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Preface

As an addition to the European postgraduate training system for young
neurosurgeons, we began to publish in 1974 this series of Advances and
Technical Standards in Neurosurgery which was later sponsored by the
European Association of Neurosurgical Societies.

This series was first discussed in 1972 at a combined meeting of the
Italian and German Neurosurgical Societies in Taormina, the founding
fathers of the series being Jean Brihaye, Bernard Pertuiset, Fritz Loew and
Hugo Krayenbuhl. Thus were established the principles of European co-
operation which have been born from the European spirit, flourished in
the European Association, and have been associated throughout with this
series.

The fact that the English language is now the international medium for
communication at European scientific conferences is a great asset in terms
of mutual understanding. Therefore we have decided to publish all contri-
butions in English, regardless of the native language of the authors.

All contributions are submitted to the entire editorial board before
publication of any volume for scrutiny and suggestions for revision.

Our series is not intended to compete with the publications of original
scientific papers in other neurosurgical journals. Our intention is, rather, to
present fields of neurosurgery and related areas in which important recent
advances have been made. The contributions are written by specialists in
the given fields and constitute the first part of each volume.

In the second part of each volume, we publish detailed descriptions of
standard operative procedures and in depth reviews of established knowl-
edge in all aspects of neurosurgery, furnished by experienced clinicians.
This part is intended primarily to assist young neurosurgeons in their
postgraduate training. However, we are convinced that it will also be use-
ful to experienced, fully trained neurosurgeons.

We hope therefore that surgeons not only in Europe, but also
throughout the world, will profit by this series of Advances and Technical
Standards in Neurosurgery.

The Editors
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CBF
DC
ECoG
ECS
Hb(O)
HSP
HSD
IEG

IL

1P3

K+

K.
MCAO
mM
mRNA
mV
Na*
PID
pO>
NO
Na-K ATPase
NIRS
nm
NAD(H)

Vm
BDNF
NF-xkB
NMDA
TPA
TBI

Cerebral blood flow

Direct current
Electrocorticography
Extracellular space
Haemoglobin (oxidised form)
Heat shock protein

Hypoxic spreading depression — like depolarisation
Immediate early gene
Interleukin

Inositol trisphosphate
Potassium ion

Extracellular potassium ion
Middle cerebral artery occlusion
Millimoles per litre

Messenger ribonucleic acid
Millivolts

Sodium ion

Peri-infarct depolarisation

The partial pressure of oxygen
Nitric oxide

Sodium-potassium ATPase
Near infrared spectroscopy
Nanometres

Nicotinamide adenine dinucleotide (reduced form
=NADH)

Neuronal membrane potential
Brain derived neurotrophic factor
Nuclear factor kappa-B
N-methyl-D-aspartate

Tissue plasminogen activator
Traumatic brain injury

History, Definitions and Introduction

In 1944 a young Brazilian physiologist, Aristides Ledo, was studying for
his doctorate in Harvard University. According to Somjen [l], he was
attempting to study propagation of epileptic activity in the cerebral cortex,
and he approached the problem by applying electrical stimulation to the
frontal convexity cortex of anaesthetised rabbits, and recording from an
array of corticography electrodes posterior to this (Fig. 1). Instead of
seeing propagating epileptic activity, he observed a period of electrical si-
lence, which was first seen adjacent to the stimulating electrodes, and did
indeed propagate from the site of stimulation backwards along the cere-
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Fig. 1. Leao’s original demonstration of cortical spreading depression, demonstrating
a time sequence of twelve separate recordings spanning some 10—11 minutes, from
a linear array of seven electro-corticographic (ECoG) electrodes extending antero-
posteriorly over the right hemisphere of a rabbit anaesthetised with barbiturate. A pair
of bipolar electrical stimulating electrodes are placed at the front of the hemisphere,
and following stimulation, a wave of electrical silence is seen to propagate backwards
from the site of stimulation, followed after approximately 7-9 minutes by spontaneous
recovery at each site. (Reproduced with permission from Ledo [2])

bral hemisphere — at a rate of some 3 millimetres per minute. The phe-
nomenon resolved after 5—-15 minutes, with — apparently — full resumption
of cortical electrical activity. He reported his findings in a landmark paper
entitled “Spreading depression of activity in the cerebral cortex” [2]. The
event which he described became known as “spreading depression” or
“cortical spreading depression” [of Ledo] (CSD), and has remained a
subject of intense interest to neurophysiologists. Although the electro-
physiological and haemodynamic features have become very well charac-
terised, with mass focal depolarisation of neurones and glia as the defining
event, its most enigmatic challenges have remained its uncertain physio-
logical role in grey matter, and its relevance — if any — to human disease
states.

Since 1977-1978, stroke research laboratories have become aware of a
feature of cerebral cortex in the ischaemic penumbra which shares certain
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characteristics with CSD, but also differs from it in critical aspects. ““Peri-
infarct depolarisations” (PIDs) arise spontaneously in cortex at the edge
of the core ischaemic territory and propagate in the penumbra, but unlike
CSD, they are harmful in that they cause progressive recruitment of the
penumbra into the core territory, thus enlarging the infarct [3]. Somjen
refers to such events as hypoxic spreading depression-like depolarisations
(HSD) [1]. The evolution of this concept, and increasing awareness
among some clinicians of its existence, has prompted increasing specula-
tion as to whether CSD or PIDs occur in the injured human brain. Dem-
onstrations of CSD-like events in models of traumatic brain injury, the
imaging in the laboratory of propagation of PIDs across the cerebral
cortex in models of focal cerebral ischaemia, the knowledge that not only
cerebral cortex but also deep nuclei and the hippocampus may be subject
to CSD, and particularly the recent confirmation that such events do in-
deed occur in patients with serious head injury [4], seem likely to open a
fresh chapter in clinical brain injury research. This is an area of research to
which neurosurgeons are uniquely placed to contribute.

The features of cortical spreading depression as it is observed in the
experimental laboratory have been the subject of a number of authorita-
tive reviews extending over many years, and the reader seeking the most
detailed information is directed to them [1, 5-7]. We have relied exten-
sively on these reviews as well as on the original sources. In this review,
we shall draw together the principal physiological, chemical and haemo-
dynamic features of CSD and PIDs, and consider their possible functions
and effects in the context of acute ischaemic and traumatic injuries to the
human brain. We shall also explore methods for detection of depolarisa-
tions in the injured human brain, and the actual and potential impact
of this information on our understanding of the pathophysiology of the
injured human brain and on our clinical management of traumatic and
ischaemic brain injury. The broader term “‘depolarisation” will be used
where neither CSD nor PID is specifically under discussion.

