ¢ (0-0)

Ketamine 5{5-7) 4 (3-3) 2 (1-3) 1(0-2)
Cumulative morphine use (mg)”

Fentanyl 5.5 {0.2) 169 {0.3) 609 (0.9) —

Magnesium 6.5 (0.2) 15.2 {0.4) 54.2 (1.2) —_

Ketamine 5.7 {15) 149 2.7) 55.7 (12.4) —
Observer sedation score”

Fentanyl 4 (3-4) 4(3-3) 5 (5-b) 5(3-5)

Magnesium 3(2-3) 3(3-4) 5 {5-5) 5 (5-5)

Ketamine 3(24) 3(24) 5 (4-5) 5(5-5)

There are no statistically significant differences.
4 Values are median (interquartile range).
¥ Values are means {so).

fentanyl at 24 h, leg thresholds were lower than inci-
sion threshelds. Significant differences for all three
factors and time {i.e, drug X site X test X time) are
shown in Figure 1.

For the overall course of the relative thresholds
{Table 2), there were no differences among drug
groups, tests, or sites, with the difference between
fentanyl and ketamine just failing to reach significance
(P = 0.051). At t and 4 h postoperatively, fentanyl
relative thresholds were increased compared with
baseline and higher than those for ketamine and mag-
nesium (drug X time; P = 0.00006). At no time were
relative thresholds decreased compared with baseline.
There were no significant differences for all three fac-
tors and time (drug X site Xtest * time) (Figure 2).

Discussion
Neither patients receiving fentanyl nor those receiving
ketamine or magnesium revealed evidence of segmen-
tal (spinal} hyperexcitability in this study. Regardless
of the type of anesthetic supplementation, all patients
show generalized {central) inhibition greatest at the
site of surgery as the predominant change in sensory
processing up to 24 hours postoperatively. Fentanyl
patients had the least generalized inhibition just after
surgery, accompanied by significant segmental inhibi-
tion not present in the other groups. From four hours
postsurgety onward, magnesium-supplemented pa-
tients exhibited less generatized sensory inhibition
than those in the fentanyl or ketamine groups. Five
days postsurgery, patients in the ketamine and mag-
nesium groups had lower thresholds than those in the
fentanyl group, long after pharmacological actions of
the drugs had worn off. These sensory differences
were not reflected in clinical pain measures.

The results emphasize the complexity of postsurgi-
cal sensory changes and their interactions with anal-
gesic and anesthetic drugs in the intact human. They

demonstrate the difficulty of extrapolating results
from (frequently nonintact) animal experiments to the
clinical situation. All three drugs suppress spinal hy-
persensitivity. Animal data suggesting interference
with SIA by drugs antagonizing the NMDA receptor
system are supported by the greater generalized sen-
sory inhibition up to five days postsurgery in the
fentanyl group. The differences between ketamine and
magnesium may stem from differing effects on non-
NMDA systems. Just postoperatively, there is evi-
dence of multisegmental spinal sensory inhibition ac-
companied by less generalized inhibition in the
fentanyl group. The lesser generalized inhibition
might be due to inhibition of DNIC-type mechanisms
by fentanyl (8), with the spinal inhibition invelving
direct spinal effects of fentanyl, which are well de-
scribed in the literature but were not observed in this
form in our previous study (9). Cenclusive investiga-
tion of DNIC depends on measurement of nociceptive
flexion reflexes (8), which was not performed in this
study. In the absence of direct measures of intraoper-
ative {and postoperative) nociception, it cannot be
determined whether the postoperative sensory differ-
ences resulted from differing direct perioperative an-
tinociception or from modulation of reactive sensory
changes. Neither the relationships among sensory in-
hibition and nociception and its sequelae, nor their
effects on clinical outcomes, are known.

The lack of clinical effects may be the result of a
relatively small sample size or toc large a background
infusion of morphine. Post hoc power analysis (a¢ =
5%, B = 10%) shows that the study sample size could
detect clinically relevant differences of 20% in 24-hour
morphine consumption. The background morphine
infusion rate was low (0.9 mg;’h for a 60-kg patient),
providing only approximately one third of total mor-
phine at 24 hours. Virtually all patients demanded a
minmurn of one bolus per hour in the first 12 hours,
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Table 2. Relative Sensory Thresholds

Baseline 1h 4h 1 day 5 days
Sensation
Thorax
Fentanyl 43 +87 3582 25+54 1310 12x09
Magnesium 3579 1615 1.9+x22 1.7x12 84+ 119
Ketamine 22%31 11 *086 1.1 *x06 13+x14 1.0+ 8.3
Incision
Fentanyl 6.6 +11.8 32*68 23+32 1309 29+38
Magnesium 28*34 14x14 19+18 1.8 £20 65+ 82
Ketamine 21+28 2027 1207 1311 2134
Le
Igentanyl 45+74 3691 39x90 0805 09 x07
Magnesium 21x15 1314 1.1 205 1616 7.6+ 131
Ketamine 15*18 2339 1.1+ 0.6 13x12 3859
Pain detection
Thorax
Fentanyl 12 +04 6.4 * 204 42+121 13*06 14+08
Magnesium 14 =07 1.5+ 08 14*06 13+05 2539
Ketamine 12+05 14+07 1.3 *x05 1307 1513
Incision
Fentanyl 14x06 63204 51+ 152 1.3+06 16+14
Magnesium 1306 1.3+08 12*04 14+08 3249
Ketamine 1307 12*11 12+03 1.1+x03 13*06
Le;
I§emanyl 1.2+03 4.9+ 150 54*173 1.0 05 1410
Magnesium l6x12 1.1x07 1.2+ 04 1.2x04 3573
Ketamine 11*+04 11*08 11+03 1.1+04 10+05
Pain tolerance
Thorax
Fentanyl 1.0 x05 7.7+ 255 10.3 = 359 1.1 £05 1.1x06
Magnesium 14 +08 1.5=04 1.3 *=05 13x03 19x07
Ketamine 12*07 13*04 12*04 12+04 1.0+03
Incision
Fentanyl 112035 76*253 43x121 13*06 14+1.0
Magnesium 12*05 1512 1.2*03 12+ 05 18x12
Ketamine 1.1 x05 12%10 1.1 =03 1.1x03 1.1=03
Leg
Fentanyl 10x02 75253 89+ 307 09*+03 1.1*05
Magnesium 12+06 1.1x£04 1104 12+04 19+21
Ketamine 09x03 1.0 05 0903

Relative (normalized to arm) sensery thresholds (means = sp) in arbitrary units (ratios).

1.0+02 09x02

There are no statistically significant differences for all three factors and time {ie, drug X site ¥ test X time); for other results, see text.

which suggests that sufficient pain remained for treat-
ment by PCA boli. We did not measure pain during
movement, which might be more sensitive to altered
sensory processing, although this is speculative. How-
evet, it should be noted that the many studies per-
formed to investigate preemptive analgesia have
shown the difficulty of demonstrating clinically rele-
vant postoperative effects after analgesic supplemen-
tation of anesthesta. This applies not only to fentanyl
and ketamine {e.g., Reference 11) but also to magne-
sium supplementation (12, 13).

Having previously demonstrated spinal excitation
after unsupplemented isoflurane/ nitrous oxide anes-
thesia and its suppression by fentanyl supplementa-
tion {9), we did net include a placebo group in the
present study, using fentanyl supplementation as the

standard comparison group, in accordance with typi-
cal clinical practice. Fentanyl (p-opioid receptor ago-
nist), ketamine [noncompetitive NMDA receptor
blocker binding at the phencyclidine site of the
NMDA ionophore (14)], and magnesium [physiologi-
cal blocker of NMDA calcium ionophore (15)] all re-
duce postnociceptive spinal excitation in animal mod-
els (3,5,16). Neither ketamine { receptor agonism) nor
magnesium {generalized caleium antagonism) can be
considered pure NMDA antagonists, and both signif-
icantly affect the central nervous system (and thus
anesthesia) by mechanisms not involving NMDA re-
ceptors. Isoflurane and nitrous oxide produce less de-
pression of spinal excitation than opioids or ketamine
in animal models (17), not sufficient to suppress sen-
sitization in the clinical surgical context (9).
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Dosing schemes for fentany! and ketamine were
chosen to correspond to clinical practice. The schemes
are comparably analgesic clinically (trough plasma
concentrations) based on pharmacokinetic modeling
performed by using IVA-SIM [J. Schiittler, 5. Kloos,
Department of Anaesthesiology, University of Bonn,
Bonn, Germany]: fentanyl approximately 0.8 ng/mL,
ketamine approximately 0.4 ug/mL) (18,i%). Magne-
sium doses were based on clinical practice in gynecol-
ogy and anesthesia (20} and significantly increase ce-
rebrospinal fluid concentrations (21) to orders of
magnitude depressing electrophysiological NMDA re-
ceptor activation fn vive (22).

The interpatient threshold variability of our study cor-
responds with that of other studies (10). Threshold vari-
ability was reduced by standardizing instructions,
avoiding sensitization (only three well spaced measures,
stapping on reaching pain tolerance, no difference be-
tween first and last measures), and minimizing reaction
time effects (slowly ramped curzent [approximately 0.1
mA/s]; the simifar sedation scores returned to baseline
by 4 h). Like surgery, transcutaneous electrical stirmula-
tion, simple and frequently used in pain research, results
in mixed nerve fiber population activation. Because non-
nociceptive surgical inputs also contribute to spinal sen-
sitization (23), this offsets the disadvantage of electrical
stimulation not being purely nociceptive.

Anesthetic drug hangover could have influenced
thresholds immediately postoperatively. However, in-
creasing thresholds from one to four hours postoper-
atively make this unlikely. Pain detection thresholds
are unaffected by subanesthetic isoflurane concentra-
tions; they may remain increased up to 30 minutes
after nitrous oxide (24). Ketamine increases pain tol-
erance thresholds, particularly for temporal summa-
tion, as do opioids (25,26). Opioids have little effect on
pain detection and no effect on sensation thresholds

w
O 40
E T T ‘} (i.e., drug X site X test X time); for other
u o i results, see text.
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(26,27). We found no studies of the effects of magne-
sium on sensory thresholds. Threshold measures may
also have been affected by morphine, another opioid,
for analgesia—obligatory for obvious ethical reasons.
However, because generalized sensory inhibition af-
fected all thresholds significantly, including sensation
and pain detection generally unaffected by opioids,
sensoty inhibition during the first 24 hours is unlikely
to be explained by morphine alone, which suggests
the involvement of central mechanisms, such as SIA or
DNIC.

Morphine analgesia might have suppressed spinal
sensitization. However, a previous study involving
intervertebral disc surgery (9) reported spinal sensiti-
zation under comparable morphine analgesia. Similar
degrees of sensitization should therefore have been
detectable in the present study involving abdominal
surgery, which is more painful than back surgery
(morphine use 56.9 = 12.8 vs 38.1 + 255 mg/d; P <
0.05). Moreover, placebo group segmental excitation
in the previous study increased as morphine PCA
continued, and in the present study, initial segmental
inhibition in the fentanyl group decreased with PCA.
Finally, it is unlikely that PCA morphire explains the
threshold differences among groups because initial
doses were identical and subsequent 24-hour use was
similar. This conclusion is supported by the significant
difterences present five days postoperatively, long af-
ter morphine analgesia had ended.

In another study of hysterectomics and isoflurane
anesthesia, ketamine- or fentanyl-supplemented pa-
tients had similar wound pressure pain thresholds,
higher than those for placebo, 24—48 hours postoper-
atively (10). Meperidine consumption with fentanyl
and ketamine, alike throughout, was similar to pla-
cebo from three hours postsurgery onward. Spontane-
ous incisional pain did not differ between groups.
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Although wound hyperalgesia reflects both central
and peripheral excitation, the results agree with ours
in suggesting similar depression of spinal excitation
by ketamine and fentanyl. Three further studies of
isofturane anesthesia and hysterectomy have investi-
gated sensory change after surgery (28-30). Two dem-
onstrated spinal excitation (28,30) depressed by mor-
phine preemption (30). One study showed generalized
sensory inhibition (29) for a single postoperative mea-
sure, in the other (30), absent absolute thresholds pre-
clude conclusions about central sensory inhibition.

The present study confirms the ability of fentanyl to

inhibit spinal excitation for abdominal surgery involv-
ing both visceral and somatic nociception and sug-
gests that ketamine or magnesium supplementation is
also effective for this purpose. For generalized sensory
inhibition after surgery, NMDA antagonism may in-
terfere with SIA, and opioid agonism may interfere
with DNIC, in agreement with experimental findings
(6,8). The effects of all three drugs on the various
forms of central sensory inhibition in the surgical con-
text require further investigation. Our results demon-
strate the importance of considering inhibition as well
as excitation in studying postsurgical changes in sen-
sory processing and their pharmacelogical modula-
tion. Further studies are required to explore these
complex interactions and their relationship to pain
and other clinical outcomes after surgery.
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Abstract

Increased or decreased gain in central nervous sysiem processing after surgery, Le. neuraplasticity, may play an important role in
postoperative pain. Identification of patient subgroups particularly vulnerable to either type of post-surgical neuroplasticity is thus of interest
Preoperative pain has also been suggested 1o increase vulnerability 1@ post-surgical chronie pain complications due to central facilitation. To
study if back pain preoperatively is associated with differences in central sensory processmy, we measured (ransculaneous electric sensation,
pain detection and pain wlerance thresholds at the upper arm, lower back and lower leg in 52 consecutive patients scheduled for back surpery
in a blinded, prospective fashion. Patients with no pain had significantly lower pain thresholds than patients with pain in the leg, and
significantly gher pain thresholds than these with pain in the back. These results suggest that preoperative pain can induce diverse central
neuroplastic changes, i.e. inhibition and facilitation, and that the nature of this neuroplasticity depends on the nature of the pain involved. The
presence of facilitation may be the hasis of the increased vulnerability described in some studies of patients with sigmiticant preoperative pain,
whereas the implications of reduced pain sensinvity are less ¢lear, The demonstration of nevroplasticity and its diversity are. however, likely
1o be of significant clinical relevance. © 2001 Published by Elsevier Science B.V. on behalf of [nternarianal Association for the Study of
Fain.

Keywords: Pain {preaperative. back. chronification. complications): Neuroplasticity (facilitation. inhibiuon): Quantitative sensory testing tsensery thresholds,
pain thresholds): Descending noxious inhibitory controls

1. Introduction subgroups could benefit from aggressive pre-emptive anti-

nociceptive interventions to improve acute and chronic pain

Ongoing nociception can be associated with alterations in
peripheral and central nervous system processing (Woolf and
Wall, 1986; Raja ct al., 1988). In the context of human
surgery, such allerations to central nervous system function,
termed neuroplasticily, are considered to play a role in post-
operative pain (Waoolfand Chong, 1993; Wilder-Smith et al,
1996). Neuroplastic changes, particularly lacilitation, are
also believed to be involved in pain chronification mechan-
isis, and hence to be of relevance regarding long-term pain
outcomes after acute neciception (Coderre et al., 1993). The
identification of patient subgroups particularly vulnerable to
postaperative neuroplastic change is thus desirable, as such

* Corresponding author. The Pain Centre, Department of Anaesthesiol-
ogy. University Medical Centre St. Radboud, Postbox 2101, NL-6500 HR
Nijmegen, The Netherlands. Tel.: +31-24-361-4306/7274; fax: +31-24-
361-3585.

E-mail address: o.wildersmith@anes.azn.nl (O H G. Wilder-Smith).

outcomes after surgery.

The presence of chronic pain pricr to surgery has been
suggested 1o increase patient vulnerabiiity to chronic pain
complications after surgical nociception, although these
results remain controversial (Nikolajsen et al, 1997a,
1998; Bach et al., 1988). The increased vulncrability has
been postulated to be the result of the pain inducing central
ncuroplastic change {Nikolajsen et al., 1997h) — without
being successfully validated to date, despite various
attempts to do so (Nikolajsen et al., 1997a,b, 1998). There-
fore, other aspects of neuroplasticity may be involved, such
as alterations in the balance between central inhibitory and
facilitatory mechanisms (Nikolajsen et al., 1997a.b, 1998).
Recent studies outside the surgical context have shown,
however, thal chronic musculoskeletal pain can be asso-
cialed with central sensitization and facilitation {Kolbaek
Johansen et al., 1999; Graven-Nielsen et al., 2000).
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The presence of central nervous syslem neuroplastic
changes allied to preoperative pain is nol proven al present.
The aim of thiy study is to investigate whether preoperative
back pain in patients with intervertebral disc prolapse sched-
uled for surgical treatment is associated with neuroplastic
changes manifested as facilitation or inhibition of sensory
and nociceplive processing.

2. Methods

In the context of a study of the modulation of the sensory
change (neuroplasticity) accompanying back surgery, we
prospectively collected 52 consecutive patients scheduled
for elective surgery of intervertebral disc prolapse with
institutional review board permission and informed patient
consent. A detailed history was taken and a thorough physi-
cal examination was performed before inclusion m the
study. In order to attempt to collect as homogeneous a
group of patients as possible, in whom pain - as opposed
10 neurological deficit — was the predominant preblem, we
included only patients conforming to the following criteria:
{1) significant pain (pain score greater than 5) in the lower
back for more than three-quarters of the time for at least |
month and accompanted by typical sciatic pain radiating
into the leg, (2) significant impairment of cveryday activ-
ities due to this pain for more than three quarters of the time
for at least 1 month, (3) local pain/tenderness, muscle stiff-
ness/spasm, and reduced mobility of the lower back on
physical examination, (4) positive Lasegue’s sign on
straighl-leg raising on at least one side, and (5) identifiable
anatomical intervertebral disc abnormality on neuroima-
ging. Exclusion criteria included focal neurelogical motor
deficit, peripheral neuropathy and diseascs predisposing to
peripheral neurcpathy such as diabetes mellitus or major
alcohol abuse. All patients were started on bed rest and a
standard anti-inflammatory scheme of 3 X 100 mg of diclo-
fenac p.0. daily 3 days before surgery and werc thus under
this regime at the time of inclusion into the study. This
course of treatrent rendered some patients pain-free some
of the time.

The afternoon before surgery, patients were asked about
the presence, intensity (verbal pain intensity rating score —
VPIRS: 0, no gain; 10, worst imaginable pain) and location
(pain predomirantly in the back, radiating down the leg, or
both} of pain due to the back at that time. The patients were
then ¢lassified into one of four groups (‘pain status™) accord-
ing to the nature of their current pain: no pain (‘no pain’;
VPIRS < 1}, or pain (VPIRS > 1) only in the back (‘back
pain’), orly radiating down the leg (‘leg pain’) or in both
sites (‘leg + back pain’). Alter an explanation and training
session, an observer blinded 1o the patient’s pain status then
measured their thresholds Lo transcutaneous constant current
electric stimolation (Digistim, Biometer A/S, Copenhagen,
Denmark; tetanic stimulation at 100 Hz, 0.2 ms square wave
puises, ramping rate ca. 0.1 mA/s, applied via self-adhesive

electrodes 3 cm apart) in an identical fashion and at identical
sites 1 all patients enrolled in the study. Sensation {¢lectric
current just felt), pain detection {stimulus just becoming
painful) and pain tolerance (stimulus just becoming mtoler-
ably painful) thresholds were determined (1) in the middle
of a painful leg dermatome {L.5-51}, (2) in the lower back, 5
cm from the midline in the T12-L1 dermatome, contralateral
and ipsilateral to the side of the nerve root involved, and (3)
on the proximal arm (C8-T1 dermatome} contralateral 10 the
nerve rool involved. Care was taken not to stimulate major
nerves directly. Thresholds were measured consecutively in
a run and averaged from three runs separated by 5 min. If
two threshold values differed by more than 20% between
rins, lesting was repeated.