Cortical Spreading Depression
The “Onset” Phase of CSD
Initiation of CSD

Ledo’s observations were made in rabbits under barbiturate anaesthesia,
and the stimulus to the cortex was bipolar electrical current delivered from
an induction coil, but several other stimuli are also effective. Dialysis
through an implanted microcatheter or superfusion of the exposed cortex
with potassium chloride (KCI) at 130 mM or more is effective in the rat
brain [8], as is local application of KCI with a wick. Neurosurgeons should
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also be aware that needling of the cortex is effective, and it seems ines-
capable that more complex surgical manipulations of similar, susceptible
tissue are likely to be effective if, as seems clear from the recent findings
in patients [4], CSD does indeed occur in the human brain. There is also
experimental evidence that spreading depression occurs in the spinal cord
[9]. What determines susceptibility, by which is meant the frequency of
occurrence of CSD (rather than vulnerability to damage from depolarisa-
tions), is an important theme of this review. The factors which are cur-
rently believed to affect this are species differences, location in the brain,
haemodynamic and metabolic conditions in the cortex, anaesthesia, and
systemic metabolic variables (essentially — in the present state of knowledge
— plasma glucose). All of these factors are best considered after we have
first reviewed the basic electrophysiological, haemodynamic and metabolic
properties of CSD.

The DC Potential Transient

For the purposes of a discussion focussed on brain injury, the CSD com-
plex is best considered in its two phases, onset and recovery, since, as we
shall see, it is probably deficiencies in the recovery process that underlie
the differences between CSD and PIDs. When Ledo measured the DC po-
tential difference between a point on the cortex in the path of the propagat-
ing wave of depression and a remote reference point, he noted a transient
negativity of some 10 to 15 mV. The observation has been repeated many
times, and when sought, the DC potential transient is an invariable feature
of both the CSD and PID patterns of depolarisation. The nature of the
DC potential transient — presumably indicating a brief accumulation of
negative charge in the cortex — is still unknown, although an increase in
one or more anions, — lactate, amino-acids, or bicarbonate — has been
suggested as a cause [10].

Mass Neuronal Activity: Grafstein — 1956

Studying areas of cerebral cortex isolated electrically by subpial transec-
tion but with perfusion intact, Grafstein recorded unit activity with an
extracellular microelectrode, and found a short phase of intense firing at
the onset of the DC potential change, followed by prolonged silence [11]
(Fig. 2). There is no suggestion that this transient neuronal activity con-
veys any physiological information, and as we shall see it is initiated by
local changes in the extracellular environment. The observation suggests
that excitatory or depolarising influences on neurones — not necessarily
synaptic — contribute to the initiation of the CSD event as it reaches a new
locus. It is of interest for current researchers studying models of stroke that
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Fig. 2. Comparison of extracellular microelectrode recording (Panel 1, a,b,c) and si-
multaneous recording of DC potential (Panel 2) in a slab of cerebral cortex isolated
electrically by subpial transections (Grafstein, 1956). The cortex was stimulated re-
mote from the recording electrodes, initiating a wave of spreading depression. In 1la,
no spontaneous neuronal firing is present prior to arrival of the wave, but as depolar-
isation commences there is a brief phase of intense neuronal firing () followed by si-
lence (¢) when depolarisation has begun to recover. (Reproduced with permission
from Grafstein [11])

Grafstein was able to suspend and then restore resolution of the DC po-
tential transient by first occluding and then releasing the middle cerebral
artery (MCAO) in rabbits, showing that resolution of the DC potential is
energy-dependent. Her proposal that potassium ion liberated by neuronal
depolarisation caused subsequent depolarisation of adjacent neurons still
forms the basis of current thinking on mechanisms of CSD propagation
(see below).

Thus Grafstein’s 1956 paper demonstrated or inferred three of the key
features of CSD — mass neuronal depolarisation, mediation by potassium
ion, at least in part, and the dependence of recovery on availability of
perfusion and energy. The findings and inferences have remained sub-
stantially unchallenged, and form the foundation of our understanding of
depolarisation events in the cerebral cortex; the paper is perhaps one of the
key contributions to neuroscience in the past 50 years.

Changes in Extracellular Ion Concentrations
[K*]e, [Na*]e, [CI7 e, [Ca*"]

A transient, marked increase in K. from the normal 3 mM to 60 mM or
more is a striking and regular feature of CSD, and lasts for approxi-
mately 30-40 seconds in total, often resolving with an undershoot below
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the baseline [12]. There are accompanying decreases in [Nag] [13], in [C]7].
and in [Ca®*], [14].

Changes in Membrane Potential and Conductance During CSD

The first intracellular recordings from a neuron during passage of a wave
of CSD were made by Collewijn and Van Harreveld, who concluded, after
allowing for the simultaneous change in extracellular potential, that neu-
ronal membrane potential (V) reached zero briefly [15]. This pattern of
depolarisation to zero volts is different from that of the action potential,
where V,, may reach +20 mV, and could imply simultaneous opening of
several or all membrane conductances in CSD; this might represent me-
chanical opening of membrane pores with no ion-specific conductance
properties, but according to Somjen it is not necessary to postulate such
special channels in order to explain the membrane potential changes in
CSD [1].

Redistribution of Water: Tissue Impedance

An increase in electrical impedance of tissue is largely a measure of cell
swelling, and Ledo and Martins-Ferreira demonstrated an increase in im-
pedance during CSD in 1953 [16]. Measurements of extracellular space vol-
ume using indicators such as tetramethylammonium, together with mor-
phological evidence, support this, and the basis most probably lies in the
excess of the decrease in [Na™]. over the increase in [K™] [13]. This would
imply a net movement of ions into cells, accompanied by osmotically
obliged water, in turn raising impedance to current flow in the ECS. How-
ever, Somjen points out [1] that there is evidence that when impedance
is measured some current flow is through rather than around cell mem-
branes, perhaps more especially glia, and that there is also evidence of a
marked drop in neuronal membrane resistance during SD [17, 18]. What-
ever their precise nature, these changes in CSD appear closely related to
the transient reduction in apparent diffusion coefficient (ADC) that can be
detected in the rat [19] and cat [20] brains during CSD using magnetic
resonance diffusion-weighted imaging (see also page 33: Section on Oc-
clusive Stroke).

Mode of Propagation of CSD

Early experimental studies of propagation of spreading depression were
aided by the use, principally by Martins-Ferreira and Oliveira Castro
[21], of the isolated chick retina, in which the presence and propagation of
spreading depression is evident to the naked eye from a transient change in
optical properties. They were able to establish a “ring” of retina in which
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the phenomenon could be constrained to propagate in circular fashion,
at a rate measured at 3.7 mm/minute — similar to that originally described
by Ledo, and they found that alkaline conditions, or increased K. or Cl,,
all accelerated propagation, whereas acidification or an increase in Mg,
slowed it.

In one of her 1956 papers [11], and noting the likelihood of neuronal
depolarisation (as the basis for the brief phase of spontaneous spike dis-
charges), Grafstein suggested that the resulting liberation of potassium
ion into the ECS could occur in sufficient concentration to cause adja-
cent neurones to depolarise, thus causing — or at least supporting —
propagation. The simultancous reduction in ECS volume (see above)
would increase the effective [K]., thus facilitating depolarisation of neuro-
nes in the path of the wave.

The separate idea that potassium ion might diffuse slightly further in
the ECS and cause depolarisation in non-contiguous neurones was explored
in detail by Gardner-Medwin, who determined a rate for cortical extra-
cellular diffusion of K™, and showed that this was slower than that of CSD
propagation [22]. A further argument against extracellular diffusion of
K. as the basis of propagation is that in CSD, no increase in K. can be
recorded in the cortex prior to the DC depolarisation (unlike PIDs, where
a gradual, prior increase in K. does occur [23, 24].

A second candidate agent explaining propagation is glutamate released
into the extracellular space (ECS) by mass neuronal depolarisation, and in
turn depolarising adjacent neurons. Van Harreveld induced CSD by ap-
plication of compounds in brain extracts, one of which was glutamate [25],
and he and Fifkova later demonstrated release of glutamate during CSD
in the retina [26]. However, glutamate dialysed into the cortical ECS does
not elicit CSD, nor does inhibition of glutamate reuptake [8, 27].

Propagation of CSD via Glial and/or Neuronal Gap Junctions

The possible roles of intercellular coupling either of neurones or of astro-
cytes in initiation and propagation of CSD have received much attention
in the last few years. In the case of astrocytes, it is now abundantly clear
that in cultures of astrocytes studied with intracellular calcium-sensitive
dyes, waves of transient increase in intracellular calcium ion (Ca;) can be
initiated — by glutamate [28], nitric oxide (NO) [29] or mechanical stimu-
lation [30] — and will then propagate across the culture at a rate very sim-
ilar to that of CSD in the intact cortex [6]. Nedergaard has shown that
in mixed glia-neuronal cultures, such glial waves are associated with ele-
vations in neuronal calcium concentrations [31]. Transmission of cal-
cium waves through glial cultures is believed to occur through glial gap
junctions — specialised and specific membrane openings whose molecular
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structure is now well-characterised and which are usually readily perme-
able to ions and compounds of smaller molecular weight; examples are
inositol trisphosphate (IP;) and potassium. IP; is thought to mediate prop-
agation of Ca; waves through its role as a ligand for IPs;-receptor-Ca-
conductance complexes on the endoplasmic reticulum, and glial gap junc-
tions are also thus a probable substrate for the mechanism of “spatial
buffering” of increases in K., as envisaged by Somjen [32]. Propagation is
also mediated by an extracellular agent, ATP [33].

At least in the cell culture preparations in which glial communication
has been studied, the capacity to propagate Ca; waves seems exceptionally
well supported, by a range of agents that include ATP [33], nitric oxide
[29], and inositol trisphosphate (IP3), the latter via glial gap junctions [34].
The demonstration that an intracellular calcium wave precedes the ar-
rival of spreading depression [35] also lends support to the idea that CSD
propagation is mediated primarily by glia. A further argument for the con-
cept is based on the fact that halothane, which blocks glial gap junctions
[36], also reduces the frequency of CSD in the gyrencephalic brain [37],
and reduces MCAO infarct volume and PID frequency by an effect either
on perfusion or on intrinsic PID susceptibility [38].

Other findings argue against this hypothesis. First, CSD is more readily
elicited in areas of grey matter with relatively /ower glia:neuron ratio, such
as the CAl layer of the hippocampus (in experimental studies) [39], and
the occipital cortex in humans [40, 41] (if it is accepted that migraine with
visual aura is a manifestation of CSD, as discussed below). Secondly, the
use of specific agents toxic to glia such as fluorocitrate or fluoroacetate
fails to prevent CSD [42, 43]. Third, CSD can occur in the absence of Ca;
waves [44].

The Recovery Phase of CSD, and the Responses of Cerebral Metabolism
and Blood Flow to CSD

Resolution of the cation transients might in theory be due either to resti-
tution of normal, resting distributions by active transport, or in the case
of the increased [K], to diffusion through the extracellular space (which
would necessarily be slower than the observed resolution rate [22]), to
spatial buffering by the astrocytes through gap junctions [32], or to passive
elution through cerebral perfusion (probable only under conditions of en-
ergy failure [45]). Grafstein’s experiment with MCAO described above is
perhaps the earliest evidence for a role for energy-dependent active trans-
port in the recovery phase, and evidence for the concept has steadily accu-
mulated. Demonstration of the cation transients that are an integral fea-
ture of CSD makes it almost inevitable that restoration of resting cation
distributions should necessitate a considerable increase in ATP utilisation.
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Indeed CSD, and epileptic seizures, are perhaps the most extreme forms of
activation challenge to reactivity of cerebral metabolism and blood flow
(CBF).

Detailed studies by Rosenthal & Somjen and their colleagues of CSD
in the normally perfused brain indicated transient oxidation of the mito-
chondrial respiratory chain [46]. In the light of subsequent work dem-
onstrating transient increases in perfusion [47] and in tissue pO, during
CSD [48], one simple interpretation of Rosenthal’s work is that the redox
potentials of the respiratory chain coenzymes are in equilibrium, and are
determined by the balance between the rate of ATP hydrolysis and avail-
ability to mitochondria of molecular oxygen from cerebral perfusion.