Statistical analysis was performed using the software
package Statistica for Windows (release 4.3, Statsoft Inc.,
2325 East 13th Street, Tulsa, OK 74104, USA). Paticnl
group data were compared using Student’s z-test or the
X -test as appropriatc, and group thresholds were compared
by ANOVA. Post-hoc testing was by Duncan’s multiple
range test, which incorporates correction for multiple test-
ing. Relationships between thresholds and current VPIRSs
i the three pain status groups with pain (ie. ‘leg pain’,
‘back pain’ or ‘leg + back pain’) were examined via the
Spearman R coefficient for non-parametnic correlation. For
all statistical analysis, significance was assumed for
P <2 0.05. Based on previous results (Wilder-Smith et al.
1996) the presznt study was predicted 1o have the ability to
identify threshold changes of 20% for a group size of n = 12
(alpha = 5%, beta = 20%, (wo-tailed testing).

3. Results

The patients without pain {‘no pamn’) at the time of inclu-
sion and testing (n=27; age, 41 = 11 years; height,
172 > 8 cm; weight, 73 = 12 kg; sex ratio M/F, 22:5;
means + SD) were similar to all those with pain at that
time (‘back pain’, ‘leg pain' or ‘leg +back pain’)
(n =25 age, 46 % 12 years; height, 172 = 8 cm; weight,
71 % 13 kg; sex ratio M/F, 17:8; means * SD).

ANOVA testing of the thresholds reveals a significant
effect for ‘pain status’ (P < 0.0000001). Compared to
patients without preoperative pain (*no pain®y, thresholds
overall are higher in the group with leg pain
{P=(.00006), lower in patients with back pain
(£ = (3.0001) and similar in those with mixed pain (‘leg +
back pain’). As expected, all three types of threshold test
(sensation, pain detection or tolerance) are significantly
different from each other (P <2 0.0000001). The site of test-
ing failed to reach a significant effect on thresholds, there-
fore for simplicity, further resuits as reported in Fig. |
combine measures from all test sites. Sensation thresholds
do not differ between the four pain status groups, but pain
detection and tolerance thresholds are both significantly
higher in leg pain patients (‘leg pain’), and significantly
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Fig. 1. Boxplats of sensation, pam detection and pain tolerance thresholds (mA: means > standard errons of the mean = standard deviations) in the four groups
of patients scheduled for back surgery with: no pain (‘no pain’}). pain only in the leg (*leg pain’}, pain only inthe back ('back pain’). or pain in both back and teg
¢'leg + back pain’). *Significantly different from the value i patients witheut pain (NO, # < .05}

lower in back pain paticnts (“back pain’) as compared o
these without pain (‘no pain’; P < 0005 for both compar-
isons),

The Spearman K correlation cocfficients between VPIRSs
and thresholds are displayed in Table 1. Because ANOVA
lesting was unable 10 demonstrate differences between sites
for threshelds, correlations combine thresholds at all sites.
Patients with leg pain (*leg pain’) show a highly significant
negative correlation (Spearman R > 0.5, P < 0.0005 for fit)
between current VPIRSs and pain detection/tolerance
thresholds. Curreni pain scores are not corrclated with
thresholds in the back pain group (‘back pain’), with only
a few weak correlations in the group with mixed pain
(‘leg + back pain’).

Tn no case did threshold measures have 10 be repeated due
to lack of stability in measurement. Companson of the
variability of the threshold measurements in the arm and

Icg sites revealed similar variances at both sites, taking
patients from all pain status groups together (threshold
variance: arm, 29.5; leg, 28.1; Levene’s test, P = 0.67) as
well as for only patients with preoperative leg pain (thresh-
old variance: arm, 59.1; leg, 45.7: Levene’s test, P = 0.88).
Based on the pain tolerance threshold data in the patients
without preoperative pain, the study has the post-hoc statis-
tical power (alpha = 5%, beta = 20%, two-tailed testing) 10
detect a threshold difference of 23% with a sample size of
n=24

4. Discussion
This study suggesls lhat preoperative pain in back

patients scheduled for prolapsed intervertebral disc surgery
is associated with significant changes in central nervous

Table |
Non-parametric correlations between VPIRS and thresholds 1o trar us electrical in the three patient groups with current pain (ie ‘back
pain’, “leg pain’, “leg + back pain'} expressed as Spearman R cucfficients’
Test Fain Leg pain Rack pain Leg ~ back puin
Spearman & P Spearman A F Spearman R I
FTT Leg - 057 0.0001 - - - 026 0.47
Back - - 0.24 05 - 026 0.07
PDT Leg - (.33 0.000s - -032 0.03
Back - - 0.52 0.08 =017 0.24
8T Leg - 020 0.2 - - 0.30 0.04
Back - - 048 a1 - 038 0.007

* P values relate (o goodness of fil of correlation. Test, threshold tested (PTT. pain tolerance; PDT, pain detection: ST. sensation): pain, where the pain is

located and rated by VPIRS.



Monitoring Nociceptive Neuroplasticity

Quantitative Sensory Testing: A Better Therapeutic Endpoint for Managing the Pain of Surgery?

syslem nociceptive processing. Non-nociceptive scnsory
processing seemns 1o be unaffected. The type of neuroplas-
licity eveked scems to depend on the nature of the pain, with
the more acute pain radiating down the leg allied 10 an
inhibitory response, and the more chronie pain in the back
coupled with an excitatory responsc. This observation of
opposiic responscs with leg or back pain is strengihened
by the intermediate position of the pain thresholds in
paticnts with combined back and leg pain. Oely in the
group with leg pain is there a strong negative correlation
between pain thresholds and VPIRSs, in keeping with the
increased thresholds in these palients, whereas such a corre-
lation is not present for back pain. Only weak, heteroge-
neous correlations are seen in the patients with both leg
and back pain.

Clearly it is important to take into account the nature of
the nociception invoived in interpreting the results of quan-
titative sensory testing in pain research: analysis of the data
in the present study without distinguishing the patents by
pain type would have revealed no differences between
patients without pain and those with (any kind of) pain. Tt
seems iogical 10 assume Lhat the presence of central facil-
itation before surgery could well render the paticnts more
vulnerable to the subsequent nociception of surgery and its
consequences. However, the present study did not include
postoperative data, and thus confirmation of such a relation-
ship awaits future studies linking preoperative and posi-
operative neuroplasticity and their relationship 1o pain.

4.1 Comparison with orher studies

We have been unable to find other studies formally inves-
tigating neuroplasticity in patients for prolapsed interverteb-
ral disc surgery. Some literature about low back pain and
pain thresholds is available, however. In a recent study,
increased sensitivity in pain thresholds was found to explain
a large part of the variance not only in pain but also the
functional status of chronic low back pain patients (Clauw et
al., 1999}, Looking at patients with chronic back pain due 10
lumbosacral disc pathology and hence a high proportion of
sciatica (1.e. leg pain), Peters et al. (1992) found signifi-
cantly elevated patn tolerance thresholds in these patients
as compared to normal controls, and Lautenbacher et al.
(1990) demonstrated a significant negative correlation
between the intensity of current pain and thermal tonic
pain threshelds (similar te our electric pain tolerance).
These results fit well with ours in associating increased
pain sensitivity (facilitation) with more chronic/tonic low
back pain, and linking decreased pain sensitivity (inhibition)
with the more acute/phasic pain of sciatica.

4.2, Methods and design

Transcutaneous clectrical stimulation is a well-estab-
lished and easy to use technique in human quantitative
sensory testing, whose stability, controllability. reliability
and simplicity of use makes it well-svited for patients in

the clinical comext (Lautenbacher and Rollman. 1993
Enggaard et al.. 2001 ). Electrical transcutaneous stimulation
might be considered a non-physioclogical form of scnsory
stimulation. The stimulation paradigm we chose should
stimulatz all classes of sensory nerve fibres, particutarly,
but not exclusively, A-della and C fibres (Chado, 1995)
This may in fact be an advanlage i the context of ¢linical
nociception uantitication, where an overall, ntcgrated
picture of sensory processing is desirabic - as opposed.
for example, 1o the selective fibre stimulation of thermal
testing. In uddition, it has been shown that human thresholds
to transcutaneous electrical stimulation arc sensitive to
central excitatory as well as inhibitory phenomena, both
clinically and experimentally (de Broucker et al., 1990;
Wilder-Smith et al., 1998). In conlrast. various studics
have shown and remarked upon the relative insensitivity
of. for cxample. thermal stimulation to mhibitory phenom-
ena (Lascelles et al,, 1997 Kesek and Ordeberg. 2000,
Wilder-Smith, 2000).

Every effort was made in this study to ensure the validity
and reproducibility of the threshold measures, including
careful patient instruction and training, measures being
performed by only two persons, the average of three
measurement Tuns being used, and choosing 2 slow ramping
rale for electrical stimulation to reduce overshoot as much
as possible. Our testing paradigm was desigaed to avoid
inducing sensitization by stopping stimulation on reaching
the pain tolerance threshold and not using suprathreshold
stimulation. If the results of two runs in the series of three
differed by more than 20%, the measures were repeated —
and this was never necessary, suggesting good short-term
threshold stability in this study. The variabelity of our
measures is in accordance with the literature (Lautenbacher
and Rollman, 1993; Enggaard et al., 2001).

It might have been anticipated that thresholds in the leg
site would differ from the other sites due to sciatica. While
the absolute numbers for the thresholds in the leg are differ-
ent from the other sites, these differences do net achieve
statistical significance, most likely because the size of the
difference falls below the detection power of the study (c.g.
due to subject numbers and necessity of correcting for
multiple  statistical testing).  Interestingly, threshold
variances were the same at all measurement sites including
the leg, in contrast to the higher variability that might have
beer expected in the leg in the presence of neuropathic pain
(Greenspan, 2001). It should also be noted that, due 10 their
pain history, the group without pain just preoperatively is
unlikely to have the same thresholds as normal healthy
subjects — but this remains to be confirmed in future studies.

4.3. Central neuroplasticity: facilitation

In arimal models, central sensitization can be produced
by nociceptive input from musculoskeletal structures
(Hoheisel and Mense, 1990; Neugebauer and Schaible,
1990). We now have increasing evidence from patient
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studies that chronic nociceptive input from musculoskeletal
structures (including, for example, in low back pain) 15 alse
associated with facilitation of central nervous system
sensory processing (Brands and Schmide, 1987, Lautenba-
cher et al., 1990; Maixner et al., 1995; Kosck and Hansson,
1997, Lautenbacher and Rollman, 1997: Graven-Niclsen ¢t
al., 2000; Kosck and Ordeberg, 2000). Sensitization in such
patients is demonstrable via reduced thresholds as compared
to normal eontrols in both superficial (Kosek and Ordebery,
2000) and deep (Kolbaek Johansen et al., 199Y9; Graven-
Niclsen ¢t al.,, 2000) structures. The results arc further
supported by the benefteial. sensitization-reducing effects
of NMDA recepter blockade in chronic whiplash syndrome
patients {Graven-Nielsen et al., 2000, and the reversal of
central sensitization ¢ months after pain-relieving surgery in
patients with chronic osteoarthritis (Kosek and Ordeberg,
2000). These findings are in good agreement with the facili-
tated central nervous system nociceptive processing found
in our paticats with pure low back pain.

4.4, Central neuruplasticity. inhibition

Acute nociceptive inpwt in animals — including that from
musculoskeletal structures — can also activate cenlral
descending  inhibitory systems (Hoheisel and Mense,
199(; Neugebauer and Schaible, 1990; Schaible ct al.,
1991}. The best-described cxample is ‘diffuse noxious inhi-
bitory contrels” (DNIC), in which spinal dorsal horn wide
dynamic range {WDR) ncurones undergo strong inhibition
originating from supraspinal structures after acute hetero-
topic noxious conditioning stimuli (Le Bars et al., 1979a,b).
Studies are now available suggesting that chronic radicular
pain retains the ability to elicit such an inhibilory response,
perhaps due to its intense but intermittent pature (Voerman
et al,, 2000). For chronic pain involving less intense but
more continuous nociceptive input, the facilitaizon due to
ongoing nociceptive activity may be augmented by
impaired descendmg central pain inhibition (Maixner et
al., 1995; Kosek et al., 1996), with a return (o normal
once chronic nociceptive input ceases (Kosek and Ordeberg,
2000). Results supporting this concept have been published
for chronic low back (Brands and Schimidy, 1987 and other
chronic musculoskeletal pain syndromes (Maixner et al.,
1995; Kosek and Hansson, 1997; Lautenbacher and Roll-
mati, 1997; Kosek and Ordeberg, 2000). Our results in
patients with mixed leg and back pain are compatible with
an impaired ahility of acute nociception (c.g. leg pain) to
clicit inhibitory respenses in the presence of chronic noci-
ception (e.g. low back pain).

4.5. Correlations between thresholds and clinical pain
measures

Weak relationships between subjective clinical pain
measures (e.g. pain scores or scales) and psychophysical
measures (e.g. thresholds) have frequently been observed
in the relevant literature (e.g. Wilder-Smith et al, 19967

Yarnitsky et al., 1996; Nikolajsen et al., 1998), which find-
ings correspond well with our results in patients with purc or
mixed back pain. In view of the aceepted multifactorial
naturc of the subjective pain expericnce this is hardly
surprising. Of interest is the much closer inverse relation-
ship between current subjective pain rating and pain thresh-
olds in the patients with pure leg pain in our study. Such a
link, not previously deseribed in this form, may be the resuit
ol the leg pain acting as a heterotopic noclceptive condition-
ing stimulus eliciting an acute inhibitery central response,
thus better maintaining stimulus-respense relationships.
The much weaker relationship in the patients with mixed
pain might then possibly be due to impairment of central
inhibitory mechanisms as discusscd above.

In summary, we have been able to demonstrale evidence
for central neuroplasticity in patients with back pain before
surgery. The type of neuroplasticity present differs accord-
ing to the predominant site and type of pain reported by the
patient, with the more chronic/tonic back pain being asso-
ciated with central sensitization, and the more acute/phasic
pair radiating down the leg being allied with a central inhi-
bitory response. The implications of this discovery for posi-
operative neuroplasticity and pain and its longer-term
outcome consequences need to be investigated.
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ABSTRACT
Alterations in central sensory processing after nociception are complex and potentially a
significant factor in postoperative pain. We investigated the course of these alterations
after human surgery and how preoperative pain or analgesia affect them using quantita-
tive sensory testing, and compared them with clinical pain measures.
Patients with “minor” (VAS<3) or “major” (VAS=3) pain before back surgery received
placebo, fentanyl or ketorolac (n=15/group) before isoflurane-nitrous oxide anaesthesia.
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Preoperatively to 5 days postoperatively, we measured absolute and relative (normalisa-
tion to arm) thresholds to electrical skin stimulation at incision site, arm and leg, and pain
scores and morphine PCA consumption (24 hours postoperatively).

Absolute thresholds increased maximally 4 hours, and decreased maximally 5 days after
surgery (+42%; -49%; P<0.00005 vs. preoperatively). Increases were largest with fen-
tanyl (P<0.003), and differences between maximum and minimum values greatest with
major preoperative pain (P=0.03). Placebo patients with minor preoperative pain showed
threshold decreases postoperatively (relative: 1h - 5d; absolute: 24h - 5d); major preoper-
ative pain and fentanyl inhibited these. With ketorolac, absolute thresholds decreased
(24h - 5d) despite prevention of relative threshold reductions. Patients with major preop-
erative pain had less early leg pain, and used more morphine in total with ketorolac than
fentanyl (+134%, P<0.05).

Patients with minor preoperative pain exhibit spinal and supraspinal excitation after sur-
gery under non-analgesic anaesthesia. Major preoperative pain and fentanyl inhibits such
changes. Ketorolac depresses spinal facilitation, but not late generalised hyperalgesia.
Postoperative sensory change is only partially expressed in clinical pain measures, sug-
gesting the usefulness of including quantitative sensory testing in future research.

Key Words
Pain: preoperative, postoperative, clinical, measurement
Quantitative sensory testing: transcutaneous electrical thresholds
Surgery: human, nociception, analgesia
Analgesics: fentanyl, ketorolac

1. INTRODUCTION

Acute and chronic nociception alter peripheral and central nervous system function (Raja
etal., 1988; Coderre et al., 1993). Animal studies have shown post-nociceptive changes in
central nervous system processing to be complex, varying according to time after noci-
ception, showing both inhibitory and excitatory patterns, and affecting spinal as well as
supraspinal structures (Coderre et al., 1993; Richmond et al., 1993; Jayaram et al., 1995;
Woolf and Salter, 2000). Altered central sensory processing due to nociception is consid-
ered to play an important role in the aetiology of pain after surgery in humans, and has
been postulated to be a potentially significant factor in determining acute - and perhaps
chronic - postoperative pain outcomes (Coderre et al., 1993; Woolf and Chong, 1993;
Woolf and Salter, 2000).

Extrapolation from animal data in this context is fraught with difficulty, as demonstrat-
ed by the pre-emptive analgesia debate, making the collection of actual human data nec-
essary (Wall, 1988; Kehlet, 1994; McQuay 1995; Urban and Gebhart, 1999; Wilder-Smith,
2000). However, human data as to the course and nature of altered central sensory pro-
cessing after surgery remain sparse. Furthermore, the relationship between objective
measures of altered central processing (e.g. psychophysical, electrophysiological meas-
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ures) and the inevitably subjective measures of pain experience (e.g. pain scores, analge-
sia use) after surgery is poorly understood. Finally, the effects of clinically typical and rel-
evant factors such as preoperative pain and/or analgesic management on postoperative
central sensory processing are largely uninvestigated.

Thus the first aim of the present clinical study, which bases upon and expands earlier
research (Wilder-Smith et al., 1996), is to investigate the time course of changes in
supraspinal and spinal central nervous system sensory processing up to 5 days after sur-
gery, as measured by quantitative sensory testing (QST) using thresholds to cutaneous
electric stimulation. A second goal is to study the effects on these postoperative process-
ing alterations of two common, clinically relevant factors, acute preoperative pain and
preoperative analgesia (i.e. fentanyl, an opioid, and ketorolac, an NSAID). A final purpose
of the study is to permit comparison between postoperative QST alterations and postop-
erative pain, as measured by clinical pain measures such as scores and analgesia con-
sumption.

2. MATERIALS AND METHODS
2.1. Study design and patients

Using a prospective, randomised, placebo-controlled and double-blinded design and
after institutional review board approval we studied 45 ASA 1 and 2 patients scheduled
to undergo elective surgery for intervertebral disc herniation. The surgical procedure
(fenestration, removal of disc fragments) was standardised and the same for all patients.
Patients were recruited the afternoon before surgery and gave written informed consent.
A detailed history and physical examination was performed. To recruit a homogeneous
group in whom pain - as opposed to neurological deficit - was the main symptom over
time, patients conformed to the following criteria: 1) significant pain over the last month
(score greater than 5, in the lower back, for more than three quarters of the time for at
least one month, accompanied by typical sciatic pain radiating into the leg), 2) significant
impairment of everyday activities due to this pain (for more than three quarters of the
time, for at least one month), and 3) significant and typical findings on physical exami-
nation (local lower back pain/tenderness, muscle stiffness/spasm, reduced mobility; pos-
itive Lasegue’s sign on at least one side). An additional indication for surgery was identi-
fiable anatomical intervertebral disc abnormality on neuroimaging. Exclusion criteria
included significant focal neurological motor deficit, peripheral neuropathy and diseases
predisposing to peripheral neuropathy such as diabetes mellitus or major alcohol abuse.
Bed rest and a standard anti-inflammatory scheme of 3x100mg of diclofenac p.o. daily
were started in all patients 3 days before surgery. Patients were thus under this regime at
the time of inclusion into the study, with some patients being rendered pain-free some of
the time by this course of treatment.

2.2. Patient groups
Patients received no premedication on the morning of surgery. On entering the operating
theatre, they were randomised into three drug groups by computer-generated randomi-
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sation table (n = 15 per group). Patients received a blinded short infusion of either 100
ml 0.9% NaCl (placebo group), 3 pg.kg? fentanyl in 100 ml 0.9% NacCl (fentany! group),
or 30 mg ketorolac in 100 ml 0.9% NaCl (ketorolac group). This infusion was prepared by
a nurse otherwise not involved in the study to assure blinding.