Glucose Ultilisation During Recovery from CSD

Studies of normal, functional activation in the human brain using positron
emission transverse tomography [49] indicated for the first time that the
rate of glucose utilisation increased in greater proportion to oxygen uti-
lisation, suggesting upregulation of glycolysis rather than of oxidative
glucose utilisation. The finding of transient increases in brain lactate of
some 30% in experimental studies of somatosensory activation [50] sup-
ported this interpretation, and suggested a degree of dependence on gly-
colytic generation of ATP during activation. The very large cation shifts
that occur in CSD make it highly likely that similar and greater — but still
transient — changes in glycolysis would occur during repolarisation after
CSD. However, an extracellular lactate transient need not necessarily mean
a shift to anaerobic metabolism, and Back and colleagues showed that in
the normally perfused brain CSD is accompanied by an increase in partial
tissue pressure of oxygen [48]; this may be attributed to the hyperaemic
response to CSD which is described below.

The model of the cerebral metabolic response to activation developed
by Magistretti and colleagues [51] envisages that glycolytic activity is pre-
dominantly in the astrocytic compartment (where almost all glycogen in
the brain is held [52, 53]), stimulated by an increase in extracellular gluta-
mate during functional activation. It is further proposed that astrocytes
deliver lactate to neurons, which, relying on lactate dehydrogenase activity
in reverse, convert lactate to pyruvate. This pyruvate is then metabolised
via the tricarboxylic acid cycle. Glucose transport across the blood brain
barrier is highly efficient, to the extent that total unidirectional flux into
the brain under non-activated conditions is approximately twice the rate
of utilisation by glycolysis [54]. This, allied with the hyperaemic response
to CSD discussed below, endows the cortex with its capacity to meet the
challenges of activation. It is not appropriate to pursue further this im-
portant topic in this context, and the reader is referred to work by Magis-
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tretti and colleagues [55], to a review questioning some aspects of this
“compartmented glial glycolysis” model [56], and to the review by Chen
and Swanson of astrocytic function and changes in brain injury [57].
Changes in glucose metabolism in focal ischaemia and during PIDs are
described later in this review.
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Fig. 3. Schematic diagram illustrating current concepts of the role of astrocytes in
cerebral perfusion and metabolism (adapted with permission from Tsacopoulos and
Magistretti [55]: Copyright 1996 by the Society for Neuroscience). Cerebral capillaries
are extensively invested by astrocyte end feet, and extraction of glucose from blood to
brain (probably the astrocyte compartment) is highly efficient (arrow 2). During acti-
vation, and especially in cortical spreading depression, the glycolytic pathway in
astrocytes is upregulated, and the different kinetics of glial and neuronal lactate de-
hydrogenases favour net movement of lactate from astrocytes to neurons; the (limited)
brain glycogen pool is located in astrocytes. Under resting conditions, glycolysis in
neurons may be sufficient to meet energy demands (arrow I). Neurotransmitter gluta-
mate released into the synaptic cleft is re-accumulated into astrocytes by high-affinity
cotransport with Na™ ion, making use of the normal electrochemical gradient gen-
erated by Na™/K* ATPase.

Several mechanisms regulate cerebral perfusion, with a prominent role proposed
for astrocytes (arrow 3) [140]. First, their high membrane conductance for K* allows
astrocytes to buffer the increased extracellular levels resulting from activation, with a
direct vasodilator effect of K* on the microcirculation via the astrocyte cytosol and
end feet. Adenosine- and nitric oxide-based mechanisms also contribute. Recent work
by Zonta et al. now supports an additional mechanism of astrocyte-mediated vaso-

dilation during activation [141]
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Haemodynamic Response

Ledo himself was the first to demonstrate hyperaemia in association with
CSD; he observed a doubling in width of pial surface arterioles during
CSD [58]. If CSD induced in the prefrontal region of the rat is assumed to
propagate anteroposteriorly in the cerebral hemisphere at a constant rate,
serial coronal sectioning of the hemisphere after it has been frozen at a
single time point will provide in the section sequence a time series of the
response of the brain to the propagation wave. Using autoradiography for
CBF, and reasoning in this way, Lauritzen et al showed that CSD is
closely followed by an intense (>200%) but brief (2 minutes) transient
hyperaemia [47]. An extended phase of mild hypoperfusion (80-90% con-
trol) follows, lasting for some 60 minutes. This feature of CSD was later
used by the same group to allow mapping with isotope scanning of a phase
of hypoperfusion associated with migraine with aura that propagated for-
wards in the cerebral hemisphere at a rate in accordance with that of CSD
— a finding that argues quite strongly for CSD as the basis of migraine
with aura [59].

Histology of the Cortex Following CSD

A careful histological study by Nedergaard & Hansen [60] found no evi-
dence of classical ischaemic pathological changes in the cortex following
CSD in the normally perfused cortex of rats. As will be described later, the
situation is very different in focal ischaemia.

Molecular Responses to CSD

Expression after induction of CSD of some of the immediate early genes
(IEG) that respond to stress has been studied extensively, principally in
rats, mice and transgenic mice. The IEG responses to MCAO have also
been studied. In many such MCAO studies, increases in gene expression
extend to the whole hemisphere rather than remaining within the core and
penumbral regions. It is generally believed that such widespread upregu-
lation represents a response to a depolarisation event that started as a PID
in the ischaemic territory but then propagated throughout the rest of the
hemisphere as CSD. According to Sharp et al. [61] this applies to c-fos and
jun-B. Cyclooxygenase-2 is also induced by CSD [62]. In some cases, the
association is relatively specific: for example, the degree of induction of
the mRNAs encoding brain-derived neurotrophic factor and heat-shock
protein-72 in response to CSD induced in the rat is dependent on the
number of CSDs [63]. It needs to be stated that in MCAQO other gene
expression patterns may relate more to cell damage than to CSD. Thus
HSP70, a heat shock protein, behaves as a protein chaperone, increasing in
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the presence of denatured proteins [64], although expression in the infarct
core may be limited by ATP depletion [65].

CSD as an Initiator of Inflammation

That cerebral ischaemia causes an increase in levels of interleukin-14 (IL-
1f: an inflammatory cytokine) in the brain is well established [66—68].
CSD has a similar effect: Jander and colleagues recently showed that
mRNA levels for IL-15 and tumour necrosis factor-o. (TNF-z, also an in-
flammatory cytokine) are increased 24- and 60-fold respectively 4 hours
after CSD induction with KCI [69]. Expression of the IL-1f5 protein was
largely confined to microglia in the superficial cortical layers. These authors
suggest that “cytokine expression following CSD forms part of a physio-
logical stress response that contributes to the development of ischaemic
tolerance in this and other preconditioning paradigms” (see below). That
IL-15 can promote CNS repair has also been shown [70]. Another view of
the effects of IL-1f comes from the work of Blamire et al., who examined
the effects of microinjection of recombinant IL-1f into the striatum of 3-
week-old rats, and found significant reduction in apparent diffusion co-
efficient (ADC) and increases in cerebral blood volume and blood brain
barrier permeability [71]. ADC reductions are usually attributed to a shift
of water from extra- to intracellular compartments, but a reduction in water
mobility in the intracellular compartment may occur [72]; both explan-
ations are in keeping with an adverse effect of IL-15.

Pre-Ischaemic Conditioning with CSD as Protection
in Experimental Stroke

In experimental studies of stroke in rats, it is possible to confer a degree of
protection from the effects of a period of ischaemia by prior induction of
CSDs [73]. Levels of mRNAs for FOS, BDNF, and tPA, are increased by
preischaemic conditioning with CSD [74]. TNF-« and IL1-£ are believed
to contribute to increased tolerance of ischaemia [75, 76], and an antago-
nist to nuclear factor x-B (NF x-B) blocked NF x-B activity and reduced
the pre-conditioning effect [77].

It seems very likely that one or more of the currently identified ex-
pression cascades — or other(s) still to be detected, underlie the protective
effect of preischaemic conditioning with CSD, and increasing understand-
ing of the molecular response to CSD may in time allow us to identify
which of the several genes upregulated by CSD is/are responsible for the
protective effects of preconditioning, and so perhaps lead to novel therapy
for cerebral ischaemia, or at least better protection of the brain when some
degree of prospective risk exists.
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Factors Determining Ease of Induction of CSD
Species Differences and Cytoarchitecture

It has long been clear that CSD is more readily induced — and its repetition
maintained — in rats than in larger experimental animals [5], with primates
seen as the most ‘“‘resistant” group of species. However, it is certainly
possible to induce CSD in the primate brain [78]. A specific attempt to
compare PID frequency in cats and squirrel monkeys after MCAO showed
that PIDs do indeed occur spontaneously in a primate species, but failed to
confirm a species difference in frequency of PIDs because of wide vari-
ability within both species [79]. However, the results revealed a clear de-
pendence of PID frequency on plasma glucose level: this is discussed below
in the context of PIDs.

One of the most widely canvassed explanations for species differences
starts with the observation that lissencephaly is characteristic of the CSD-
prone species, whereas the more resistant brains are gyrencephalic. There
are however also regional differences in susceptibility within the brain of a
given species, with the hippocampus particularly liable to CSD, together
with — in migraineurs-with-aura — the occipital cortex. A clue to the puzzle
comes from consideration of the cytoarchitecture and glial : neuronal ratios
of different brain regions and in the brains of different species. Thus neu-
rons are particularly tightly packed, glia relatively sparse, and CSD fre-
quent, in the CA1 layer of the hippocampus. Migraine with aura typically
commences with a visual aura on or near the fixation point (although
auras apparently arising from the somatosensory cortex also occur), and
the glia:neuron ratio in the occipital cortex is lower than elsewhere in
neocortex [40, 41].

Tower and Young compared the glia:neuron ratio with brain size in
a group of mammals ranging from mice to whales and elephants, and,
using a log:log plot, demonstrated a convincing hierarchy in which the
glia:neuron ratio increases in proportion with brain size [80]. Primates are
distributed appropriately for their brain size within this hierarchy, rather
than all of them possessing a high glia:neuron ratio independent of brain
size, as might be predicted on “evolutionary” grounds. The issue is of in-
terest in relation to the discussion above on mechanisms of CSD propa-
gation, and the relationship of CSD propensity with Tower and Young’s
hierarchy is more in keeping with a homeostatic role for glia in the context
of CSD than with one in which they propagate CSD.

Spreading depression has also been observed in experiments on
the spinal cord [9, 81], and the possibility therefore arises that peril-
esion depolarisations might contribute to the evolution of spinal cord
damage — at least in grey matter — not only in trauma but also in vascular
lesions.
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Drugs and Anaesthetic Agents

The reduction of CSD frequency by agents known to block glial gap junc-
tions such as halothane and propofol has been referred to above. The role
of increased K. in initiating CSD has been referred to above, and gluta-
mate and other excitatory amino acid agonists can also effect this [25, 47,
82]; conversely, it is widely recognised that CSD and/or PID frequencies
can also be reduced by the action of some excitatory amino acid antago-
nists, notably antagonists of the n-methyl-D-aspartate (NMDA) class of
glutamate receptors [83—86]. Such mechanisms may operate in ischaemic
and traumatic brain injury, although with no proven definitive therapeutic
benefit in humans to date, and are considered below in the context of PIDs.

Factors Precipitating Migraine with Aura

Evidence favouring CSD as the basis of the migraine aura has gradually
accumulated since Ledo and Morison first suggested this [87], and is re-
viewed in Migraine page 29. We can learn something of the mechanisms of
CSD induction from descriptions from migraineurs (with aura) of the
precipitating factors they implicate. Sometimes onset follows relaxation
after a period of intense concentration or physical exercise. The onset is
attributed to hunger by some migraineurs with aura, and we may speculate
in the light of discussion below (page 25: Relationship of Cortical Glucose
Availability with PID Frequency) that hypoglycaemia is responsible in
these individuals. The various other precipitating factors do not at present
appear relevant in this context.

Genotype

Familial patterns of migraine incidence and inheritance are well recog-
nised, and there is evidence that familial hemiplegic migraine is due to a
calcium channelopathy [88]. Migraine with (non-hemiplegic) aura is much
more common, and appears sometimes to have a familial element. It seems
likely that other gene/ion-channel abnormalities will emerge in due course.
A patient with the appropriate genotype seems likely to be at increased
risk of depolarisations occurring in association with stroke, subarachnoid
haemorrhage or serious head injury.