Before insertion of intravenous access, patients were asked about the presence and inten-
sity of pain due to the back (verbal pain intensity rating score: 0 = no pain; 10 = worst
imaginable pain). Based on this answer, patients were classified as having “minor”
(VAS<3) or “major” (VAS=3) preoperative pain (preoperative pain status).

2.3. Threshold determination

Next, taking care not to stimulate major nerves directly, an observer blinded to the
patient’s pain status determined thresholds to transcutaneous constant current electric
stimulation (Digistim, Biometer A/S, Copenhagen, Denmark; tetanic stimulation at 100Hz,
0.2 ms square wave pulses, ramping rate ca. 0.1mA/s, applied via self-adhesive electrodes
3 cm apart). Thresholds were determined for sensation, pain detection and pain tolerance
(electric current just felt; just becoming painful; and just becoming intolerably painful;
respectively). They were measured at leg, (proposed) surgical incision and arm sites (L5-
S1 dermatome: point of maximum leg pain; T12-L1 dermatome: 5 cm from midline inci-
sion, contralateral and ipsilateral to the side of the nerve root involved; and C8-T1 der-
matome, contralateral to the nerve root involved; respectively). Thresholds were quanti-
fied consecutively in a run in an identical fashion and at identical sites in all patients. The
average of three runs separated by five minutes was used for analysis. If two threshold
values differed by more than 20% between runs, testing was repeated until stable.

Absolute, unmodified threshold values were used to evaluate generalised changes in cen-
tral sensory processing due to supraspinal but also spinal effects. To assess segmental,
spinal threshold changes we (mathematically) removed generalised effects by normalisa-
tion to a site distant from surgery (i.e. the arm site). Thus relative thresholds were calcu-
lated by dividing the threshold value at the site in question by the corresponding value
at the arm.

2.4. Anaesthesia and analgesia
Venous access was established and the patient received the blinded short infusion.
Approximately ten minutes later, anaesthesia was induced with thiopental 5 mg.kg-! fol-
lowed by vecuronium 0.1 mg.kg-1. After tracheal intubation, isoflurane and nitrous oxide
in oxygen were used to maintain anaesthesia as necessary. No other drugs were used for
anaesthesia which always lasted less than one hour in total. Morphine patient-controlled
analgesia (PCA) was started in the post-anaesthesia care unit and continued until 24 hours
postoperatively (loading bolus: 60 pg.kg?, demand bolus: 25 pg.kg?, lock-out time: 8
minutes). For the period of morphine PCA, patients did not receive any other analgesics.
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During the first two hours’ stay in the post-anaesthesia care unit, a background infusion
of morphine 15 pg.kg-1.h-1 was used. This was discontinued on transfer to the ward, and
the lock-out interval increased to 15 minutes. After 24 hours, analgesia was continued to
day 5 by oral diclofenac at 3X100 mg p.o. only.

2.5. Times of measures
At 1, 2, 4, 6, and 24 hours and 5 days after extubation, thresholds, pain verbal intensity
rating scores in leg and back, observer sedation rating scores (5 = wide awake, 1 =
unrousable), and cumulative morphine consumption (except day 5) were measured as
described above.

2.6. Statistical analysis

Based on previous results (5) the present study was predicted to have the ability to iden-
tify threshold changes of 20% for a group size of n=12 (alpha=5%; beta=20%; two-
tailed testing). Statistical analysis was performed using the software package Statistica for
Windows (release 4.5, Statsoft Inc., 2325 East 13th Street, Tulsa OK 74104, USA). Patient
group demographic data were compared using ANOVA or Kruskal-Wallis ANOVA-testing
as appropriate. Baseline absolute and relative thresholds were compared using 4-way
ANOVA (factors: drug group, measurement site, threshold type, preoperative pain status)
with post hoc Tukey Honest Significant Difference testing. Changes in group absolute and
relative thresholds were analysed using repeated measures 5-way ANCOVA (co-variant:
preoperative control thresholds; factors: drug group, measurement site, threshold type,
preoperative pain status, time) and post hoc Tukey testing. Pain and drug group differ-
ences in morphine consumption were tested for using 3-way repeated measures ANOVA
(factors: drug group, preoperative pain status, time) with post hoc Tukey testing. Pain
verbal intensity rating scores and observer sedation scores were compared between
groups using Kruskal-Wallis ANOVA, with Bonferroni-corrected post hoc Mann-Whitney
U testing as necessary. For all statistical analysis, significance was assumed for P<0.05,
correlations for R>0.6 were considered significant.

3. RESULTS

3.1. Patient characteristics
Patient demographics were similar in the three drug groups (placebo: age = 48+13 years,
weight = 74+13 kg, height = 172+10 cm, male:female = 9:4, no pain:pain = 10:3; fen-
tanyl: age = 41+11 years, weight = 74%15 kg, height = 17448 cm, male:female = 12:3,
no pain:pain = 11:4; ketorolac: age = 4512 years, weight = 72+11 kg, height = 170+6
cm, male:female = 10:3, no pain:pain = 10:3). Two placebo and two ketorolac group
patients had incomplete pain data and were excluded from analysis.

3.2. Generalised sensory change: absolute threshold values
3.2.1. Baseline values
Baseline preoperative absolute threshold values did not differ according to drug group,
site of threshold testing or preoperative pain status. As covariant, preoperative thresh-
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Table 1: Factors significantly affecting thresholds

a. absolute thresholds

factor(s) significance
drug group P=0.0005
test type P<0.000001
preoperative pain status P=0.03
time P<0.000001
drug group x preoperative pain status P=0.001
drug group x time P<0.000001
test type x time P<0.000001
drug group x preoperative pain status x time ~ P=0.00006
b. relative thresholds

factor(s) significance
test type P=0.00002
time P=0.02
test type x time P=0.0003
preoperative pain status x time P=0.01
drug group x test type x time P=0.006
drug group x preoperative pain status x time ~ P=0.0008

Single and combined factors with significant effects on absolute and relative (i.e. normalised by division by arm thresh-

old values) postoperative thresholds (ANCOVA).

olds were significantly and inversely related to threshold changes 24 hours and 5 days
after surgery (pooled within-groups correlations of -0.73 and -0.82, respectively). As to
be expected, baseline thresholds differed according to the type of threshold tested.

3.2.2. Overall factor effects

Overall postoperative change in absolute thresholds was highly significantly affected by
the single factors drug group, type of threshold tested, preoperative pain status, and time
(Table 1). Post hoc testing revealed thresholds to be most increased in the fentanyl group
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(+41% vs. preoperative baseline; placebo: +29%; ketorolac +28%; P<0.003 vs. fen-
tanyl), and the difference between maximum and minimum values to be greatest with
minor preoperative pain (P=0.03 for minor vs. major preoperative pain). Absolute thresh-
olds reached their maximum 4 hours (+42%) and their minimum 5 days postoperatively
(-49%) (P<0.00005 for both vs. preoperative baseline). Site of threshold measure failed to
have a significant effect on postoperative absolute threshold change, either singly or in
combination with other factors, thus it is not further considered in analysis. Increases and
decreases of absolute thresholds were most marked and significant for pain tolerance, less
so for pain detection, and not significant for sensation, thus only results for pain toler-
ance thresholds are displayed for the graphs of generalised sensory change.

3.2.3. Changes with minor preoperative pain

In the placebo group, absolute thresholds taken together neither increased nor decreased
significantly during the first 24 hours postoperatively. They were significantly decreased
compared to preoperatively at 5 days after surgery. With preoperative fentanyl analgesia
there were no significant threshold changes at any time postoperatively. Overall thresh-
olds in the ketorolac group were significantly raised 1-4 hours postoperatively, and
decreased at 5 days post-surgery. Furthermore, thresholds in the ketorolac group were
lower than in the other two groups 24 hours to 5 days postoperatively. The postoperative
changes in absolute pain tolerance thresholds with minor preoperative pain are detailed
in the top half of Figure 1.

3.2.4. Changes with major preoperative pain

Placebo group absolute thresholds were not significantly altered at any time postopera-
tively. Fentanyl supplementation was associated with significant increases at 1 and 4
hours postoperatively, without subsequent decreases. In patients receiving ketorolac pre-
operatively, absolute thresholds taken together were unchanged 1-24 hours postopera-
tively; being decreased at 5 days compared to preoperatively as well as to the fentanyl
and placebo drug groups. The postoperative changes in absolute pain tolerance thresh-
olds with major preoperative pain are detailed in the bottom half of Figure 1.
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Figure 1: Absolute thresholds with minor or major preoperative pain
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Change in absolute pain thresholds postoperatively (means, SD) in patients with minor (top) or major (bottom) preop-
erative pain receiving either placebo, fentanyl or ketorolac preoperatively. * = P<0.05 vs. control, T = P<0.05 vs. place-

bo group, ¥ = P<0.05 vs. fentanyl group.
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Figure 2: Relative thresholds with minor or major preoperative pain
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Change in relative pain thresholds postoperatively (means, SD) in patients with minor (top) or major (bottom) preoper-
ative pain receiving either placebo, fentanyl or ketorolac preoperatively. * = P<0.05 vs. control, # = P<0.05 vs. patients
without pain, T = P<0.05 vs. placebo group.
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3.3. Segmental sensory change: relative threshold values

3.3.1. Baseline values

Baseline values for relative thresholds did not differ according to drug group, site of
threshold testing or preoperative pain status. As covariant, preoperative thresholds were
significantly and inversely related to threshold changes during the entire postoperative
period (pooled within-groups correlations: 1h = -0.68, 2h = -0.77, 4h = -0.79, 6h = -0.83,
24h =-0.73, 5 days: -0.89). As expected, thresholds differed significantly according to the
type determined.

3.3.2. Overall factor effects

Postoperative changes in relative thresholds were significantly affected by the single fac-
tors test type and time (Table 1). Relative threshold changes were most marked for (non-
nociceptive) sensation, not being significant for pain detection or tolerance, thus only
results for sensation thresholds are displayed for the graphs of spinal neuroplasticity. As
site of threshold measure had no significant effect on postoperative relative threshold
change, either singly or in combination with other factors, it is not further considered in
analysis.

3.3.3. Changes with minor preoperative pain

Relative thresholds overall were lower in the placebo group than in the other two drug
groups 4 and 24 hours postoperatively. Relative sensation thresholds in placebo patients
were significantly decreased compared to both preoperative baseline and the other two
groups 1 hour to 5 days postoperatively (Figure 2, top half). The lowest value was reached
24 hours postoperatively (-56%, P=0.00006 vs. preoperatively; fentanyl: +19%, ketoro-
lac: +6%, P=0.00006 both vs. placebo). Relative pain detection and tolerance thresholds
in all 3 groups remained unchanged throughout.

3.3.4. Changes with major preoperative pain

For placebo group patients, relative thresholds overall at 24 hours postoperatively were
significantly increased compared to both preoperative baseline and the ketorolac group.
There were no significant overall relative threshold changes compared to preoperative
baseline in the other two drug groups. The postoperative changes in relative sensation
thresholds with major preoperative pain are detailed in the bottom half of Figure 2.

3.4. Clinical pain measures
Cumulative PCA morphine consumption (Table 2) was significantly affected by the inter-
action of the factors drug group, preoperative pain status and time (P=0.02). Patients with
major preoperative pain receiving ketorolac used over twice as much morphine in 24
hours than those receiving fentanyl (P=0.003). Preoperative baseline pain scores in leg
and back were similar in the three drug groups (Table 3). Postoperative back pain scores
were similar between drug groups throughout. This was true both overall and analysing
patients with and without preoperative pain separately. However, for leg pain, patients
with major preoperative pain had significantly lower scores than those with minor pre-
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operative pain at 1, 4, and 6 hours postoperatively, without differences due to drug
group. Sedation scores did not differ at any time according to drug or pain group, and
median scores had returned to preoperative baseline values by 4 hours postoperatively.

4. DISCUSSION

This study shows that surgery in humans is followed by complex changes in central
nervous system sensory processing. The results of this study suggest the feasibility of
using quantitative sensory testing at multiple sites in the clinical surgical context to fol-
low the course of both generalised and segmental changes in central sensory processing,
with the former likely reflecting mainly supraspinal but also spinal effects, and the lat-
ter, spinal effects. As far as we are aware, our study is the first to investigate the diverse
effects of preoperative pain and preoperative analgesia on supraspinal and spinal
changes in central sensory processing at different phases of the postoperative process.

For patients with only minor pain preoperatively, surgery performed under volatile
general anaesthesia without analgesic supplementation and 24 hours of postoperative
morphine PCA analgesia is followed by segmental excitation lasting for the 5 days of the
study, with generalised spread of excitation (significant generalised hyperalgesia)
becoming apparent after 24 hours. The size of both the generalised and segmental
threshold changes is significantly and negatively correlated with preoperative threshold
levels. The presence of major pain preoperatively inhibits segmental (spinal) excitation,
with suppression of subsequent generalised hyperalgesia, too. Preoperative analgesic
supplementation with fentanyl suppresses both generalised and segmental facilitation,
also increasing acute early postoperative generalised inhibition in synergy with major
preoperative pain. The effects of ketorolac are more complex. Despite suppressing seg-
mental excitation, ketorolac is paradoxically associated with more generalised excitation
at 5 days. In addition, there is evidence of an antagonistic interaction between the acute
early postoperative generalised inhibition it causes and the presence of major preopera-
tive pain.

Patients with major pain before surgery had less pain in the leg during the early hours fol-
lowing surgery. More PCA morphine was used from 6 hours postoperatively onwards with
ketorolac as compared to fentanyl supplementation in patients with major preoperative pain.
The time course of postoperative clinical pain measures therefore only partially and incom-
pletely reflects the postoperative time course of alterations in central sensory processing as
demonstrated by threshold measures. Thus measures of altered sensory processing (e.g.
thresholds, quantitative sensory testing) provide new insight into postoperative pain mech-
anisms, and will likely need to be a necessary complement to clinical pain measures (e.g. pain
scores, analgesia use) in future investigation and management of perioperative nociception.
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4.1. Postoperative sensory change with minor preoperative pain and
without analgesia

With minor preoperative pain and in the absence of preoperative analgesic supplemen-
tation of anaesthesia, we have demonstrated underlying segmental excitation up to 5
days postoperatively, accompanied by significant generalised hyperalgesia after the
first 24 hours. As investigation of these aspects of postoperative sensory change is still
in its very early stages, our discussion of the possible mechanisms involved will of
necessity be speculative. At least some of the continuing facilitation is likely to be the
result of ongoing wound nociception in the postoperative period. The waning of
supraspinal inhibition with increasing time after the start of nociception could also
contribute (Danziger et al., 2001). Another factor might be that morphine analgesia
during the first 24 hours, while being unable to completely suppress the establishment
of segmental excitation due to ongoing nociception, does prevent the rostral spread of
nociceptive excitation. This possibility is supported by the fact that segmental excita-
tion was mainly apparent in non-nociceptive processing (i.e. sensation thresholds), as
expected in view of the selective depression of nociceptive processing by opioids, par-
ticularly at the spinal level (van der Burght et al., 1994). After the end of morphine
analgesia, supraspinal spread of facilitation could then take place in this hypothesis,
leading to generalised hyperalgesia. A possible argument against such a scenario would
be the continuing presence of non-nociceptive - but not nociceptive - segmental facili-
tation at 5 days postoperatively. However, it could be that subsequent diclofenac analge-
sia, while being unable to block rostral facilitatory spread, is able to depress (mainly noci-
ceptive) segmental spinal facilitation up to day 5. Such an interpretation would be in
accordance with findings in the present study concerning ketorolac (also an NSAID),
which proved unable to block generalised facilitation despite inhibiting segmental facili-
tation (nociceptive more than non-nociceptive). It should be emphasised that these con-
siderations are at present speculative and that conclusive elucidation of mechanisms
involved awaits further studies.

4.2. Major preoperative pain and postoperative sensory change

Acute major preoperative pain in the absence of preoperative analgesic supplementation of
anaesthesia resulted in significant depression of postoperative segmental excitation and
absence of generalised hyperalgesia after 24 hours. In animal models, acute pain has been
demonstrated to elicit strong supraspinal inhibitory mechanisms which can effectively
inhibit spinal facilitation (Gall et al., 1999; Gozariu et al., 2000; Danziger et al., 2001). Major
preoperative pain may have sufficiently stimulated or activated inhibitory mechanisms to
depress spinal excitation due to intra- and early postoperative nociception, thus ultimately
preventing subsequent generalised hyperalgesia. The supraspinal inhibitory mechanisms
involved are likely to be distinct from diffuse noxious inhibitory controls (DNIC, which
originate in the caudal medulla (Bouhassira et al., 1995)) because in our study they are
increased with preoperative fentanyl (opioids reduce DNIC (Le Bars et al., 1992)).
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Table 2: Postoperative morphine PCA consumption

time postop control 1h 2h 4h 6h 24h

Cumulative morphine PCA use (mg)

MINOR PREOPERATIVE PAIN

ketorolac 0(0) 72(2.6) 11.1(65) 16.3(8.3) 20.0(8.1) 32.7 (15.1)
placebo 0(0) 6.0(20) 94(33) 153(53) 188(65) 353 (12.6)
entanyl 0(0) 60(1.2) 94(41) 151(64) 195(9.3) 42.0(32.1)
MAJOR PREOPERATIVE PAIN

ketorolac 0(0) 55(2.3) 11.0(4.9) 16.9(3.7) 21.8(3.4) 59.1% (19.3)
placebo 0(0) 6.3(3.9) 10.2(7.8) 13.8(10.5) 16.9 (12.1) 32.7 (19.2)
fentanyl 0(0) 76(25) 12.4(7.7) 21.6(14.6) 23.3 (19.8) 25.3 (14.0)

Time course of postoperative cumulative morphine use (mg) by patient-controlled analgesia (PCA). Values are means
(standard deviations). ¥ = P<0.05 vs. fentanyl group.

4.3. Preoperative fentanyl and postoperative sensory change

Fentanyl supplementation preoperatively suppressed postoperative segmental excitation
and subsequent generalised hyperalgesia. In the presence of major preoperative pain it
also increased generalised hypoalgesia in the early postoperative hours. These effects are
in keeping with the well-documented spinal and supraspinal inhibitory actions of opi-
oids, which include positive interactions with various types of supraspinal stress- and
nociception-induced analgesia other than classic DNIC (Coderre et al., 1993; Grisel et al.,
1993; Woolfolk and Holtzman, 1993; Jayaram et al., 1995; Gozariu et al., 2000).

4.4. Preoperative ketorolac and postoperative sensory change

Postoperative segmental excitation was suppressed in patients receiving ketorolac.
Paradoxically, from 24 hours onwards significant generalised hyperalgesia was present,
greater than for placebo (or fentanyl) patients. In the presence of major preoperative pain,
early postoperative acute generalised inhibition was decreased, with less segmental inhibition
than in placebo patients at 24 hours. While NSAIDs have been shown to be able to suppress
spinal sensitisation (Malmberg and Yaksh, 1992; Bustamente et al., 1996), they may not be
able to prevent supraspinal spread of facilitation with overt generalised hyperalgesia after the
ending of morphine analgesia. This possibility is supported by reports that prostaglandin
synthesis inhibiting drugs such as NSAIDs can antagonise supraspinal stress- or nociception-
induced analgesia (Bhattacharya et al, 1978; Bustamente et al., 1997).
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Table 3: Postoperative verbal pain intensity scores in leg and back

time postop control 1h 2h 4h 6h 24h 5d

LEG - Verbal pain intensity rating score (min = 0; max = 10)

MINOR PREOPERATIVE PAIN

ketorolac 0(02) 2(0-4)  15(0-5 05(06) 05(04) 0(06  0(03)
placebo 0002 2(06 2(06) 2(06 05(03) 1(04) 1(0-4)
fentanyl 003 2(06 0(05 0(4 005 103  3(25)
MAJOR PREOPERATIVE PAIN

ketorolac 405 0(0 0(0 0(Q0 0(0-0 0@l 0(01
placebo 6(37) 0(0-1) 2(04) 0(01) 001 1(01) 1(0-7)
fentanyl 75(2-10) 1(1-1)  05(0-2) 0(00 0(0-0) 0(0-8  0(0-0)

BACK - Verbal pain intensity rating score (min = 0; max = 10)

MINOR PREOPERATIVE PAIN

ketorolac 0(01) 35(0-7) 25(0-3) 2(0-6) 1(0-4) 1(0-6  0(03)
placebo 002 5(7) 3(16) 2(06 2(03 25(05) 1(0-2)
fentanyl 0(02) 4(0-10) 3(0-8) 3(0-6 3(0-8) 1(0-6)  15(0-4)
MAJOR PREOPERATIVE PAIN

ketorolac 205 637 5(38) 2(15) 2(-4)  1(03)  1(11)
placebo 0(07) 4(38  3(25) 4(25 436 3(25 1(1
fentanyl 005 5(18  35(0-7) 5(05  25(0-7) 25(0-10) 0(0-2)

Time course of verbal pain intensity rating scores in leg and back. Scores are medians (ranges).