Haemodynamic and Metabolic Conditions in the Cortex

The role of ischaemia, trauma, increased K. and glucose availability to
the cerebral cortex in stroke and head injury will be considered below in
relation to PIDs. Disturbances of magnesium metabolism have also been
invoked as an additional factor increasing migraine risk [89].
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Peri-Infarct Depolarisations (PIDS)
Historical

In their 1977 paper Branston et al. [45] referred to spontaneous, transient
increases in extracellular potassium ion concentration (K.) which occurred
in the ischaemic penumbra following experimental MCAO. Similar, spon-
taneous events were later reported in another MCAO preparation, also in
a gyrencephalic species [90]. It was suggested then that such events, PIDs
[3] or HSDs [1], were ‘“not necessarily benign” [91], and specific studies
have confirmed this page 24: Evolution of PID Patterns with Time
Pathogenic Potential and Recruitment of Penumbra into Core Territory).
The critical points of difference between CSD and PIDs are that CSD in
completely healthy cortex requires an initiating stimulus and does not
damage normally perfused and metabolising grey matter, whereas PIDs
are spontaneous and do cause damage, and in the case of the ischaemic
penumbra, appear to play a large part in recruiting this zone of tissue into
the expanding core infarct until this reaches what appears to be a “pre-
destined” size (assuming no treatment).

Detection with Electrodes, and Characteristics of PIDs in Experimental
in Vivo Models

PIDs have usually been documented from recordings of the cortical DC
potential, and traditionally this has been regarded as a reference detection
method. Such electrodes need to be non-polarisable, and usually consist
of a glass micropipette filled with physiologically neutral electrolyte and
inserted into the cortex, or a chlorided silver ball placed on the cortical
surface. Twin-barrelled surface contact or glass microelectrodes allow the
signal from an ion-selective barrel (most often to K™) to be compared with
that from an adjacent electrode, both of them referenced to a remote
ground electrode. The time course of K. as recorded from such an elec-
trode during a PID resembles that of CSD in respect of onset and peak
amplitude, but may differ in that the recovery phase may be more pro-
longed. In baboons, a linear, direct relationship of K, clearance half time
with degree of ischaemia was shown, and interpreted as indicating that
clearance was no longer by Na-K ATPase (energy-dependent), but relied
instead on passive elution by residual perfusion [45]. Studying MCAO in
rats, Gill and colleagues [85] distinguished “small” (duration ~1 minute)
and “big” PIDs, both recorded with DC electrodes, the latter having much
longer time courses. In the same study, this group showed that the time
course of depletion of extracellular calcium mirrored that of the DC poten-
tial, indicating that “big” PIDs were associated with protracted increases
in intracellular calcium, likely to be cytotoxic.
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The Response of CBF to a Peri-Infarct Depolarisation

The hyperaemic response to a CSD wave is well recognised from obser-
vation of cortical vessels [58], serial section autoradiography in the rat
brain (generating a time series as the event propagates along the hemi-
sphere) [47], laser Doppler flowmetry [48], and, by inference, from mon-
itoring of transient increases in tissue pO; [48]. Following MCAO, the
CBF response is greatly attenuated, or even reversed; thus laser Doppler
flowmetry in a deteriorating patient with an intracerebral haematoma at
first revealed transient increases in perfusion coupled to probable CSD
episodes, but the perfusion responses reversed to transient sypoperfusion
as brain swelling progressed [92] (Fig. 8). Back et al showed that the
positive tissue hyperoxia of CSD becomes a transient decrease in tissue
pO> in focal ischaemia [48].

Detection and Tracking of PIDs with Imaging

In open-skull animal models of stroke, it is usually necessary to leave
electrodes at a fixed location rather than probing different cortical areas
sequentially, and it is also not possible to determine the extent of propa-
gation of a presumed PID wave with one or more electrodes in the cortex.
The use of a method that acquires sequential images of the exposed core
and penumbral areas offers a solution if the variable being imaged is af-
fected by the pathophysiology. When illuminated with fluorescent light
at 370 nm, the cortex will fluoresce blue, emitting light in the range 445—
470 nm; the fluorochrome responsible is the reduced species of the nic-
otinamide adenine dinucleotide redox couple (NAD/NADH), the coen-
zyme for succinic dehydrogenase in the mitochondrial respiratory chain.
Only NADH - the reduced species — fluoresces, so that oxidation of the
couple leads to a fall in fluorescence, whereas reduction causes an increase.
Interpretation of such images needs to take account of the capacity of
haemoglobin, particularly when oxidised, to absorb or quench blue light
(hence its colour!). This method was applied in non recovery MCAO
studies in cats [93], and revealed spontaneous increases in 450 nm fluores-
cence that appeared almost always to originate near the core territory and
propagate outwards into the penumbra at rates in the range 1-4 mm cor-
tex per minute and hence very characteristic of CSD (Figs. 4-6). Propa-
gation is invariably around the walls of a sulcus, with no evidence that the
event can spread directly between gyri lying in contact at the surface. Time
courses of the events could be classified into (1) fluorescence increases that
did not reverse, (thus closely resembling the time course of terminal depo-
larisation as recorded with a K. or with a DC-potential electrode), and
which occurred on penumbral cortex close to the core, (2) more peripheral
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MG

Fig. 4. Schematic diagram illustrating the concept of an ischaemic penumbra or
boundary zone in experimental focal cerebral ischaemia in the cat brain, induced in
this case by permanent occlusion of the right middle cerebral artery. The ectosylvian
(EG), suprasylvian (SG) and marginal (MG) gyri lie at respectively increasing dis-
tances from the proximal Sylvian fissure. Directions of arterial inputs from the ante-
rior and middle cerebral (M CA) arteries are indicated (posterior cerebral omitted for
clarity). The heavily shaded area represents the core cortical territory associated with
permanent MCA occlusion; terminal depolarisation has occurred within an hour or
less of occlusion and is irreversible except by early reperfusion. The lighter shaded area
(penumbra) is the site of recurrent peri-infarct depolarisations originating at the edge
of the core and propagating outwards into the penumbra (see text and Fig. 5). The
square area represents the field of view in each panel of Fig. 5

transient increases in fluorescence that had propagated centrifugally from
cortex affected by PIDs with the first pattern, and (3) transient decreases in
fluorescence, occurring in cortex close to the anterior cerebral artery input,
and probably lying just outside penumbra (Figs. 4-6). In some cases, a
single PID was seen to propagate from penumbra into anterior cerebral
territory, changing its polarity from increase to decrease as an unseen in-
terface was crossed (Fig. 5).