4.5. Comparison with other studies

To the best of our knowledge, this is the first study to formally investigate the effects of
preoperative pain on postoperative changes in central sensory processing in the clinical
surgical context. Few other human studies of sensory change after surgery are available
at present. Early human studies demonstrate isolated segmental hyperalgesia to mechan-
ical or electrical stimulation (Dahl et al., 1993; Richmond et al., 1993) or generalised inhi-
bition using electrical stimulation (Willer et al., 1985; Lund et al., 1990; Peters et al.,
1992) once or twice postoperatively. Subsequent more detailed studies document the
presence of segmental excitation, abolished by opioid agonist or NMDA antagonist sup-
plementation, which also increases generalised hypoalgesia within the first 24 hours post-
operatively (Wilder-Smith et al., 1996; Wilder-Smith et al., 1998).
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4.6. Study design

The results of the study might have been influenced by the sensory testing paradigm,
considerations of statistical power, and postoperative drug effects. We chose electrical
stimulation because it is stable and reproducible, is easy to use and control clinically, has
a long history of utilisation and validation, and may be more sensitive to descending
inhibition than other modi (Maresca and Faccani, 1983; Lautenbacher and Rollman, 1993;
Wilder-Smith, 2000). A potential criticism is its non-physiological nature and the mixed
nerve fibre response it generally produces (dependent on stimulus characteristics), but
this could in fact be an advantage in the surgical context, where nociception also affects
multiple nerve populations. Patients were carefully instructed before inclusion into the
study about the sensory testing paradigm and underwent several test runs to minimise
variability. Possible sensitisation by electrical stimulation was curtailed by spacing test-
ing and stopping on reaching the pain tolerance threshold, and the effect of reaction time
minimised by slow ramping (0.1 mA.s'1). Some effects might not have been detected due
to insufficient sample size. Post hoc power testing shows that sample size was adequate
to detect clinically relevant differences of at least one third for thresholds and morphine
use. Regarding postoperative drug effects on thresholds, hangover from isoflurane or
nitrous oxide is unlikely to be of significance, as subanaesthetic isoflurane concentrations
have no effect on pain detection thresholds (Tomi et al., 1993), and the effects of nitrous
oxide on the same continue for about 30 minutes after discontinuation (Ramsey et al.,
1992). Opioids (e.g. morphine, fentanyl) have no or minimal direct effects on sensation or
pain detection thresholds, with effects on pain tolerance thresholds being most marked
for long and/or repeated stimulation (van der Burght et al., 1994; Liu et al., 1996).
Diclofenac has smaller effects than opioids on threshold testing, but has been shown to
raise electric and thermal tonic pain tolerance thresholds (Stacher et al., 1986). Effects due
to either of the postoperative analgesics are unlikely to explain group threshold differ-
ences, however, due to their generally similar usage in all groups. The only exception is
the markedly higher morphine use at 24 hours in the ketorolac group (vs. fentanyl) with
major pain - here one would expect the ketorolac group to have a markedly higher thresh-
old than the fentanyl group, but this is in fact not the case, tending to rule out morphine
as an explanation of this difference. A further potential confounding factor could be dif-
ferences in pain scores at the time of measure. To our knowledge, such effects have not
been formally investigated to date, however, as pain scores were similar in the groups at
all times after 6 hours postoperatively, this is unlikely to explain subsequent group dif-
ferences in thresholds.

4.7. Postoperative sensory change and clinical pain measures
As in previous reports investigating both measures of sensory change and clinical pain
after human surgery (Wilder-Smith et al., 1996; Wilder-Smith et al., 1998), the time course
of the latter only partially and incompletely reflects that of the former. In this context, it
appears that generalised changes in sensory processing affect clinical pain measures more
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than do segmental changes. This is in conformity with recent reports as to serial aspects of
nociceptive processing, particularly regarding pain intensity and affective aspects of the
pain experience (Price, 2000). The relative lack of sensitivity of clinical pain measures to
post-nociceptive changes in central sensory processing is furthermore hardly surprising in
view of the accepted multifactorial origin and subjective nature of the individual experi-
ence of pain, and confirms the necessity of collecting direct measures of sensory change if
the mechanisms of surgical nociception and its modulation are to be understood.

4.8. Implications for clinical practice and future research

A shift from symptom-based approaches to postoperative pain to mechanism-based man-
agement of postoperative nociception will only be achieved on the basis of a thorough
understanding of the mechanisms involved. Our current results suggest that clinical pain
measures alone are unlikely to prove adequate in this context as they only partially and
incompletely reflect post-nociceptive changes in central nervous system processing, par-
ticularly at the spinal level. As nociceptive processing progresses rostrally in the central
nervous system from the spinal level, the pathway ending in subjective and affective
aspects of the pain experience involves processing in a serial, consecutive fashion, while
the path to autonomic and metabolic arousal entails parallel, direct processing access
(Price, 2000). Any outcome changes due to perioperative antinociceptive therapy, are,
however, likely to be achieved via modulation of effects consequent to autonomic and
metabolic arousal. Thus outcome-effective therapeutic intervention will have to be based
upon an understanding and monitoring of more caudal changes in central nervous sys-
tem sensory processing. This can only reliably be provided by direct measures of central
sensory change. In view of this, and in view of the demonstrated complexity of central
changes in sensory processing and its interaction with modulating factors such as pain
and analgesia, we propose that future research - and clinical practice - needs to include
measures of sensory change as provided, e.g., by quantitative sensory testing.

4.9. Conclusions
In conclusion, the present study shows that the basic response of central nervous system
sensory processing to human surgery is one of segmental excitation followed later by gen-
eralised excitation, perhaps as the result of morphine analgesia ending and early acute
supraspinal inhibitory controls fading. The presence of acute major pain preoperatively
suppresses segmental sensitisation and subsequent generalised excitation, perhaps via
the elicitation of acute supraspinal inhibitory mechanisms. Fentanyl analgesia too pre-
vents segmental and subsequent generalised excitation, synergising with the effects of
major preoperative pain. Ketorolac before surgery also blocks postoperative segmental
excitation, but paradoxically does not prevent the appearance of late generalised excita-
tion, perhaps due to antagonistic interactions with supraspinal inhibitory systems. These
changes in central sensory processing are only partially manifest in clinical pain meas-
ures, suggesting the need to include direct measures of sensory change, e.g. via QST, in
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future research and clinical practice concerning perioperative nociception. The interac-
tions between endogenous and exogenous modulation of sensory change in the context
of surgical nociception, and their relationship to clinical pain and surgical outcomes,
require further detailed investigation.
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16. SUMMARY - TOWARDS A SYSTEMATIC ACCOUNT
OF SURGICAL NEUROPLASTICITY

The six studies presented here represent a first systematic attempt to explore the post-
operative neuroplasticity accompanying human surgery using a simple quantitative sen-
sory testing (QST) paradigm, specifically adapted to the clinical context, involving ther-
mal or electric stimulation of the skin. The studies allow first conclusions to be drawn
regarding the time course of post-surgical neuroplasticity, its excitatory as well as
inhibitory elements, the relative contributions made by spinal and supraspinal respons-
es, and the effects of both intrinsic and extrinsic factors typically encountered in the sur-
gical context. In addition, the present investigations permit further insights to be gained
concerning the complex relationships between measures of the subjective pain experi-
ence and measures of the objective changes in central nervous system processing after
surgical nociception. Finally, by virtue of the number of patients undergoing QST meas-
urement in these studies, we can also draw conclusions as to the feasibility and practica-
bility of performing such measures in the context of clinical routine.

The studies included in this section represent some 23000 individual threshold measures
performed in over 200 patients for QST in the context of routine clinical surgery. In all of
these studies, threshold measure variability during one QST session had to be less than
20%, otherwise the session had to be repeated, a condition which did not occur in any
of the patients included in these studies. In addition, no patient refused to continue tak-
ing part in QST testing once they had been included in a study, demonstrating that rela-
tively simple training for QST testing of this nature was adequate for our study purpos-
es. Both thermal and electrical skin threshold testing are feasible in the clinical context,
with electrical stimulation, the less physiological of the stimuli, proving to be less com-
plicated to perform in practice and permitting a higher temporal and spatial density of
measurements. The studies show that tonic/pain tolerance thresholds provide the best
reflection of surgical nociceptive neuroplasticity and its modulation by a variety of clin-
ically typical factors.

Taking all of these facts together, we would suggest that the QST paradigms we devel-
oped are practical for demonstrating nociceptive neuroplasticity in the clinical surgical
environment. Two points need to be made in this context. Firstly, the interindividual vari-
ability of the thresholds proved to be relatively high, which is in keeping with other
studies using QST (or neuroelectrophysiological methods) (1,2), and which is probably
due to the highly variable nature of the genetic factors controlling nociceptive sensory
processing (3). Secondly, the results obtained show the feasibility of separating spinal
from supraspinal neuroplasticity by normalising thresholds close to surgery by reference
(e.g. division) to thresholds distant from surgery.
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16.1. Nature and Time Course of Post-Surgical Neuroplasticity
Using patients which are pain-free before surgery and who receive volatile anaesthesia
without analgesic supplementation during surgery as the control (or comparator) condi-
tion, we have been able to demonstrate the following basic neuroplastic changes after sur-
gery (Figure 1);

placebo

placebo

Figure 1: Surgical nociceptive neuroplasticity: no preoperative pain, no analgesic supplementation. Left: supraspinal
neuroplasticity, change in absolute pain tolerance thresholds (mA). Right: spinal neuroplasticity, change in relative sen-

sation thresholds (ratio).

16.1.1. Supraspinal (Generalised) Neuroplasticity

Up to 24 hours postoperatively, our patients showed threshold increases of up to 50%.
These increases were most prominent for pain detection thresholds, maximal ca. 4 hours
postoperatively and greater in the surgical dermatomes (4,5). Thresholds returned to pre-
operative baseline around 24 hours after surgery. By five days postoperatively, gener-
alised hyperalgesia (i.e. thresholds reduce compared to preoperatively) was present. The
preoperative threshold values had a significant effect on postoperative threshold values
over the entire time course of the study.

16.1.2. Spinal (Segmental) Neuroplasticity
Our control patients show reductions in spinal thresholds (i.e. segmental, normalised vs.
arm thresholds) throughout the postoperative period of up to ca. 50%. They were affect-
ed by preoperative threshold values only in the early postoperative period (4,5). These
effects are only significant in non-nociceptive sensation thresholds, perhaps due to the
known direct spinal effects of post-operative morphine analgesia on pain detection and
pain tolerance thresholds, particularly in the presence of previous sensitisation (6).

16.1.3. Summary
In the absence of preoperative pain or analgesic supplementation, surgery results in long-
lasting spinal excitation. Early postoperative supraspinal inhibitory neuroplasticity, max-
imal for C-fibre nociception, in traumatised dermatomes and at ca. 4 hours, is followed



Monitoring Nociceptive Neuroplasticity

Quantitative Sensory Testing: A Better Therapeutic Endpoint for Managing the Pain of Surgery?

later by generalised supraspinal excitatory neuroplasticity, still visible at day 5, and also
maximal for C-fibre nociception and dermatomes subject to surgery. Our findings suggest
that up to 24 hours postoperatively, supraspinal inhibition and morphine analgesia are
able to suppress the supraspinal expression of excitatory neuroplasticity due to surgical
nociception. Supraspinal spread of excitation then takes place, becoming visible as
supraspinal hyperalgesia on day 5.

16.2a. How Does Analgesia Affect Postoperative Neuroplasticity?
We examined the effects of both neuraxial and systemic analgesia on post-surgical neu-
roplasticity in the absence of preoperative pain (Figure 2). The substances included in the
studies were opioids (fentanyl, sufentanil), mixed opioid and monoamine agonists (tra-
madol), NMDA-blockers (ketamine, magnesium), and NSAIDs (ketorolac).

16.2a.1. Supraspinal (Generalised) Neuroplasticity

=——[=—=fentanyliv —X— ketamine iv m—{Je=fentanyl iv ®  ketorolac iv
@  ketorolaciv O tramadol ed

Figure 2: Surgical nociceptive neuroplasticity: no preoperative pain, but with analgesic supplementation. Left:
supraspinal neuroplasticity, change in absolute pain tolerance thresholds (mA). Right: spinal neuroplasticity, change in
relative sensation thresholds (ratio).

The pre- and intraoperative use of systemic fentanyl tends to result in synergistic
increases in early postoperative increases in pain thresholds, and abolishes threshold
reductions on day 5 (4,5,7). Systemic ketamine anaesthetic supplementation also raises
early postoperative pain thresholds compared to preoperatively (more so than fentanyl),
and is not associated with threshold reductions on day 5, although day 5 thresholds are
lower absolutely than in fentanyl-complemented patients (7). The effects of systemic
magnesium supplementation are similar to, but smaller than those of ketamine (7).
Adding intravenous ketorolac to anaesthesia also results in increased early threshold
rises, without, however, suppression of large late, day 5 decreases in pain thresholds (5).
Postoperative epidural sufentanil (8) is associated with increased early (non-segmental)
pain thresholds, while high doses of preoperative adjuvant epidural tramadol (9) result
in long-lasting (up to 48 hours) postoperative pain threshold increases. The threshold
changes in both epidural groups were determined far from the site of surgery and the seg-
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ment of epidural catheter placement. In both epidural studies, pain thresholds were sensi-
tive to excitatory drug effects. Comparing control (placebo) patients receiving approximate-
ly equipotent postoperative opioid intravenous PCA, the early postoperative increases in
pain thresholds during PCA tramadol were smaller than those with PCA morphine (4,5,9).

16.2a.2. Spinal (Segmental) Neuroplasticity
All four systemic analgesic substances suppress postoperative reductions in spinal
thresholds, with fentanyl showing a tendency to be associated with small rises in spinal
thresholds (4,5,7). We did not test for segmental neuroplasticity with the epidural anal-
gesics (8,9) due to the confounding effects of epidural local anaesthetic blockade.

16.2a.3. Summary

In the absence of preoperative pain, all analgesic anaesthetic supplements tested showed
some synergistic increases in early postoperative supraspinal inhibitory neuroplasticity.
The systemic substances investigated were similarly able to suppress postoperative spinal
excitatory neuroplasticity. Despite suppressing spinal sensitisation, the NSAID ketorolac
was not able to suppress late supraspinal hyperalgesia, being associated with significant
late hyperalgesia comparable in degree to that seen without analgesic supplementation.
However, both opioids and NMDA-antagonists did prevent subsequent late, day 5 post-
operative supraspinal hyperalgesia, confirming predictions based on animal data that the
impact of intraoperative analgesia (i.e. pre-emptive analgesia) on nociceptive neuroplas-
ticity is much greater than that of postoperative analgesia. Based on the supposition that
early postoperative hypoalgesia is dependent on the acute nociceptive input of surgery,
the lesser early hypoalgesia in the control PCA tramadol patients as compared to the con-
trol PCA morphine patients is most likely due to the fact that the tramadol patients
received epidural anaesthesia, whereas the morphine patients had (“non-analgesic”)
volatile general anaesthesia. This would again support the major importance of intraop-
erative antinociception in determining postoperative central neuroplasticity.

16.2b. How Does Preoperative Pain Affect Postoperative Neuroplasticity?
We found the presence of preoperative pain to be associated with significant neuroplastic-
ity (10). Acute sciatic pain resulted in inhibitory neuroplasticity, while more chronic back
pain was associated with excitatory neuroplasticity. Only for sciatica was there a signifi-
cant, negative relationship between pain scores and pain thresholds. Regarding patients
with acute preoperative pain and not receiving analgesic supplementation of anaesthesia for
their surgery (5), we found the following changes in central sensory processing (Figure 3):

16.2b.1. Supraspinal (Generalised) Neuroplasticity
Patients with preoperative acute pain - and without intraoperative analgesia - had no late
day 5 decreases in pain thresholds compared to preoperatively (5). The early increases in
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pain thresholds were smaller than in patients without preoperative pain. Preoperative
thresholds in these patients were significantly and negatively correlated to thresholds 1
and 5 days postoperatively.

16.2b.2. Spinal (Segmental) Neuroplasticity
Patients with preoperative acute pain and without intraoperative analgesia showed no
decreases in spinal pain thresholds compared to preoperatively (5). At 24 hours postop-
eratively, spinal thresholds were increased compared vs. preoperatively. Preoperative
spinal thresholds correlated significantly and negatively to postoperative ones through-
out the postoperative period.

16.2b.3. Summary
Acute preoperative pain (e.g. sciatica) is associated with inhibitory supraspinal neuro-
plasticity preoperatively, and suppression of both spinal and subsequent supraspinal
excitatory neuroplasticity postoperatively. It should be noted that patients with acute leg
pain preoperatively had less early leg pain postoperatively.

16.2c. How Do Analgesia and Preoperative Pain Interact to Affect
Postoperative Neuroplasticity?
Analgesic supplementation of anaesthesia with fentanyl as well as ketorolac was found to
interact with the presence of acute pain preoperatively (5) (Figure 3):

16.2c.1. Supraspinal (Generalised) Neuroplasticity
Fentanyl supplementation in the presence of acute preoperative pain resulted in a ten-
dency to greater early postoperative increases in pain thresholds as compared to patients
without pain, while ketorolac supplementation was associated with smaller increases (5).
As before, fentanyl abolished late (day 5) postoperative threshold decreases, while ketoro-
lac supplementation was associated with large decreases in pain thresholds on day 5.

16.2c.2. Spinal (Segmental) Neuroplasticity
Spinal threshold decreases as compared to preoperative values were completely sup-
pressed by fentanyl (5). Ketorolac supplementation was also associated with inhibition of
spinal threshold decreases, albeit less so than in patients without analgesic supplementa-
tion or with fentanyl supplementation at 24 hours postoperatively (5).

16.2¢.3. Summary
Adding fentanyl to anaesthesia generally interacts positively with the presence of preop-
erative acute pain in preventing excitatory neuroplasticity, both spinal and supraspinal,

16
125




Monitoring Nociceptive Neuroplasticity

16 Quantitative Sensory Testing: A Better Therapeutic Endpoint for Managing the Pain of Surgery?

126

m———fentanyl iv ® ketorolac iv
m—{jfentanyl iv ® ketorolac iv

placebo

placebo

Figure 3: Surgical nociceptive neuroplasticity: with preoperative pain, and with analgesic supplementation. Left:
supraspinal neuroplasticity, change in absolute pain tolerance thresholds (mA). Right: spinal neuroplasticity, change in rel-
ative sensation thresholds (ratio).

and in augmenting early postoperative supraspinal inhibition. Ketorolac anaesthetic sup-
plementation in patients with acute preoperative pain has negative consequences in that
early inhibitory supraspinal neuroplasticity is reduced and the blocking effect of acute
preoperative pain on late (day 5) postoperative supraspinal hyperalgesia is abolished. It
should be noted that in the presence of acute pain preoperatively, ketorolac-supplement-
ed patients used one third more morphine by patient-controlled analgesia than did fen-
tanyl-supplemented ones.