Increases in fluorescence may represent either reduction of the redox
couple or a decrease in haemoglobin at the same locus, or a combination
of the two, although also not excluding a small increase in haemoglobin
outweighed by a larger NADH increase. Whichever the explanation, the
observed increase in raw fluorescence indicates either vascular or metabolic
compromise, and the method has been used largely to confirm propagation
of the events, and to detect them. The depression in crude fluorescence
grey level in normally perfused cortex outside the penumbra accords well
with the depression of compensated fluorescence during CSD as shown by
Rosenthal and Somjen [46].
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Fig. 5. Sequence of digital images illustrating initiation and propagation of a peri-
infarct depolarisation in the penumbra following experimental middle cerebral artery
occlusion. (For orientation of the image field in relation to the whole hemisphere
please see Fig. 4) After exposure of the brain a sequence of grey scale fluorescence
images was acquired 53 minutes after occlusion of the middle cerebral artery. The
baseline image acquired at time zero was subtracted from each subsequent image and
the difference image calculated and displayed in pseudocolour. Green background
indicates no change in fluorescence while colours up through the rainbow spectrum to
red, pink, white represent increases in fluorescence, and changes into blue, purple
or black, decreases respectively. Panel 1: EG ectosylvian gyrus (ischaemic core). SG
Suprasylvian gyrus (inner penumbra). MG Marginal gyrus (outer penumbra). Princi-
pal middle cerebral input is from lower right of the field, and anterior cerebral from
upper right (panel 6) (see also Fig. 4). White line in panel 1 represents the anterior
margin of the craniectomy exposing the cortex. Red lines represent sulci, and blue line,
the line of the sagittal sinus medial to MG. Shortly before the image shown in panel 1,
an area of increased fluorescence emerges from the lower sulcus and propagates out-
wards (from MCA input) throughout the SG (panels 2-3). After an interval between
panels 3 and 4, the depolarisation (verified by potassium-selective electrode on poste-
rior SG) emerges onto the MG and propagates forwards and medially (panel 5) but
on reaching cortex perfused by anterior cerebral artery (ant. cer.), the event dissipates,
represented only by a decrease in fluorescence in panel 6 (upper right of panel).
Thus, the white line drawn on MG in panels 5 and 6 represents an apparent interface
between middle and anterior cerebral territory. In this example, fluorescence has
returned to baseline in the suprasylvian gyrus, but after one or more subsequent
similar events, fluorescence increases on this gyrus often culminate in a permanent
increase, probably indicating terminal depolarisation (Fig. 6). (Reproduced with per-
mission from Strong et al. 1996 [93])
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Fig. 6. Examples of time course of fluorescence events recorded from suprasylvian
gyrus(s), middle and posterior marginal gyrus(m), and anterior marginal gyrus. (See
also Fig. 5). On suprasylvian gyrus, the majority of fluorescence increases are sus-
tained, probably indicating terminal depolarisation. On the middle and posterior MG,
still within MCA territory but better collateralised, fluorescence increases are smaller
than on SG, and not sustained. In the anterior MG, within anterior cerebral territory,
fluorescence transients are all decreases, indicating either oxidation of the NAD/H
couple, or an increase in total haemoglobin content in the parenchymal circulation,
implying vasodilation. Please see also text (page 20: Detection and Tracking of PIDs
with Imaging) (reproduced with permission from Strong et al. 1996 [93])

Initiation of PIDs

Experience with in vivo imaging suggests that the great majority of PIDs
originate at the edge of core territory [93], and the high levels of K. pres-
ent in core areas are a probable cause [11, 27], but the same considerations
apply as in CSD, and glutamate or other factors liberated from ischaemic
tissue might contribute.

Terminal Depolarisation

In the core infarct territory established soon after experimental MCAO,
the DC potential rapidly becomes negative, but, unlike a PID, does not
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then resolve, instead becoming increasingly negative and reaching a pla-
teau that is interpreted as indicating complete depolarisation of all cellular
elements. Terminal depolarisation — effectively a failure to repolarise spon-
taneously (as does a PID) — is commonly taken to imply complete deple-
tion of the ATP pool required for repolarisation, and will lead inevitably
to infarction unless the ATP pool can be restored promptly by reperfusion.

Evolution of PID Patterns with Time, Pathogenic Potential, and
Recruitment of Penumbra into Core Territory

PIDs — however detected — recur at irregular intervals during ischaemia,
and observation over 10—12 hours reveals that, at least under chloralose
anaesthesia, the pattern of recurrence eventually culminates in terminal
depolarisation in outer areas of penumbra, similar to the sequence that
occurs earlier in more central penumbra [38]. A feature of the progression,
when K. is monitored, is that resolution of each K. PID transient towards
the pre-transient baseline becomes steadily less complete with time, leading
to a gradually increasing K. baseline. Harris ef al. showed that in the case
of K., there is a striking acceleration of K. increase when it reaches
13 mmol, suggesting a specific change in a membrane conductance [24];
terminal depolarisation follows, and the area of penumbra affected is thus
recruited into the core infarct. This sequence of events suggests that num-
ber or frequency of PID events in the penumbra is a principal determi-
nant of infarct size, and three pieces of evidence support this. First, Gill
et al. showed that when the number of PIDs was restricted with the non-
competitive NMDA antagonist dizocilpine in rats subjected to MCAO,
infarct size was reduced [85]. Secondly, Mies and colleagues reported
findings closely similar to those of Gill’s group [94]. The association of a
larger infarct with increasing PID number may simply reflect the operation
of a different, underlying mechanism determining both infarct size and
PID frequency. However, thirdly and conclusively, Busch et al. were able
to increase infarct size in rats by inducing CSD events outside the penum-
bra which propagated into it and caused enlargement of the definitive core
infarct [95].

Arising from the original demonstration that loss of evoked potential
amplitude could be reversed upon reperfusion, the initial concept of the
ischaemic penumbra was of a “‘sleeping beauty”” — a zone of cortex whose
function was reversibly suppressed in a stable fashion, so that function
could be restored at a much later time point by the magical touch of a
vascular neurosurgeon carrying out an extra-intracranial vascular bypass
procedure [96]. The study of PIDs and manipulations of their frequency
has demonstrated instead that — without early reperfusion — the ischaemic
penumbra is a maturation phenomenon in which the core infarct gradually
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expands into penumbra, thus “recruiting” it. The time course of this pro-
gression is probably shortest in rats — perhaps 3 hours, extending to 12 to
24 hours in cats, and is believed in humans to extend to perhaps 48 hours.
The factors which might influence PID frequency and hence the rate of
progression need to be considered.