16.3. What Is the Relationship between Postoperative Neuroplasticity
and Clinical Pain Measures?

Taking the studies presented here together (4,5,7-10), it is obvious that the relationship
between various aspects of post-surgical central neuroplasticity and pain is a complex and
multifactorial one. The neuroplastic changes seen in the various investigations discussed
here are in general weakly and incompletely reflected by either pain scores or postopera-
tive analgesia consumption. Thus measures of neuroplasticity and pain after surgery
should be seen as providing complementary information, with the latter not being able to
replace the former - or vice versa. Better understanding of the relationship between pain
and neuroplasticity after surgery awaits further studies undertaking formal investigation
of correlations between these factors as well as including larger patient numbers.

16.4. Implications: QST in Clinical Practice for Diagnosing Nociceptive
Neuroplasticity
Both the advantages of using QST for demonstrating surgical nociceptive neuroplasticity
as well as the disadvantages of not using such a technique support its introduction into
clinical practice. As elucidated here, the advantages include that QST is relatively easy to
establish in clinical practice, that it provides a defined, more objective measure of noci-
ceptive surgical neuroplasticity, and that it is sensitive to factors clinically relevant for sur-
gical nociception and its management. The price of not introducing QST for nociceptive
neuroplasticity monitoring into clinical practice is that without such an endpoint, we have
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no basis for achieving the shift from symptom-based to mechanism-based management
strategies for surgical nociception. Without a measure of nociceptive neuroplasticity we
have neither information on the mechanisms possibly involved nor a feedback measure for
the therapeutic intervention instituted. Thus we would suggest that we have demonstrat-
ed that QST is feasible for demonstrating nociceptive neuroplasticity in clinical practice,
that it provides information on the mechanisms involved in surgical nociception useful for
both diagnostic and therapeutic purposes, and that it consequently warrants introduction
into clinical research and practice for surgical nociception management.
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Pre-emptive analgesia and surgical pain

Oliver H.G. Wilder-Smith

Nociception Research Group Berne University, Bubenbergplatz 11, CH-3011 Berne, Switzerland

Pre-emptive analgesia: concepts and background

The effective and consistent management of pain
after surgery continues to be a therapeutic chal-
lenge (Zenz, 1997). In a recent survey of United
Kingdom hospitals, significant pain was experienced
after surgery by over 80% of the patients questioned
(Bruster et al., 1994). About one third of these pa-
tients experienced postoperative pain that was con-
tinuously or almost continuously present for long
periods of time. A United States survey of patients’
concerns before surgery found postoperative pain
to be the primary concern in almost 60% of those
questioned, with approximately three-quarters of the
respondents having experienced significant postoper-
ative pain after previous surgery (Warfield and Kahn,
1995).

Bearing the hope of achieving significant im-
provements in the management of postoperative
pain, the concept of pre-emptive analgesia was intro-
duced in the tate 1980s. The concept was founded
upon an increasing body of animal research demon-
strating central nervous system plasticity and sensi-
tisation after nociception (Woolf, 1983; Woolf and
Wall, 1986a; Woolf and Thompsen, 1991), and was
rapidly popularised by a number of pertinent editori-
als (Wall, 1988; McQuay and Dickenson, 1990; Me-
Quay, 1992; Dahl and Kehlet, 1993, Bridenbaugh,
19943 and review articles (Woolt, 1989, Coderre et

> Corresponding author: (0.H.G. Wilder-Smith. Nocicep-
tion Research Group, Beme University. Bubenbergplatz
11, CH-3011 Bemne, Switzerland. Tel.. +41-31-3123737,
Fax: +41-31-3123770: E-mail: ohws@thenet.ch

al., 1993; Woolf and Chong, 1993; McQuay, 1995) in
the medical literature. In its original form, pre-emp-
tive analgesia comprised two main postulates: firstly,
that an analgesic intervention started before nocicep-
tion would be more effective than the same interven-
tion commenced afterwards; and secondly, that this
advantageous effect would outlast the pharmacologi-
cal duration of action of the analgesic concerned (see
Jensen and Nikolajsen, 2000, this volume).

The presence of neuroplasticity is fundamental
to the concept of pre-emptive analgesia. It is based
upon findings in animal models (see: Gerber et al.,
2000, this volume; Moore et al., 2000, thiy vol-
ume; Sandkiihler et al., 2000, this volume; Svendsen
et al., 2000, this volume) showing that nocicep-
tive input to the central nervous system alters its
subsequent function. These changes were initially
shown to affect neurones in the dorsal horn of the
spinal cord, but similar changes have now also been
demonstrated to occur further up the synaptic chain
of the central nervous system, e.g. in the thalamus
(Gautron and Guilbaud, 1982: Guilbaud et al., 1989;
see: Dostrovsky, 2000, this volume: Lenz et al.,
2000, this volume) and cortex (see: Bromin et al.,
2000, this volume: Cascy, 2000, this volume: Flor,
2000, this volume). Early studies of nociceptive neu-
roplasticity, usually in non-intact (i.e. decerebrate or
spinalised) preparations, clicited mainly excitatory
changes (sensitisation) in central neuronal function
that were most easily (but not exclusively) produced
via C-fibre input. Signal summation was found 10
play a major role: temporal summation for non-
inflamed tissue, spatial summation for inflamed og
traumatised tissues. In the case of sensitisation, such
summated input leads to long-lasting depolarisation
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which can significantly outlast the original nocicep-
tive signal by seconds up 10 minutes and which can
even start to occur spontaneously (wind-up, sponta-
neous pain).

The altered electrophysiclogical behaviour of the
neurones concermed (i.e. synaptic long-term potenti-
ation; Gerber et al., 2000, this volume; Sandkiihler
ct al., 2000, this volume) spreads 1o adjacent neu-
rones and results in reduced thresholds, increased
responses to stimulation and after-discharging or
spontaneous discharge. This central sensitisation ex-
presses itselfl in the clinical symptoms of allody-
nia (previously non-painful stimuli are perceived as
painful), hyperaigesia (incrcased pain sensation with
4 given nociceptive stimulus), wind-up (prolonged
or spontanecus pain after stimulation) and increased
size of the hypersensitive neuronal sensory fields
(secondary hyperalgesia). Central sensitisation is the
result of both posterior horn neuronal input facilita-
tion as well as loss of inhibitory inputs, and must
be distinguished from the primary hypersensitivity
and hyperalgesia around a lesion due to sensitisation
of peripheral nociceptors (TFreede, 1995). The phe-
nomenon of central sensitisation after nociception as
seen tn animal models is considered to play an im-
pertant rele in explaining the clinical manifestations
of postoperative pain (c{. reviews cited above).

Biochemically, these changes in central neuronal
function are mediated by the synaptic release of ex-
citatory amino acid {e.g. glutamate, aspartate) — and
also neuropeptide (e.g. substance P, neurokinin A)

neurotransmitters and the subsequent binding to
their membrane receptors (e.g. N-methyl-D-aspartate
[NMDA] and tachykinin receptors) (e.g. Dickenson,
1995; Sandkiihler et al., 2000, this volume). Activa-
tion of the NMDA receptor, dependent upon contin-
uing NO production and the subsequent release of
soluble GMP-cyclase (Meller and Gebhart, 1993), 1s
necessary for the elicitation of central sensitisation
(Wooll" and Thompson, 1991: sce, however, Ho-
heisel and Mense, 2000, this volume). Both NMDA
and tachykinin receptor antagomists interfere with
the electrophysiological consequences of nociceptive
input at dorsal homn neurones as well as blocking
the behavioural/clinical consequences of nocicep-
tien. The release of excitatory amino acids (and/or
tachykinins} results in slow synaptic dorsal horn po-
tentials. the prerequisite for the electrophysiotogical

neuronal membrane changes of central sensitisation,
described above. Excitatory amino acid or tachykinin
receptor activation {(ligand gating) as well as mem-
brane depolarisation (voltage gating) is accompanied
by increased calcium entry into the neuronal cell
bodies via calcium ionophores, thus raising cellular
second-messenger (e.g. ¢GMP) and protein kinase C
activity. The end result of these biochemical changes
1s not only positive feedback on the NMDA re-
ceptors but alse the activated expression of early
intermediate genes (e.g. c-fos or B-jun) regulating
the production of modulatory substances such as the
hyperalgesic dynorphin.

An early observation in animal models was that it
is easier to prevent the establishment of central sen-
sitisation (by providing analgesia, e.g. by morphine,
before nociception occurred; pre-emptive analgesia)
than to treat {suppress) it once established (Dicken-
son and Sullivan, 1986; Woolf and Wall, 1986b). In
the animal models used, the dose of an analgesic
— typically morphine — necessary to prevent clec-
trophysiological central nenronal semsitisation was
found to be much smailer than the dose necessary
1o suppress established sensitisation after nociceplive
nput, The electrophysiological advantages conferred
by analgesic pre-emption were shown to outlast the
pharmacological duration of action of the analgesic.

In the context of the important role central sensi-
tisation is considered to play in postoperative pain, it
is logical that the discovery of pre-emptive analgesia
was rapidly followed by attempts to extend the con-
cept into clinical — particularly surgical — practice.
Extrapolating from the animal data at the time, the
hypothesis for the human surgical pre-emptive anal-
gesia studies undertaken in the early 19905 was that
performing an analgesic intervention before surgery
waould result in a clearly better clinical pain oulcome
postoperatively than the same analgesic intervention
initiated after surgery had started. It was further ex-
pected that the improvement in postoperative pain
outcome would clearly outlast the pharmacological
duration of action of the analgesic intervention used

Pre-emptive analgesia and surgical pain: the
evidence of clinical studies

A large number of avestigations of pre-emptive
analgesia in the surgical context were undertaken in
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the early 1990s. Unfortunately, by the mid-1990s, it
was becoming clear that this first wave of studies
was cither unable to show any clinical effects of pre-
emplive analgesia at all, or that the improvements
in clinical pain cutcomes were clinically disappoint-
ing, with only modest effects on postoperative pain
measures or analgesic consumption. These modest
effects were visible mainly using opioids (systemi-
cally and particularly neuraxially) and local anaes-
thetics. As discussed in a number of editorials and
reviews published at the time (e.g. Woolf and Chong,
1693; Kehlet, 1994; McQuay, 1995; Wilder-Smith,
1995}, problems in demonstrating clinically conving-
ing effects of pre-emplive analgesia were initially
considered in large part due to faults in clinical
study design. Apan from basic points such as blind-
ing, randomisation, prospectiveness and group sizes,
these faults included issues such as contamination
of the anaesthetic technique by other analgesic sub-
stances, absence of equality between the pre-emptive
and post-empfive analgesic intervention, inadequa-
cies in control states and lacking sensitivity of the
clinical postoperative pain measures used. The ques-
tion of how to maich the analgesic intervention to
the extent and duration of the nociception occurring
during and after surgery was increasingly raised.

Since then a second series of clinical studies has
been published, many with better designs. Some of
the studies have addressed the question of adequately
matching analgesia and nociception by studying
genuine perioperative analgesia (i.¢. for the entire
duration of nociception) as opposed to only bolus
analgesic interventions (e.g. Gottschalk et al., 1998;
Likar et al., 1998). The results of a literature survey
for this ‘second wave’ of pre-emplive analgesia stud-
1es are summarised in Tables | and 2. The survey
was performed using MEDLINE and the keyword
‘pre-emptive analgesia and surgery’, and includes
only randomised. controlled and prospective stud-
ies with valid design (i.c. pre- and post-nociceptive
Interventions).

As can be seen from the studies detailed in Ta-
bles | and 2, improvements in study design have
been followed by more success in demonstrating ef-
fects of pre-emptive analgesia for opioids, ketamine
{a non-competitive NMDA recepror antagonist) and
local anaesthesia. 1t should be noted that in the pos-
itive studies (Table 1), the improvements in clinical

pain outcomes achieved are generally small and of
short duration. Studies with adequate design but not
finding any effect also continue to be published. Due
to the well-known publication bias against negative
studies, it remains difficult to establish a true final
weight of evidence for or against clinically relevant
pre-emptive analgesia, On the present balance of evi-
dence, we would suggest that while there is evidence
that opioids, NMDA-antagonists and local anaesthe-
sia have pre-emptive analgesia effects, these effects
are modest and of limited clinical significance. There
is a suggestion that the clinical efficacy of analgesic
pre-emption may improve with better matching be-
tween analgesic intervention and nociceptive input.

Redefining the pre-emptive analgesia problem

Why is there such a discrepancy between the suc-
cess of pre-emptive analgesia in the experimental
animal model and in the clinical surgery patient? In
[ooking more closely at the two models and at their
commonalties and similarities we would suggest that
three closely linked problems are operating: (1) the
problem of extrapolation from experimental to clini-
cul; {(2) the problem of clinical study design; (3) the
preblem of how to measure pain outcomes.

The problem of extrapolation rests upon the fun-
damental differences between experimental and sur-
gical pain models. Firstly, the duration and mag-
nitude of, and number of modalities involved in
surgical nociception are far greater than for cxper-
imental nociception models. [n surgery, nociceptive
input continues in the presence of extensively chem-
ically sensitised traumatised tissues, which 1s often
not the case in animal models, particularly the early
ones. Secondly, a large proportion of animal mod-
cls invoive non-intact (1.€. spinalised or decerebrate)
preparations — agatn, particularly earlier models —
while surgical models are intact with rcgard to their
central nervous system. Non-intact animal models
will therefore neither reflect the integral effects of
nociception on a whole central nervous system, nor
will they be able to demonstrate the responses with
which an intact central nervous system defends it-
self against nociceptive inputs. These detences will
include both neuronally (e.g. descending inhibitory
controls: see Sandkiihler ¢t al., 2000, this volume,
and Svendsen et al.. 2000, this volume) and hormon-
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ally (e.g. stress-induced analgesia) mediated central
nervous systemn respenses o nociceptive input (Le
Bars et al., 1979, 1992; Kelly, 1986; Termann et al.,
1986). It is of interest that intact animal models using
longer-lasting nociceptive inputs show pre-emptive
analgesia results much closer to the modest results
achieved in human surgical pre-emptive analgesia
studies {e.g. Jayaram et al, 1995; Fletcher et al.,
1996) than those involving non-intact preparations.

The main difficulties with clinical study design
involve gquestions of standardisation. Standardising
surgery is notoriousty difficult, but should be at-
tempted, both by the use of agreed defined surgical
protocols and by limiting the number of surgeons
as far as possible (one surgeon is ideal!). Standard-
isation of the patients is far more difficult, as the
variability of patient’s responses to pain and noci-
ception is generally underestimated and — so far
— not amenable to selection or prediction. Ani-
mal studies of the genetically inherited component
in the responses to pain (e.g. sensitivity, inhibitory
controls) have shown a large variability in this area
(Lutfy et al., 1994; Mogil et al., 1993; Sternberg and
Lieheskind, 1995; Kest et al., 1999). Thus study size
must always be adequate to cope with this variability
of pain sensitivity and responses, albeit tempered
by the desire to demonstrate truly clinically relevant
effects. Other important design features include the
equality of the pre- and post-nociceptive analgesic
interventions as well as an adequate match between
nociception and analgesic intervention regarding in-
tensity, duration and sensory modalities involved.
The latter feature was a particular problem with ear-
lier pre-emptive analgesia studies: a single bolus of
morphine may well adequately cover the nociception
of a brief electrical C-tibre stimulus, but it is unlikely
to cover the nociception associated with an abdomi-
nal laparotomy lasting several hours. Included in this
problem is the question of when nociception ends;
again, for a brief electrical C-fibre nociceptive stim-
ulus this is eusy to define, but when does surgical
nociception really end? This problem will obviously
also aftect the definition of the post-emptive analge-
5§12 COMPArson state.

The final problem concemns the guestion of mea-
suring pain and ity owtcomes. A major difference
between experimental amimal and clinical human
pain studies is the difference 1 puin measures used.

Clinical, e.g. post-surgical, pain is a subjective phe-
nomenon, directly accessible only to the conscious
persen experiencing it. This experience of pain is
influenced by a multitude of factors apart from the
nociception causing it and therefore bears no direct,
linear relationship to the nociceptive event causing
it. In intact animal pain studies, we have to rely on
indirect behavioural correlates of the pain experience
{e.g. 1ail flick latency, hot plate latencies, etc.) as the
animal cannot communicate the pain in a more direct
fashion. It must be clear that these behavioural pain
measures are only surrogate measures which neither
measure the pain experience nor the characteristics
of the nociceptive event directly. The electrophysio-
logical measures used in non-intact animal pain stud-
ies are even further removed from the subjective pain
experience of clinical, post-surgical pain. They may,
however, encode more information about the originat
nociceptive event and the damage or stress it is caus-
ing to the body than behavioural measures. Thus the
comparison of behavioural or electrophysiological
results from animal research with the resutts of clini-
cal pain measures in humans will always be difficult.

The above-mentioned difficulties pertain te hu-
man pain research, too. Subjective clinical pain
measures such as pain intensity scales or postop-
erative analgesia use tell us different things than
the objective measures of psychophysical {e.g. pain
thresholds) or electrophysiological {e.g. nociceptive
flexion reflexes) testing do. Despite the fact that
clinical pain measures such as visual analogue pain
intensity scales (VAS) or postoperative patiemt-con-
trolled analgesia (PCA) consumption have heen used
for quite some time in pain rescarch, we are sull
unsure as to what they really tell us and how they
behave under different ¢ircumstances. This is illus-
trated, e.p. by the quantal — »nor linear — dose-
effect relutionship between titrated dose of alfen-
tanil given mtravenously and postoperative pain re-
lief (Fig. 1) (Tverskoy et al., 1996). The non-lin-
ear relationship between dose of opioid given and
degree of (subjective} pain relief obtamned is a re-
flection of the multifactorial nature of the subjective
pain experience already discussed. and specified in
the original TASP definiticn of pain. In view of the
multi-aetiological nature of the subjective, chnical
pain cxperience. it is unrealistic (o expect clinical
pain to comrelate closely with the lower-order func-
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Fig. 1. Figure modified after Tverskoy et al. (1996) showing
the cumulative frequency distribution curve for the complete
relief of spontancous postoperative pain by 3 pg/kg intravenous
increments of alfentanil, given at 5-min intervals.

tional changes in the central nervous system function
described in the original animal studies of neuroplas-
ticity after nociception and pre-emptive analgesia. If
we are to investigate the human correlates of the pre-
emptive analgesia found in animal studies, we must
study similar-order phenomena in humans, namely
changes in objective psychophysical or electrophys-
iological measures reflecting altered central nervous
system function after nociception. Indeed, if changes
in the analgesic management of surgery are to have
effects on long-term medical outcome, it should be
of particular interest to study these objective measure
of altered sensory processing, as they may reflect the
damage done to the body by nociception — and its
modulation — much more closely than subjective
clinical pain measures could.

Towards a relevant human study design for
pre-emptive analgesia

The pre-emptive effect of analgesia in animal studies
is primarily defined in terms of altered central ner-
vous system function. These alterations have mainly
been described as affecting sensory and lower-order
{spial, thulamic} central nervous system processing.
In order to cffcctively study pre-emptive analgesia
in the human context, it therefore appears logical o
study alterations in central nervous system sensory
processing as a result of surgical nociception, and
how this can be modulated by analgesic interven-
tion. It is at this level that the reality or not of pre-
emptive analgesia vhould first be established. The
relationship between altered central nervous system
processing and subjective, clinical pain measures or

long-term medical outcomes can then be established
in a second step.

If studies of human pre-emptive analgesia and
surgery are to be performed in the clinical con-
text, the techniques involved need to be simple,
valid, easily performed and not too time-consuming.
Psychophysical measures such as pain or sensation
thresholds offer such a technique. With adequate
training of experimenter and subject together with
good protocol design and standardisation, they are
simple, reproducible, reliable and not too time-con-
suming in use, and have been well-validated as re-
flecting central nervous system sensory processing
and its alterations (Rollmann and Harris, 1987; Laut-
enbacher and Rollman, 1993; Arendt-Nielsen et al.,
1995: Wilder-Smith et al., 1996, 1998). In order
to obtain comprehensive answers about altcrations
in sensory processing after surgery, thresholds need
to be measured at multiple sites. Ideally, thresh-
olds should be measured on the wound (primary
hyperalgesia}, near the wound (ca. 10-15 cm from
the wound; secondary hyperalgesia), as well distant
to the site of surgery (to detect generalised effects
such as descending inhibition or stress-induced anal-
gesia). Measuring multiple sensory modalities (i.e.
sensation, pain detection, pain tolerance thresholds)
and multiple stimulation modalities (i.e. mechani-
cal, electric, thermal) increases the understanding of
the sensory changes involved (see alse Treede and
Magerl, 200, this volume). It should also be remem-
bered that direct nerve stimulation will give different
answers than dermatomal stimulation. All the psy-
chophysical tests mentioned so far will only invelve
superficial, cutaneous structures; methods for testing
deep (e.g. muscle {see Hoheisel and Mense, 2000,
this volume)) or visceral structures remain experi-
raental and difficult to transfer to the clinical context
for the time being (Cervero, 1995; Gavrilov et al.
1996 Bajaj et al., 1999).

The psychophysical measures under discussion
need to be embedded in a well-conceived and
well-standardised design. The analgesic intervention
should be well-matched to the rociception concerned
to make the results relevant. Thought shoutd be given
to making the study {easible in the clinical context.
otherwise too many data points will be missed. In
order to enable objective, psychophysical and sub-
jective clinical pain measures to be compared or
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correlated, they should be measured simultaneously.
If several clinical pain measures are measured (e.g.
pain YAS and PCA morphine use), which is the
primary and which is the secondary endpoint must
be determined (i.e. if PCA morphine use is to be
the measure, aim for similar VAS scores targets in
all patients). It is desirable 1o extend the peried of
study for as long as feasible, particularly if effects on
medical outcome are to be investigaled.

Sensory processing after surgery: defining the
changes

In the last decade. a number of studies have been
performed to investigate changes in sensory process-
ing due to surgical nociception and how these can be
modulated by analgesic interventions. The findings
of these s¢lected studies, both clinical human and an-
imal, are summarised in Table 3. From the results of
the studies we will try to answer the following perti-
nent questions: (1) what are the changes in sensory
processing after surgery? (2} can central sensitisation
be detected after surgery? (3) how are the changes
in sensory processing affected by analgesic inter-
vention? (4} what other tactors affect post-surgical
sensory change?

Mechanical pain thresholds measured distant 1o
the surgical wound are either unaltered or moderately
decreased in the studies concerned (Lascelles et al.,
1995, 1997, 1998: Welsk and Nolan, 1995; Moiniche
et al., 1997, In none of the studics cited were non-
nociceptive mechanical thresholds measured distant
to surgery. When present, distant hyperalgesia is vis-
ible within the first 24 h postoperatively and is sup-
pressed by opioid pre-emptive analgesia. Mechanical
hyperalgesia close to the wound (secondary hyper-
algesia). considered to reflect central sensitisation
(see Treede and Magerl, 2000, this volume), is more
pronounced and of longer duration, appearing to be
present up to 4-5 days postoperatively {Richmond et
al., 1993; Moiniche et al., 1997; Stubhaug, 1997} and
gone by 8 days (Moiniche et al., 1997). The area of
sccondary hypersensitivity has been shown to be re-
duced by ketamine pre-cmplive analgesia {Stubhaug,
1997). Wound hyperalgesia {primary hyperalgesia}
is considered to reflect both peripheral nociceptor
and central nervous sensilisation. As expected, me-
chanical pain thresholds at the surgical incision are

lower postoperatively, with such hyperalgesia being
reduced — but not abolished — by opioid pre-emp-
tion (Dahl et al.,, 1990; Lascelles et al., 1997, 1998;
Motniche et al., 1997). One study has shown wound
hyperalgesia 10 be pone at 8 days postoperatively
(Moiniche et al., 1997).

Only one clinical animal study has investigated
thermal hyperalgesia after surgery (Welsh and Nolan,
1995), demonstrating early (<1 h postoperatively)
distant hyperalgesia, reduced by opivid pre-emption,
after laparotomy.

Electrical sensory thresholds are particularly casy
to use in the clinical context and have been ex-
tensively validated experimentally (Rolbmann and
Harris, 1987; Lautenbacher and Rollman, 1993).
Electrical stimulation has the additional advantage
of producing multimodal sensory stimulation, stimu-
lating both large and small nerve fibres, which may
be particularly relevant to the multimodal sensory
input resulting from surgery (Arendt-Nielsen et al.,
1994). We have used electrical stimulation to study
postoperative sensory change both in back surgery
(prolapsed interveriebral discs) and in abdominal
surgery (hysterectomies) (Wilder-Smith et at., 1996,
1998). Compared to preoperative values, dermatormnal
electric stimulation distant to the surgical incision
shows early (<24 h postoperatively) increases in
both nociceptive and non-nociceptive thresholds. in-
creased by pre-emptive analgesia (Figs. 2 and 3).
Closer to the wound (sccondary hyperalgesia} the
absolute nociceptive and non-nociceplive thresholds
also show early increases (1-24 h postoperatively},
with a tendency to be higher than at sites distant to
surgery (Figs. 2 and 3). Again. this hypoalgesia and
hyposensitivity 1s augmented by opivid pre-emption.
It is unlikely to be explained solely by posteper-
ative moerphine analgesia, as it is also visible for
non-nociceptive thresholds which are not dircctly af-
fected by opioids (Van der Burght et al.. 1994). If,
however, thresholds close to the wound relative to
the distant thresholds are calculated (ie. tor a given
time: threshold close to wound divided by thresh-
old distant from wound) 10 remove any generahsed
inhibitory effects, these relative thresholds close o
the wound show an early (1-24 h postoperalively)
reduction compared Lo preoperatively in the absence
of opioid pre-emption (Fig. 4), suggesting central
neuronal sensitisation. This sensitisation is visible in
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Fig. 2. Absclute thresholds by electric skin stimulation in mA (means, standard deviations) at preoperative bascline (BL) and 1. 2. 4.
6 and 24 h and 5 days after surgery for herniated intervertebral discs (after Wilder-Smith et al., 1996). Anaesthesia: isoflurane/nitrous
onide/oxygen = 3 pg/kg fentanyl 1.+, before intubation. Sites of measure: arm, contralateral and 1psilateral to the back incision, and the
dermatome of the nerve most affected by disc prolapse. Thresholds measured: sensation (577, pain detection (PDT) and pain tolerance
(#FT). Significant overall statistics (repeated measures ANOVA for drug, threshold site. threshold type and time): fentanyl = placcbo:
PTT > PDT > 5T, arm < contralateral = ipsilateral = affected dermatome; 4 h = BL. Significunces {p = 0.05) for specific limes. sites
and measures are marked on the graph: * = significant vs, BL, with values for placcho marked above and for fentanyl marked below the

CULVES,

non-nociceptive thresholds not directly affected by
opioid analgesia. Central sensitisation is no longer
visible in the presence of analgesic supplementation
by opioids or NMDA antagonists {Figs. 4 and 5},

Using another technique, namely directly electri-
cally stimulating a nerve distant to the site of surgery,
but innervated by spinal cord segments convergently
involved in the surgery, another group (Dahl et al.
1992) has also been able to demonstrate hyperalgesia
and central neuronal sensitisation 48-96 h postoper-
atively.

Studies of the process whereby pain becomes
chronic (see Jensen and Nikolajsen, 2000, this vol-
ume) suggest that a central nervous system already

sensitised by preceding nociception, ¢.g. ischemic
pain before limb amputation (Bach et al., 198R),
is more vulnerable to further neuroplastic change
and its chronification. An advantage of studying sen-
sory change after surgery for prolapsed intervertebral
discs is that many of these patients suffer pain preop-
eratively and may thus show central nervous system
sensitisation preoperatively. In a study of preopera-
tive sensory change in patients scheduled for herni-
ated disc surgery (Wilder-Smith et al,, 1999b), we
were able (0 demonstrate that patients with moderate
e severe preoperative pain (VAS = 5) showed pain
thresholds significantly different from those without
preoperative pain (Fig. 6). Of note is the fact that
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Fig. 3. Absolute thresholds by electric skin stimulation in mA {(means, standard deviations) at preoperative baseline and 1. 4 and 24 h
and 5 days after surgery for abdominal hysterectomy (after Walder-Smith et al.. 1998). Anaesthesia; isoflurane/nitrous oxide/oxygen
supplemented by either fentanyl, magnesium or ketamine. Sites of measure: arm, operation site, thorax and upper thigh, Thresholds
measured: sensation (§T), pain detection (PDT) and pain tolerance (PTT). Significant overall statistics (repcated measures ANOVA
for drug. threshold site, threshald type and time): PTT > PDT > ST: 1-24 h = BL. There is no significant eftect by drug group
Significances (p < 0.05) for specific limes. sites and measures are marked on the graph: * = significant vs. BL., with values for fentanyl

marked above and for ketamine marked below the curves.

while somatic pain (i.e. pain in the back) was as-
sociated with lowered pain tolerance thresholds to
electrical stimulation — congruent with central sen-
sitisation - pain of neuropathic quality (i.e. radiai-
ing down the leg) was associated with increased pain
thresholds, suggesting either inhtbitory processes or
netrve dysfunction, Interestingly, in the study of back
surgery mentioned above (Wilder-Smith et al.. 1996),
the patients not receiving anatgesic supplementation
for anaesthesia not enly continued showing lowered
refative thresholds compared 1o preoperatively in the
dermatome most aftected by disc prolapse 5 days
postoperatively, they also had lower absolute eleetric
pain tolerance thresholds on day 5 (Figs. 2 and 4).

It should be noted in thus context that different
sensory modalities of measurement may give some-
what differing results, e.g. mechanical thresholds

may be less sensitive to descending inhibition than
thermal or electrical measures {cf. also, e.g. Lauten-
bacher and Rollman, 1993},

In summary, to date there 1s evidence for the
following central changes in sensory processing fol-
lowing surgical nociception:

(1) distant from the wound: ¢arly hypoalgesia (up
to ca. 12-24 h postoperatively), increased by pre-
emptive analgesia, affecting both nociceptive and
non-nociceptive sensory processing; later modest hy-
peralgesia possible (up to 4-7 d postoperatively). de-
creased or abolished by pre-emptive analgesia, prob-
ably increased by preoperative scnsory scnsitisation
(preoperative pain);

(2) close to the wound: early absolute hypoal-
gesia (up to 12-24 h postoperatively), increased by
pre-emptive analgesia; modest relative/mechanical



Monitoring Nociceptive Neuroplasticity

Quantitative Sensory Testing: A Better Therapeutic Endpoint for Managing the Pain of Surgery?

e fentanyl O placebo

E " et chob ot et ol ot b i1 [ 49 2 808 e b
§ " 2fch e tmon ob e caf o056 o B [0 00 a0 20 B0 D0 B 30 e

DDDDDQDOE&D!@.i De O® Cie D8 0 0 [ noOoEloDoDiDilﬁ.i

BL th 2h 4h 6h 1d 5d BL 1h 2h 4h 6h
contralateral

ipsilaterat

id 5d BL 1h 2h 4h 6h 1d 5d
affected dermatome

Fig. 4. Relative thresholds by electric skin stimulation (ratie; current threshold/arm threshold) {means, standard deviations) at
preoperative haseline (BL) and 1, 2, 4, 6 and 24 h and 5 days after surgery for herniated intervertebral discs (after Wilder-Smith
el al., 1996). Anaesthesia: isoflurane/nitrous oxide/oxygen = 3 pg/kg fentanyl i.v. before intubation. Sites of measure: contralateral
and ipsilateral to the back incision, and the dermatome of the nerve most affected by disc prolapse. Thresholds determincd: sensation
(8T, pain detection (FDT) and pain tolerance (PTT). Significant overall statistics (repeated measures ANOVA for drug, tweshold site,
threshold type and time): PTT == PDT > ST. For S$T: placebo < fentanyl. Significances (p = (.035) for specific times, sites and measures
are marked on the graph: * = significant vs. BL, with values for placebo marked above and for fentanyl marked below the curves.

hyperalgesia (up to 5-7 d postoperatively) decreased
or abelished by pre-emptive analgesia with opioid
agonists or NMDA receptor antagonists, probably
increased by preoperalive sensory sensitisation (pre-
operative pain);

{3) on the wound: marked hyperalgesia (up to 4-5
d postoperatively), decreased but not abolished by
analgesic pre-emption.

Thus psychophysical measures of sensory pro-
cessing in the context of human surgery provide
evidence that central nervous system neuroplastic
change — both inhibitory and excitatory — takes
place after surgical nociception and that this is pos-
itively imnfluenced by relatively modest pre-emptive
analgesic intervention. The presence of iwhibitory
central neuroplastic change is not one which would
be predicted by or detectable in non-intact animal
models of nociception, hence providing at least onc

partial explanation of the discrepancies between ex-
perimental animal and clinical human models of
pre-cmplive analgesia. In the studies cited, wound
hyperalgesia tends to be morc marked than sec-
ondary hyperalgesta and not completely abolished
by pre-emptive analgesic intervention, suggesting
that peripheral primary nociceptor sensitisation (see
Reeh and Pethd, 2000, this volume} after nociception
plays an important role in acute postoperative pain.

Altered sensory processing and clinical pain after
SUrgery

Finally, we must turn to the question of whether there
is a simple relanonship between sensory change and
clinical pain measures after surgical nociception.
Of the selection of studies surveyed above, only
one has demenstrated a formal correlation between
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preoperative baseline (BL) and 1, 4 and 24 h and 5 days after surgery for abdominal hysterectomy (after Wilder-Smith et al., 1998),
measured close to site of surgical incision. Anaesthesia: isoflurane/nitrous oxide/oxygen supplemented by either fentanyl, magnesium
or ketamine. Thresholds measured: sensation (ST). pain detection (PDT) and pain tolerance (PTT). Significant overall statistics {repeated
measures ANOVA for drug, threshold site, threshold type and time): for femranyl, thresholds overall 1-4 h = BL. There were no

significant differences for specific times, sites and measures.

altered scnsory processing and clinical pain mea-
sures. Moiniche et al. {1997), studying renal surgery
patients, showed a modest correlation {r = —0.4)
between secondary mechanical wound hyperalgesia
and pain VAS at rest or on coughing. Some stud-
ies have found differences in primary (Tverskoy et
al., 1994) or secondary wound hyperalgesia (Rich-
mond et al., 1993; Stubhaug, 1997) due to anaigesic
pre-emption to be reflected by modest, mainly early
and relatively shont-lasting differences in pain inten-
sily VAS or postoperative analgesia consumption. In
our studies of back surgery and hysterectomy, the
clear differences in sensory processing after surgery
allied to differences in perioperative analgesic man-
agement were not reftected in differences in clinical
pain measures such as pain VAS or morphine PCA
consumption (Wilder-Smith et al., 1996, 1998). We
have found no other studies establishing formal cor-
relations between changes in sensory processing and
clinical pain measures.

On present evidence we must conclede that while
a link between altered sensory processing and clini-
cal pain measures after surgery may well be present,
1t is likely to be weak. Such an outcome is to be
expected on the basis of the multifactorial and multi-
actiological nature of clinical pain, as explained
above. Clearly, further investigations into the na-
ture of the relationship between objective alterations
in central sensory processing and subjective clinical
pain measures are needed. This is even more the
case for long-term pain and medical outcomes after
surgery and their relation to alterations in sensory
processing, as no studies of this type have been
published so far.

Conclusions

The concept of pre-emptive analgesia purports that
an analgesic intervention commenced before a noci-
ceptive event will be more effective than the same
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Fig. 6. Absclute thresholds by electric skin stimulation (means, standard deviations) precperatively, before surgery for hemiated
intervertebral discs {after Wiider-Smith et al., 199%9b). Sites of measure: arm, contralateral and ipsilateral te the planned back incision,
and the dermatome of the nerve most affected by disc prolapse. Thresholds measured: sensation {ST), pain detection {PDT) and pain
tolerance (PTT). Significant overall siatistics (ANOVA for drug, threshold site, threshold type and pain presence): highly significant
{p < 0.000001) effect of presence of moderate to severe pain {VAS > 5} (n = no pain; & = only pain in back; / = only pain radiating
into leg; #! = both back and leg pain present) on thresholds. For PTT overall: | > n = b (p =< 0.05).

analgesic intervention practised afterwards. Origi-
nally postulated on the basis of animal studies
demonstrating central nervous systermn plasticity af-
ter nociception, this idea was introduced to clinical
medicine with the hope of achicving substantial 1m-
provements in postoperative pain management. Un-
fortunately, such substantial improvements have not
been forthcoming in the clinical context. In this
chapter we have outlined why it has proven difficult
to achieve the scale of improvement suggested to
be possible by animal experimental models in the
clirical arena. These diftficulties involve obstacles
to extrapolating from experimental models to the
clinical situation, the challenges of achieving ade-
quate chinical study designs, as well as problems and
confusion regarding the choice of study endpoints
relevant to pain outcomes in the clinical context.
Regarding pain endpoints for clinical studics,
these need to be closer to the objective electro-
physiological measures of altered central nervous
system sensory processing used in animal studies of

pre-emptive analgesia and neuroplasticity after noci-
ception. We suggest that psychophysical testing, e.g.
by sensory thresholds, provides such an objective
measure suttable for clinical use. The altered central
sensory processing reflected by psychophysical test-
ing is much more likely to give a strong measure
of neuroplasticity and pre-emptive analgesia than
multifactorial and muiti-aeticlogical subjective clin-
ical pain measures such as pain intensity scales or
postoperative analgesic use.

In summarising the data available on acute
changes in central sensory processing after surgery to
date we do in fact find clear evidence of acute neuro-
plastic change after surgery in humans {and animsals).
This neuroplasticity involves borh inhibitory (e.g.
descending inhibition) and excitatory (c.g. spinal
sensitisation) components, whose net manifestation
depends both on the time and place of measure. Pre-
emptive analgesia with opioid agomists or NMDA
receptor antagonists has a positive cffect on both
inhibitory {reinforcement) and excitatory (suppres-
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sion) neuroplastic change after surgery. Evidence is
further discussed that preoperative pain is also asso-
ciated with altered central sensory processing, and
thus perhaps with increased vulnerability to further
post-nociceptive neuroplastic change, particularly in
the absence of analgesia during swrgical nociception.

At present these neuroplastic changes in cen-
tral nervous system scnsory processing have been
demonstrated acutely, ie. for up to 7 days post-
operatively. There appears to be a weak relation-
ship between changes in psychophysical measures
and clinical subjective pain measures {pain VAS,
analgesia use), but any such correlations are little
and poorly defined at present, No studies have in-
vestigated the relationship between psychophysical
measures of neuroplasticity and longer-term, chronic
pain or medical outcomes after surgery to date. More
studies are needed to better define the relationship
between surgical nociception, neuroplastic change in
central nervous system sensory processing, subjec-
tive clinical pain measures, and long-term chronic
pain and medical outcomes of surgery.
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18. Article - Anaesthesia, Analgesia and Surgery:

Neuroplasticity and Pain

(Wilder-Smith OH. Changes in sensory processing after surgical nociception. Curr Rev Pain. 2000; 4: 234-41)
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Nociception results in peripheral and central changes in
sensory processing. These changes are considered to
significantly contribute to postoperative pain and its outcome.
Objective measures of changes in sensory processing are now
being studied in humans after surgery. Surgical nociception
leads to both central excitation (eg, spinal sensitization) and
central inhibition (&g, descending inhibition), with inhibitdon
being the dominant response during the first day or so

after surgery. Analgesia commenced before surgery
(preempive analgesia) depresses central sensitization

and enhances central inhibition. Patients operated on under
nonanalgesic anesthesia may exhibit rebound central
sensitization for up to 5 days postoperatively after the
cessation of postoperative opioid anaigesia. There is only

a weak relationship between the described objective changes
in sensory processing after surgical nociception and subjective
dlinical pain measures such as pain intensity scales or post-
operative analgesic consumption.

The concept that nociceptive input to the central nervous
system alters subsequent sensory processing became
current in the 1980s, Experimental evidence was published
demanstrating that afferent nociceptive signals of
sufficient intensity alter the behavior of spinal dorsal horn
neurons | 1-3]. Subsequently, such alierations in sensory
pracessing were also shown to be present more centrally,
eg, in the thalamus [4,5]). From the introduction of this
concepl, such alterations in sensary processing have been
considered 1o play a significant role in explaining the
clinical symptomatology of pain after surgery, and thus 1o
offer a key to improving the clinical management and
outcome of postoperative pain [6,7].

Most of the early studies of nociception and central
sensory change invelve nonintact (ie, decerebrate or
spinalized) animals and demonstrale excitation of dorsal
hem neuronal function |1-3], Excitalion is most easily
elicited by C-fiber inputs, which are most effective if

repeated, thus leading to signal summation, temporal as
well as spatial |8—10]. Tor afferent nociceptive input from
noninflamed tissues, temporal summation predominates,
whereas spatial summation plays the major rale in
inflamed tissues. Such summated input leads to long-
lasting reductions in dorsal horn neuron membrane
potentials {eg, long-term potentiation [11]) and thus to
long-lasting depolarization and discharge. These changes
outlasting the original afferent nociceptive input can
persist up (0 minutes and may even become autonemous,
resulting in spontaneous discharge, a phenomenon termed
“wind-up.” The consequences of the described alterations
in dotsal horn neurenal function are:

reduction of the neuronal firing threshold;

increase 1 the neuronal response associated with a

given stimulus;
after-discharging or spontanecus neuronal sigtaling
» spread of increased sensitivity (o adjacent neurons.

The Biochemical Basis of

Altered Central Sensory Processing
‘The changes in dorsal hom neuronal function are moderated
by excitatory amino acid (eg, glutamate, aspariate) and
neuropeptide (eg, substance I neurakinin A) release from the
primary nociceptive afferents into the synaptic cleft. Antag-
onists 1o the N-methyl-Dp-aspartate (NMDA} receptor (for the
excitatory amino acids) or the tachykinin receptor (for the
neuropeptides) will block both the electrophysiologic and
behavioral consequences of nociceptive input to the dorsal
horn [12]. NMDATeceptor activation is obligatory to achieve
central sensitization, and is dependent on the release of
soluble GMI? cyclase and the continuing production of nitric
oxide [1,13]. The binding of excitatory amino acids (or
neuropeptides) to dorsal horn neuren receptors is followed
by the slow synaptic dorsal horn potentials and thus the elec-
trophysiologic changes described previously. It is accompa-
nied by increased caleium entry via calcium ienephores due
10 ligand-gated (NMDA or tachykinin receptor activation) or
voltage-gated (membrane depolarization) mechanisms [7].

‘The rise in intracellular calcium levels results in increased sec-
ond messenger {eg, cyclic GMP) and protein kinase C activity.
This leads to positive feedback to the NMDA receptors and
the expression of early intermediate genes (¢g, -fos, B-jun)
involved in the production of substances regulating sensory
semsitivity (eg, dynorphin, which produces hyperalgesia) (7.
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Central Neuroplasticity

The phenomenon of altered central sensory processing
described so far is termed central neuroplasticity or sensiti-
zation and manifests itself by:

hyperalgesia (more pain felt for a given stimulus);
allodynia (a previously nonpainful stimulus
becomes painful);

windup {prolonged or spontaneous pain);
secondary hyperalgesia {areas beyond the injured
tissue become hypersensitive).

Central neuroplasticity (secondary hyperalgesia) after
nociception needs to be distinguished from peripheral
sensitization processes (primary hyperalgesia) resulting
from chemical sensitization of tissue nociceptors by the
many biochemical substances (the “inflammatory soup”)
released by the tissue damage caused by nociception [14].
It should be emphasized that central sensitization is not
only due to dorsal horn neuronal sensitization and thus
input facilitation, but also due to loss of inhibitory inputs
to the same cells [7].

Sensory Change and the

Concept of Preemptive Analgesia

Of interest was the discovery that it is easier 1o prevent
dorsal horn sensitization due to nociception {eg, by giving
morphine before the nociceptive stimulus) than to sup-
press sensitization after it has been induced [15,16]. This
discovery gave rise to the hypothesis of preemptive analge-
sia, which postulates not only that an analgesic interven-
tion performed before a nociceptive event will be more
effective than one performed afterwards, but also that the
effects of such an intervention will significantly outlast the
pharmacologic duration of action of the analgesic used
[17]. The idea of preemptive analgesia not only suggested
an attractive therapeutic appreach ro the management of
postoperative pain, it alsc provided a first means of testing
and understanding the clinical relevance of the concept of
changes in sensory processing due to nodception.

In the last decade, a large number of studies have been
performed to test the concept of preemptive analgesia. The
initial series of such studies, performed in the first half of
the 1990s, showed disappointing results, with either
absent effects or clinically modest and short-lasting reduc-
tions in analgesic consumption or subjective pain
measures after surgery. A number of editorials and reviews
of this topic published at the time suggested the need for
improved study designs in order to obtain more convin-
cing results [18-21]. Many preemptive analgesia studies
have been carried out since that time, incorporating the
design improvements suggested (eg, effect proven [22-31|;
no effect proven [32-37]}. Although this has resulted in
more success in proving an effect of preemptive analgesia
for certain substances {notably opioids, local anesthetics,
and NMDA-receptor antagonisis), the effects demonstrated

have remained clinically modest and of shert duration.
Thus the first test of the relevance of altered post-nocicep-
tive sensory processing to clinical pain resulted in a
notable discrepancy between the significant findings
expected from animal studies and the clinically modest
effects actually demonstrated in human studies.

The Problems of Preemptive Analgesia in
Clinical Practice

Why is this? In the extrapolation under consideration from
basic animal to human clinical models, three major
changes occur:

* a change from minor, short-lasting, usually
monemodal nociception to major, long-lasting,
usually multimodal nociception;

a change from a nonintact animal model (ie, spi-
nalized or decerebrate) to an intact human model;
a change from objective measures of sensory
processing (ie, electrophysiologic or psycho-
physical) to subjective pain measuzes

(e, pain ratings or analgesic consumption).

Whereas the first change is of a more quantitative charac-
ter, and thus more easily dealt with by design adaprations
(this is particularly the case in the later preemptive anal-
gesia studies), the other two changes are of a more
fundamental and qualitative character. Nociception
impinging on the central nervous system can be expected
to have fundamentally different results for intact as
compared with nonintact organisms, both with regard to
the changes resulting and with regard to the defending
mechanisms initiated secondari?y. Thus a spinalized
animal model will neither deliver information on thalamic
sensitization nor inform about descending inhibitory
controls to the dorsal horn. Equally, it must be realized
that objective measures of sensory processing and subjec-
tive ratings of pain measure are quite different things, and
that they are not necessarily well related.

The human experience of pain is a subjective one,
affected by much more than just alterations of neuronal
processing at various levels of the central necvous system,
The pain experience is much influenced by factors quite
unrelated 1o the original nociceptive event. This multi-
faceted nature of the human subjective pain experience is
correctly reflected in the IASP definition of pain [38].
Obijective psychophysical or electrephysiological measures
of altered sensory processing will therefore always provide
different types of information than subjective, clinical
measures of the total pain experience, such as pain scores,
pain relief, or analgesic consurnption. [t should also be
noted that even within the area of subjective pain measure-
ment, the relationship between individual subjective pain
measures is complex: £g, no simple, consistent linear rela-
tionship between pain relief and analgesic consumption
has been established in the postoperative context |39].
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From Experimental to

Clinical Measures of Pain

In short, the net effect of nociception on the intact central
nervous system is complex, and subjective, clinical pain
measures cannot be assumed to correlate closely with
lower-order (ie, spinal, brain stem, midbrain) changes in
sensory processing as measured by psychophysical or
electrophysiologic methods. It is thus unrealistic to expect
to extrapolate from simple nonintact animal models of
monomodal nociception involving electrophysiologic
measures to the complex situation of multimodal clinical
nociception in intact human patients and their subjective
pain experience. The objective sensory changes resulting
from surgical (or other) nociception therefore have to be
studied directly—not assumed or extrapolated—if we are
to understand the effects of nociception, and what effects
its modulation will provide. Indeed, direct quantification
of the lower-order objective changes in sensory processing
due to nociception will provide another advantage: as
these changes are much closer to the nociceptive input
than subjective pain measures, they will provide a better
reflection of the amount of nociception and damage the
body has been subjected to. Thus objective measures of the
alterations in sensory processing due to nociception
should supply much better predictive parameters for
ultimate pain (and disease) outcomes of the patient—the
ultimate and satisfying therapeutic goal of all nociceptive
modulation, In a second step, the relationship between
lower-order objectively quantified changes in sensory
processing after nociception and subjective pain measures
then nieeds to be determined.

Obijective Clinical Measures
of Sensory Change Due to Nociception
Psychophysical measures such as cutaneous sensation or
pain thresholds are relatively easy to apply to the clinical
context, not too time-consuming, and well validated, on
the condition that subject and tester are adequately trained
[40]. Ideally, such thresholds should be measured at
multiple sites to obtain a comprehensive picture of sensory
change. The measures should comprise at least the
foliowing sites:

* on the wound to include primary hyperalgesia;
close to the wound (approximately 10 to 15 cm)
to cover secondary hyperalgesia;
distant from the wound to include generalized
effects such as descending inhibition.

Other sites may be induded to cover areas of referred pain
from internal organs or of convergent innervation.
Measuring muliiple sensory modalities {sensatian, pain
detection, pain tolerance} or using multiple stimulating
modalities {mechanical, electric, thermal, or dermatomal
vs neuronal) provides further comprehension of the alter-
ations in sensory processing resulting from nociception.

Defining the Changes in Sensory

Processing Due to Nociception in Humans
Since the early 1990s, a number of clinical human studies
have been performed to identify the changes in central
sensory processing due to surgical nociception. Most of
these studies have involved psychophysical measures,
mostly using either electrical or mechanical stimulation. A
few studies involved electrophysiclogic tests, either soma-
tosensory-evoked potentials or the nociceptive flexion
reflex (R-TH reflex) [41,42]. Due to the onerous nature of
such investigations, these studies involved single postoper-
ative measures in small patient collectives.

Electrical threshoids

We have found five studies in the literature to date investi-
gating changes in electrical cutaneous thresholds after
surgery [40-42,43=44¢]. The results of these studies are
summarized in Table 1. In the first study of its kind, Lund
et al. [41] found electrical sensation thresholds distant to
infraumbilical hysterectemy incision to be increased 48
hours postoperatively, with accompanying reductions in
the P1, N1, and P2 somatosensory-evoked potential peak
amplitudes. In a second study from this institution [42],
pain tolerance thresholds to direct sural nerve stimulation
{convergent innervation with the gynecologic lapar-
otomies performed) were decreased 48 to 96 hours post
surgery, whereas the nociceptive flexion reflex responses
showed trends toward increased amplitude and decreased
threshold. Taken together, these results point toward gener-
alized central sensory inhibition distant to surgery and
central (spinal) sensory excitation in the innervation areas
involved by surgical intervention.

These first conclusions were strengthened and expanded
in a study of patients undergoing surgery for hemiated inter-
vertebral discs, of which half had nonanalgesic general anes-
thesia (isoflurane and placebo) and half had the same
general anesthesia supplemented by fentanyl [40]. All
patients received patient-controlled morphine analgesia for
the first 24 postoperative hours The authors found that
sensory (ie, nonnociceptive) as well as pain detection and
tolerance (ie, nociceptive) electrical thresholds near to and
distant from the wound were increased during the first 4 10 6
hours postoperatively, returning to precperative baseline
values by 24 hours after surgery (Fig. 1). The fact that nonno-
ciceptive thresholds (not affected by opioids [45]) were also
invalved suggests that these changes were not due to the
morphine analgesia. The hyposensitivity and hypoalgesia
were more pronounced nearer to the wound and in those
patients with analgesic anesthesia. At 5 days postoperatively,
pain thresholds in patients with nonanalgesic anesthesia
were teduced compared to preaperatively. Such hyperalgesia
suggests the presence of central sensitizatien. This sensitiza-
tion was probably suppressed by the morphine analgesia
during the first 24 hours, peinting to the much greater
impact of intraoperative analgesia (ie, preemptive analgesia)
as compared with postoperative analgesia.
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Table I, Summary of Changes in Sensory Processing After Surgery in Humans

Thresholds to tutanecus dermatomal electrical stimulation
On wound (primary hyperalgesia)
Not studied
Near wound (secondary hyperalgesia}
Hyposensitivity and hypoalgesia; present for first 24 hours postoperatively
Inhibition increased by preemptive analgesia {opioids, ketamine, magnesium)
Hypersensitivity and hyperalgesiz masked but demonstrable (relative thresholds)
Excitation depressed or prevented by preemptive analgesia
Without preemptive analgesia, hyperalgesia may become visible after stopping opioid analgesia up to 5 days postoperatively
Distant to wound {generalized effects)
Hyposensitivity and hypoalgesia; present far first 24 hours postoperatively, less than near wound
Increased by preemptive amalgesia {opioids, ketamine, magnesium)
Decreased cortical somatosensory-evoked potential amplitudes
Conclusions
Central descending inhibition s dominant for first 24 to 48 hours
Central (spinal) excitation is initially masked, but demonstrable

Central sensitization is suppressed by preempiive analgesia

In absence of preemptive analgesia, central sensitization may become overt up to 5 days postoperacively

Thresholds to direct transcutaneous electrical nerve stimulation

In convergent innervation area
Hyperalgesia 48 to 6 hours postoperatively
Increased R-IH reflex, decreased R-Jil threshold
Conclusions

Spinal excitation or sensitization present at 48 ta 96 hours postoperatively

Thresholds o cutaneous mechanical stimufation
On wound {primary hyperalgesia}

Intense hyperalgesia for 4 ¢o 5 days, generally gone by 8 days postoperatively

Decreased by preemptive anaigesia (fentanyl, ketamine)
Near wound {secondary hyperalgesia}

Less intense hyperalgesia than on wound for 4 to § days. generally gone by B days postoperatively
Area of hyperalgesia reduced by preemptive anaigesia (ketamine) for up to | week postaperatively

Distant to wound (generalized effects)

Thresholds generally unchanged during first postoperative week

Caonclusions

Mechanical thresholds less sensitive to descending inhibition

Wound (primary) hyperalgesia partially sensitive to preemptive analgesia
Clear signs of central sensitization for 4 to 5 days postoperatively

Central sensitization depressed by preemptive anafgesia

R-lll—nociceptive flexion reflex.

The presence ol sensitization in the group with nonanal
gesic anesthesia is supported by the fact that the reiative
nonnociceptive (sensation) thresholds {ie. normalized by
mieans of division by the threshold at the site distant 1o
sirgeny i onder to eliminate generalized inhibitory effects)
were decreased up 1o 5 davs postoperatively (Fig. 2). These
results conlivm the presence ol central sensitization as 4 result

of sucgical nociception, butwhich can be prevented by anal-

goste anesthesia forup o5 days postoperatively. 1Cshould be
noted at the body's daminant response o surgical nocicep-
tion i the carly postoperative period is generalized KETISOY
inhibition, enhanced by intraoperative analgesic anesthesia
and at Teast partially independent of postoperative morphine
analgesia e the presence ol adeguate analgesic mandagenient
(1o analgesic supplementation of anesthesia postoperative
analgesio Dy padien conrolled analgesia)., changes in sensory
provessing due w sirgical nociception seem to be relatively
short bved returning to mormal by 5 davs postoperatively,

Further studies of electrical cutaneous thresholds in
patients who have had a hvsterectomy confirm and elabo-
rate these results. One such study |43 compared analgesic
sepplementation throughout general anesthesia by opioid
receptor agonists (fentanyl) and NMDA-teceplor antago-
nists (ketamine and magnesium), confirming that thresh-
alds near 1o and distant from the site of surgery are
increased during the first 24 hours after surgery, retuming to
haseline values at 5 days (g, 31 There was no sign of sensi.
tization inanv of these patients, either in abselute or relative
thresholds, suggesting that the three substances provided
equally effective inraoperative antinaciceptive prophylaxis,
Another study providing Tess analgesic supplementation
during abdominal hysterectomy also contirmed increases in
postoperative abselute pain lerance threstiolds distant 1o
the surgery |44 ] However, pain thresholds did not increase
signiticandy near 1o the inciston, suggesting more central
sensitization than i the previous study due 1o less analgesic
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Figure 1. Absolute clectric skin thresholds (mA, means, S0 at preoperative baseline (BL) and 1, 2, 4, 6, 24 hours and 5 days after herniated

intervertebrai disc surgery {after [40]). Stalistics—significant [P < 0.05) overall differences trepe
threshold type, and timel: fentanyl greater than placebn; PTT = PDT = ST; arm < contralateral

d measures ANCVA for drug, threshold site,
silateral = affected dermatome:

4 hours = BL, * = significant versus BL for placebo group; x = significant versus BL for fentanyl group; + = significant versus BL for both groups.
ANOVA—analysis of variance; PDT  pain detection; PTT—pain welerance; ST—sensation

supplementation. This interpretation is supported by the
ohservation that pain thresholds distant to surgery were
decreased compared with the preoperarive baseline at 4 days
after surgery. Again, this would suggest the reappearance of
sensitization after the cessation of postoperative opioid
analgesia. Interestingly, pain thresholds increased more
during morphine infusion than tramadol infusion for
postopetative analgesia. This study also studied rectal
distension thresholds, which increased in the immediate
pastoperative period and then returned to baseline. These
results would suggest moderate somatic but no visceral
sensitization with lower intraoperative analgesic supple-
mentation than in the study comparing fentanyl, ketamine,
and magnesium supplementation [43s].

Mechanical thresholds

To date, four studies have formally investigated changes in
mechanical sensory processing after surgery [46-48,49¢],
The resuits are also summarized in Table 1. Richmond er al.
|46] provided only postoperative relative sensation and
pain detection thresholds close to the incision for abdomi-
nal hysterectomny, calculated refative 1o the lorearm. AL 24
and 48 hours postoperatively, these values were negative in
patients receiving nonanalgesic general anesthesia and

positive in those with analgesic supplementation
{morphine), suggesting the presence of central sensitiza-
tion inhibited by analgesic supplementation of anesrhesia.
A study of pain detection thresholds immediately on the
hysterectomy wound provided only postoperative values,
with wound hyperalgesia being less with analgesic supple-
mentation of anesthesia by fentanyl or ketamine than
without [47]. [n another study of hysterectomies, Moiniche
et al. (48] demanstrated the presence of intense hyper-
algesia directly on the wound compared with preoperative
values for up 1o 4 days post surgery, with a return to
baseline values only at 8 days. Close 1o the wound, less
intense mechanical hyperalgesia was found with a similar
time coutse as for primary hyperalgesia, whereas distant 1o
the wound, mechanical pain detection thresholds were
unchanged throughout the 8-day observation period of the
study. Stubhaug [49¢], investigating patients after open
renal surgery, showed that the area of hyperalgesia
surrounding the wound was decreased by ketamine
supplementation of general anesthesia for up to a week
after surgery. These studies confirm the presence of cemral
sensitization after surgical nociception, though suggesting
that mechanical threshold measurement is less sensitive to
central inhibition.
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Figure 2. Relative clectric skin thresholds {ratio = current threshold divided by arm threshold, means, SD} at preaperative baseline (BL)

and 1, 2, 4, 6, 24 hours and 5 days after herniated intervertebral disc surgery tafter [40]). Statistics—significant {# < 0.03} averall differences
{repeated measures ANOVA for drug, threshold site, threshald type, and timel: PTT > PDT = 5T. For ST: placebo « fentanyl.

* = significant versus BL for placebo group. ANOVA -analysis of variance; PDT—pain detection; PTT—pain tolerance; ST—sensation.

Relationships Between Objective

and Subjective Pain Measures

To complete this discussion, we briefly address the question
of the relationship between the sensory changes after
nociception described previously and subjective dlinical pain
measures. Only one of the studies menticned earlier has
provided an explicit correlation between changes in sensory
processing and clinical pain measures [48}. Moiniche et al.
[48} calculated a modest carrelation (r = —0.4) between pain
visual analogue scale (VAS) a1 rest or on coughing and
secondary hyperalgesia (close to the wound). Other studies
have found clear differences in objective measures of sensory
processing due to preemptive analgesia without finding any
differences in subjective clinical pain measures such as pain
intensity VAS or morphine consumption |40,43s]. A third
category of studies has found significant differences in
primary or secondary wound hyperalgesia to be reflected by
minor differences in pain VAS or analgesic consumption,
mainly evident early and of relatively short duration
|46,47.49¢|. These findings are compatible with the presence
of a weak link between changes in sensory processing after
nociception and clinical pain measures. Such a weak
relationship fits well with the muhiple origins of and factors
involved in the clinical pain experience, as discussed

previcusly. Further research is obviously needed to better
elucidate the relationships between objective and subjective
pain measures, as well as the relationship of both these
classes of measures to long-term pain and clinical outcomes,

Conclusions

At present we only have acute data (ie, tor about 1 week) on
changes in central sensory processing due to surgical nocicep-
tion in humans. There is convincing evidence of central
neuroplasticity after surgery, both inhibitory {eg, descending
inthibition} and excitatory (eg, spinal sensitization}. Under
normal circumstances, these changes appear to retum to base-
line within about a week. Central neuroplasticity is positively
influenced by preemptive analgesia, with depression of excita-
tion and enhancement of inhibition by both opioid agenists
and NMDA-teceptor antagonists. At best, there is a weak rela-
tionship between central changes in sensory processing and
the subjective, dlinical manifestations of nociception, such as
pain intensity VAS or postaperative analgesia consumption.
We therefore suggest that future studies of surgical nocicep-
tion and its modulation should include objective measures of
changes in central processing in order 10 achieve better under-
standing of etiologic and therapeutic mechanisms.
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Figure 3. Absolute electric skin threshalds (mA, means, SD} at preoperative basefine (BLI and 1, 4, 24 hours and § days after abdominal
hysterectomy (afier 140]1. Statistics—significant {7 < 0.03) overall differences {repeated measures ANOVA for drug, threshold site, threshald type,
and tima): PTT > POT > 8T 1 to 24 hours > BL. * = significant versus BL for fentanyl group; x = significant versus BL for ketamine group;

+ = significant versus BL for both groups. ANOVA—analysis of variance; PDT—pain detection; PTT—pain tolerance; ST—sensation.
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19. QUANTITATIVE SENSORY TESTING AND NEUROPLASTICITY:
IMPLICATIONS FOR SURGICAL PAIN MANAGEMENT

The research presented here permits, we would suggest, the drawing of a number of con-
clusions relevant to surgical pain and nociception and its medical management. The first
set of conclusions pertains to things which can now be considered reasonably well-
proven and which could thus be applied to medical practice now, while the second set
concerns future development and research in this area. It must be emphasised in this con-
text that quantitative sensory testing (QST) monitoring of surgical nociceptive neuro-
plasticity for nociception management is at an early stage. Considerable development and
research are necessary to fully understand and validate this area and it practical implica-
tions, but it would appear that its application carries the promise of introducing a new
level of understanding to the management of surgical nociception. In this final chapter
we will attempt to provide a brief overview of the implications of our investigations, both
present and future.

19.1. Immediate Implications for Clinical Practice

19.1.1. Feasibility of QST Use in the Clinical Context
The body of research introduced here reports a large number of QST measures in routine
patients in the clinical setting. Electrical threshold determinations in this context were
well-accepted, and proved relatively simple and rapid regarding both instruction and
actual measures. The equipment (nerve stimulator, self-adhesive ECG electrodes) is sim-
ple and affordable. At present, thermal (Peltier thermode) thresholds are less practicable,
being more onerous to obtain. Although the widespread introduction of routine clinical
QST awaits development of the equipment used, we would consider that, with appropri-
ate training and organisation, electrical stimulation techniques can be directly introduced
into clinical practice now for selected patients.

19.1.2. Effectiveness of QST for Demonstrating Analgesia and Surgical
Neuroplasticity

In all of the investigations presented here, it proved possible to show, follow and differ-
entiate the changes in sensory processing (i.e. neuroplasticity) accompanying analgesia
and surgical nociception. Thus the QST methods presented are an effective means of mak-
ing surgical neuroplasticity visible in the clinical context. QST offers the prospect of a
useful new endpoint for the management of surgical pain and nociception, with a real
potential for providing novel, objective information. Such knowledge about surgical neu-
roplastic change - and thereby about underlying mechanisms of nociception -is both rel-
evant to clinical management and not obtainable by established clinical methods.
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19.1.3. QST vs. Clinical Pain Measures in Surgical Pain and Nociception
Management

The neuroplasticity demonstrated to accompany surgery in our studies is generally only
weakly and indirectly reflected in clinical pain measures such as pain scores or analgesia
use. This is not surprising in view of the of the complexity of subjective pain experience,
with its multifactorial nature, mechanisms and aetiologies (1,2) and involving many fac-
tors quite unrelated to the original nociceptive stimulus. The investigations under dis-
cussion here clearly show that clinical pain measures are not a reliable or complete indi-
cator of underlying changes in central nervous system sensory processing, and thus of
the mechanisms involved in the production of surgical pain. Clinical pain measures and
QST results must therefore be regarded as providing different but complementary kinds
of information useful in the management of surgical pain and nociception.

19.1.4. Nature of the Surgical Neuroplasticity Demonstrated by QST

Our results illustrate the complexity of the neuroplastic response to surgical nociception.
We have shown and detailed the complexity to comprise a number of aspects, including
mechanisms (e.g. excitatory vs. inhibitory), structures involved (e.g. spinal vs.
supraspinal) and time course (e.g. acute vs. subacute). If we are to properly understand
surgical neuroplasticity in a specific patient or situation, it is clearly important for all
these aspects to be taken into account and made visible by the QST methods employed.
We would suggest that the QST design features presented in our studies, particularly
regarding stimulus characteristics, topographical and temporal aspects, represent the
minimum necessary to achieve an acceptable understanding of the complex neuroplastic
response to surgical nociception. The question of the desirability and practicability of
including multiple stimulus modalities (e.g. thermal, mechanical, electrical) awaits future
studies.

19.1.5. Towards more Effective Surgical Pain Management
QST is the basis for the necessary shift to mechanism-based surgical pain management by
providing useful insight into the mechanisms associated with surgical nociception and its
management in a number of ways. Firstly, it provides a way of differentiating nociceptive
alterations in the function of - and the balance between - different parts of the central
nervous system (e.g. spinal vs. supraspinal, excitation vs. inhibition) in a way which
global clinical pain measures never can. Secondly, by allowing quantification of changes
in lower-order (i.e. more caudal) sensory processing, it takes us much closer to the noci-
ceptive load the body experiences, and thus potentially to metabolic, immunological or
trophic consequences for the body as a whole. Finally, QST in our studies is sensitive to
modulation of the neuroplastic response to nociception by both intrinsic and extrinsic
factors. Thus it is possible to make visible the mechanisms by which such factors (e.g.
various analgesic drugs) affect surgical pain and nociception. Attention must be called
here to the hitherto largely neglected but important role which intrinsic inhibitory
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mechanisms play in the neuroplastic response to surgical nociception, pointing to the
need to include management of intrinsic inhibitory responses in future therapeutic anal-
gesic strategies. Thus, use of QST-demonstrated nociceptive neuroplasticity brings with
it not only the potential for understanding the mechanisms underlying the pain of sur-
gery, but also of providing a defined, more objective, mechanism-based endpoint for the
rational choice and control of existing - and new - drug or other measures in surgical
nociception management. Immediate practical consequences for such management would
include starting effective (e.g. opioid or NMDA-receptor-based) analgesia before surgery
and to continue with it into the postoperative period, as well as the need to take into
account endogenous antinociceptive inhibitory responses in the planning of periopera-
tive analgesia (e.g. the effects of preoperative pain or ketorolac therapy).

19.2. Future Implications for Development and Research
19.2.1. Development: Integrating QST into Routine Clinical Management of
Surgical Nociception

In order to maximise benefit from the advantages of mechanism-based as opposed to
symptom-based management of surgical nociception, an effort will be needed to ensure
its broader introduction into routine clinical practice. In this context, two measure will
be of importance: Firstly, the practicability of using QST in the clinical context will have
to be increased via further development and validation of testing paradigms and the
equipment used. In this context automation of both testing and data collection via appro-
priate application of computer technology will play an important role. Secondly, system-
atic research will have to be undertaken to identify the patient subgroups most likely to
benefit from QST/mechanism-based management of surgical nociception, both as a group
and as individual patients. This would involve identification of patients/groups especial-
ly vulnerable to undesirable surgical neuroplasticity and pain outcomes, and those par-
ticularly likely to benefit from targeted, mechanism- and QST-based nociception manage-
ment strategies.

19.2.2. Research: QST, Mechanism-based Nociception Management and
Disease Outcomes Modification
Nociceptive neuroplasticity is also considered to be the basis for - and an integral part
of - the chronification process leading to the progression of acute pain to various chron-
ic pain syndromes (3-5). In this context, the application of QST and mechanism-based
pain management may prove useful both in identifying the mechanisms involved in
chronification, and in conceiving strategies for preventing or modulating the chronifi-
cation process. The neuroplastic changes having been shown to take place after surgery
are of the type considered to be involved in pain chronification mechanisms (3,4,6,7).
Therefore the demonstration that certain types of pre-emptive analgesia can inhibit such
changes in sensory processing represents a first step in the elucidation of promising
strategies for preventing pain chronification. There is clearly a need for studies investi-
gating the course of neuroplastic changes after surgical (or other) nociception, as well as
the effect of putative mechanism-based preventive management strategies, over a much
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longer time-frame than at present available. Furthermore, as discussed above, nocicep-
tive neuroplasticity is likely to be much closer to original nociceptive load and hence
outcome-relevant metabolic, immunological and trophic effects. Thus future studies in
this field will also have to investigate the relevance of QST-derived neuroplasticity to
long-term outcomes of surgery, and the possibilities of modulating these via appropriate
nociceptive management.
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SHORT ENGLISH SUMMARY

Nociception, including that caused by surgery, is associated with changes in peripheral
and central nervous system processing. This neuroplasticity is considered an important
mechanism for pain after surgery, both acute and chronic. However, despite greatly
increased theoretical understanding from animal work linking nociceptive biomolecular
mechanisms and neuroplasticity, the clinical management of surgical pain continues to
represent a major practical challenge. Because adequate pain management has the poten-
tial to reduce postoperative morbidity and improve surgical outcomes, this challenge
clearly warrants action.

It would appear logical that therapeutic management of surgical pain is most successful
if based on an understanding and knowledge of the mechanisms acting during surgical
nociception. However, at present virtually all therapeutic management of surgical pain
and nociception is based upon subjective clinical pain symptomatology and measures.
There is thus a clear need for the development of defined, more objective, clinically use-
ful measures upon which to base the shift from symptom-orientated to mechanism-based
pain management. The aim of this work is to provide the basis for such a shift by vali-
dating nociceptive neuroplasticity as an objective and feasible endpoint for surgical noci-
ception and its therapy.

We have addressed this aim in a number of ways. After the introductory user’s guide in
Section |, Section Il provides a theoretical background to our subsequent research. We
provide animal data linking nociception, biomolecular mechanisms and neuroplasticity
(chapter 2), discuss the practical aspect of the measure of nociceptive neuroplasticity by
quantitative sensory testing (QST) as well as its relationship to pain (chapter 3), and intro-
duce a detailed plan and rationale for the research to be presented (chapter 4).

In the subsequent two sections (Sections I11-1V), we portray the results and application
of our research using QST for quantifying analgesia and surgical neuroplasticity. First,
in Section 111, we validate QST for monitoring altered sensory processing in the simpler
context of investigating analgesia. Here we present studies demonstrating the antinoci-
ceptive properties of both intravenous anaesthetics (chapter 6) and opioid analgesics
(chapter 7) by QST using thermal or electrical stimulation. Subsequently, in Section IV,
we report the results of our systematic investigation of surgical nociceptive neuroplas-
ticity using QST (chapters 10-15). On the basis of these studies involving over 200
patients we demonstrate the feasibility of using QST in the clinical context.
Furthermore, we show that the use of the objective endpoints of nociceptive neuroplas-
ticity provides novel information which is clinically useful and not obtainable by other
means such as subjective pain measures (summary in chapter 16). In particular we show
that surgical nociception is followed by a complex neuroplastic response which varies
over time, and which involves both excitation and inhibition of spinal and supraspinal
origin. Interestingly, preoperative pain is also associated with neuroplasticity, and the
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inhibitory neuroplasticity accompanying acute preoperative sciatica is seen to reduce
postoperative excitatory neuroplasticity for up to 5 days. Perioperative analgesia gener-
ally exerts a positive effect in reducing excitatory postoperative neuroplasticity,
although the details of these effects vary according to drug, mode of application and
time. Postoperative neuroplasticity is only weakly and incompletely reflected by clini-
cal pain measures such as pain scores or analgesia use.

The last two sections (Sections V-VI) discuss practical applications and implications of
QST and nociceptive neuroplasticity for surgical pain and nociception management.
Section V includes two review articles discussing the impact of the concept of nocicep-
tive neuroplasticity on the long-standing pre-emptive analgesia debate (chapter 17) and
practical aspects of QST use in the surgical context (chapter 18). In summing up, chapter
19 addresses the question of the applicability and impact of QST and nociceptive neuro-
plasticity on the present and future practice of perioperative pain management. QST can
feasibly be introduced into clinical practice now as a means of objectively monitoring
nociceptive neuroplasticity, thus commencing the transfer from symptom-orientated to
mechanism-based pain management. In future, much more use will have to be made -
both in research and clinical practice - of its unique potential to provide information not
obtainable by classic measures of the subjective pain experience. Here, a particularly
promising application will be the concept of nociceptive load modulation to alter long-
term pain and medical outcomes after surgery or other painful conditions.
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SHORT DUTCH SUMMARY

Nociceptie, ook ten gevolge van operatief ingrijpen, gaat gepaard met veranderingen in
de werking van het perifere en centrale zenuwstelsel. Deze veranderingen, ook wel
neuroplasticiteit genoemd worden beschouwd als een belangrijk mechanisme bij het ont-
staan van zowel acute als chronische pijn na een operatie. Ofschoon de theoretische ken-
nis gebaseerd op dierexperimenteel onderzoek waaruit blijkt dat biomoleculaire mecha-
nismen en neuroplasticiteit met elkaar in verband staan aanzienlijk is toegenomen, blijft
de Kklinische behandeling van chirurgische pijn een grote uitdaging. Aangezien een ade-
quate behandeling van deze pijn mogelijk postoperatieve morbiditeit kan reduceren en
de chirurgische resultaten kan verbeteren, is het van belang deze uitdaging aan te gaan.

Het lijkt logisch dat de behandeling van chirurgische pijn het meest succesvol zal zijn als
deze gebaseerd is op kennis van de mechanismen betrokken bij de (chirurgische) noci-
ceptie. Echter, op dit moment zijn bijna alle behandelingen van deze pijnklachten geba-
seerd op subjectieve, klinische symptomen en metingen. Er is dus een duidelijke behoef-
te aan de ontwikkeling van objectieve, klinisch bruikbare metingen waarop men de over-
gang van een symptoom georiénteerde naar mechanisme gerichte pijnbehandeling kan
baseren. Het doel van dit onderzoek is daarom de basis te leggen voor deze overgang door
nociceptieve neuroplasticiteit te valideren als een objectief en bruikbaar eindpunt voor
de gevolgen van chirurgische nociceptie en therapie.

Wij hebben deze vraagstelling op een aantal verschillende manieren benaderd. In sectie |1
wordt de theoretische achtergrond voor dit onderzoek weergegeven. Wij presenteren resul-
taten van dierexperimenteel onderzoek welke nociceptie, biomoleculaire mechanismen en
neuroplasticiteit met elkaar in verband brengen (hoofdstuk 2). Verder worden de praktische
aspecten van het meten van nociceptieve neuroplasticiteit door kwantitatieve sensorische
toetsing (QST) en ook de relaties tussen QST en pijn besproken (hoofdstuk 3). Een gede-
tailleerd plan en de redenen voor het onderzoek worden gepresenteerd in hoofdstuk 4.

In de volgende twee secties (secties I11-1V) worden de resultaten en toepassingen gepre-
senteerd van ons onderzoek waarin QST wordt gebruikt voor de kwantificering van
analgesie en chirurgische neuroplasticiteit. Ten eerste (sectie I11) valideren wij QST om
de veranderde sensorische verwerking te meten in relatie tot het effect van analgetica.
Hier worden studies geintroduceerd die de antinociceptieve eigenschappen van zowel
intraveneuze anesthetica (hoofdstuk 6) als ook opioide analgetica (hoofdstuk 7) teweeg-
brengen via QST door thermische of elektrische stimulatie. Vervolgens, in sectie 1V, wor-
den de resultaten van ons systematisch onderzoek over chirurgische nociceptieve neuro-
plasticiteit met QST gerapporteerd (hoofdstukken 10-15). Op basis van deze studies met
meer dan 200 patiénten demonstreren wij de uitvoerbaarheid van QST in de klinische
context. Bovendien wordt aangetoond dat het gebruik van de objectieve eindpunten van
nociceptieve neuroplasticiteit nieuwe informatie geeft welke klinisch bruikbaar is en
niet op andere manieren zoals door subjectieve pijn metingen verkregen kan worden
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(samenvatting in hoofdstuk 16). In het bijzonder wordt aangetoond dat chirurgische
nociceptie gevolgd wordt door een complexe neuroplastische reactie die in de tijd vari-
eert en die zowel excitatie als ook inhibitie van spinale en supraspinale systemen betreft.
Van belang is het feit dat preoperatieve pijn ook geassocieerd is met neuroplasticiteit.
Deze zogenaamde inhiberende neuroplasticiteit welke acute preoperatieve ischialgie
(“sciatica™) begeleidt, kan vervolgens postoperatieve excitatoire neuroplasticiteit over
een periode van 5 dagen reduceren. Perioperatieve analgesie oefent in het algeheel een
positief effect uit op het reduceren van excitatoire postoperatieve neuroplasticiteit.
Echter de exacte effecten hangen af van het toegediende medicament, de wijze van
gebruik en de tijdsduur. Postoperatieve neuroplasticiteit wordt alleen beperkt en incom-
pleet weergegeven door klinische pijn metingen zoals pijn scores of het gebruik van
analgetica.

De laatste twee secties (secties V-VI) behandelen praktische toepassingen en implicaties
van QST en nociceptieve neuroplasticiteit voor de behandeling van chirurgische pijn en
nociceptie. Sectie V omvat twee overzichtsartikelen die de invloed van het concept van
nociceptieve neuroplasticiteit bespreken zowel met betrekking tot de langdurig aanhou-
dende discussie over “pre-emptive analgesia” (hoofdstuk 17) als met betrekking tot prak-
tische aspecten van QST gebruik in de chirurgische context (hoofdstuk 18).
Samenvattend bespreekt hoofdstuk 19 de huidige en toekomstige vragen over de prakti-
sche uitvoerbaarheid en de effecten van QST en nociceptieve neuroplasticiteit op de
praktijk van de perioperatieve behandeling van pijn. QST kan nu haalbaar geintrodu-
ceerd worden in de klinische praktijk als een manier om nociceptieve neuroplasticiteit
objectief te meten om zo een begin te maken van de overgang van een symptoom geori-
énteerde naar een mechanisme gerichte pijn behandeling.

In de toekomst zal meer gebruik gemaakt moeten worden - zowel in onderzoek als klini-
sche praktijk - van deze unieke mogelijkheid om informatie te verkrijgen welke niet door
klassieke subjectieve pijn metingen verschaft kan worden. Wanneer die situatie is bereikt
zal de modulatie van nociceptieve mechanismen, met als doel een verbetering van de chi-
rurgische resultaten en het vermijden van chronische pijnklachten, een veelbelovende
toepassing van deze techniek kunnen zijn.
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