Species Variations in PID Frequency

Tower and Young’s observation of a relationship of cerebral cortical
glia:neuron ratio with brain mass is relevant to brain injury since, as men-
tioned earlier, glial buffering of potassium ion concentration and uptake
of neurotransmitters, especially glutamate, are important mechanisms for
homeostasis of the extracellular space. It is therefore not a matter of sur-
prise that the frequency of PIDs following MCAO in rats should be high
[85], but much less so in cats [79]. CSD is also difficult to induce in mon-
keys [78]. Efforts to make a direct comparison of PID frequency between
cats and primates were frustrated by considerable inter-experiment vari-
ability in frequency within a species, but variations in plasma glucose
emerged from these experiments as a cause of this variability; this is dis-
cussed below (some page: Relationship of Cortical Glucose Availability
with PID Frequency). The inference from such comparisons is that PIDs
in humans might be rarer still — perhaps vanishingly so — and the relevant,
new evidence is described later.

Effects of Drugs and Anaesthetic Agents on PID Frequency

The beneficial effects of NMDA-type glutamate receptor blockade on PID
frequency and on infarct size have been reviewed above (page 18: Drugs
and Anaesthetic Agents). The AMPA/kainate-type glutamate receptor
antagonist NBQX has been shown to reduce PID frequency and volume of
ATP depletion in rats subjected to MCAO [97], and this agent has also
been shown to reduce ischaemic lesion volume [98]. It is of interest that,
unlike MK-801, NBQX does not prevent induction of CSD in the normal
brain [99]. The volatile anaesthetic agent halothane may achieve its ex-
perimental neuroprotective effect by reducing PID numbers [38], and can,
like propofol, block CSD [37]. The fact that halothane also blocks gap
junctions in cultures of astrocytes [36] supports the argument for a role of
glial gap junctions in the propagation of CSD [100].

Relationship of Cortical Glucose Availability with PID Frequency

As CBF progressively falls in focal ischaemia, a shift to anaerobic gly-
colysis is inevitable once oxygen extraction is maximal. At that point, a
dramatic loss in efficiency of glucose utilisation is equally inevitable, with a
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fall in net ATP yield per mole glucose utilised from 38 to 2 moles. Glucose
utilisation increases to compensate [101]; this is possible despite presence
of ischaemia, due to the remarkable effectiveness of the capillary glucose
uptake/transport mechanism. This concept is based on several lines of ev-
idence. Hansen showed that following cardiac arrest in rats, delay before
terminal ischaemic depolarisation was proportional to plasma glucose, in-
dicating an inverse relationship between depolarisation rate (the dependent
variable) and glucose availability in the brain [23]. In 1986, Nedergaard
and Astrup showed in rats (MCAO) that hyperglycaemia reduced the
frequency of PIDs (although a plasma level in excess of 30 mmol/L was
needed to achieve this) [102]. They also showed an increase in phosphor-
ylation of ['*C]2-deoxyglucose (an index of metabolic rate) that was
related to frequency of PIDs, and predicted that with ischaemia accom-
panied by PIDs the brain free glucose pool would tend towards zero as
delivery and extraction from plasma would quickly become inadequate,
given the high, anaerobic utilisation rate. In cats (MCAO), dependence of
homeeostasis on plasma glucose is demonstrable at glucose levels that
are frequently encountered in clinical practice: thus Strong et al. showed
a striking increase in PID frequency in this situation when mean post-
occlusion plasma glucose fell below 4.5 mmol/L (the lower limit of normal
quoted for clinical plasma glucose assays in our institution is 3.3 mmol/L)
[79]. Our subsequent, unpublished work suggests that the threshold may be
nearer 6.5 to 7 mmol/L. This is of potential importance for clinical man-
agement since insulin is used to control hyperglycaemia in many intensive
care units, with the target range varying in different units. At least one trial
of glucose and insulin (to restrict ischaemic acidosis) in acute stroke is
under way [103]. There is also striking (and influential) evidence favouring
the use of insulin in the intensive care of systemic critical illness [104].

In summary, the initiation of a PID appears to be a random event in
which an elevated K. level at the edge of core infarct territory causes depo-
larisation of neighbouring tissue because membrane homceostasis there
is partially impaired. The impairment is due to a combination of factors
in which reduction of glucose availability (the multiple of perfusion (ab-
solute, ml/100 g/min) and plasma glucose levels) as ischaemia deepens
becomes particularly important. It seems that reduction of glucose avail-
ability increases the probability of initiation of a PID.

The Metabolic “Signature” of PIDs

The transient hypoperfusion or reduction in tissue pO; that occurs in as-
sociation with a PID has been described above. Given the likelihood of
transient tissue glycopceenia during recovery from a PID, and the critical
dependence of the ATP pool on the balance between on the one hand,
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ATP utilisation for restitution of cation gradients during PID recovery,
and glucose availability on the other, it becomes valuable to measure the
available tissue glucose pool with sufficient time resolution to detect the
effects on it of a PID. This has recently been achieved with the use of
cerebral microdialysis coupled with rapid sampling of dialysate by means
of an online, automated flow—injection assay [105, 106]. The technology
allows enzymatic assay of microlitre dialysate samples for glucose and
lactate at intervals of 30 seconds each. When dialysate was sampled from
penumbral tissue closely adjacent to the core area after MCAO in cats, a
PID arriving at the microdialysis probe was associated with complete dis-
appearance of glucose from the dialysate within approximately 3 minutes.
In more peripheral penumbra, PIDs were accompanied by transient, ste-
reotyped increases in lactate and decreases in glucose, superimposed in the
case of recurrent PIDs on decreasing glucose and increasing lactate base-
lines (Fig. 7) [107]. This reproducible combination of transient metabolite
changes may be taken as a typical metabolic “signature” for a PID, of
potential value for the monitoring of patients with severe TBI or acute
cerebral ischaemia.

The Role of Depolarisations in Pathophysiology of CNS Disorders
in Humans

Speculation and then evidence have accumulated, at first gradually [59,
108, 109], but now more steadily [4, 92, 110], that depolarisations do in-
deed occur in the human brain — in the functional disorder of migraine
with aura as well as in acute traumatic brain injury. It seems that it will
only be a matter of time before evidence emerges that they also occur in
acute ischaemic or haemorrhagic lesions affecting grey matter in the CNS.

Cortical spreading depression and peri-infarct depolarisations compared:

It is appropriate at this point to summarise the similarities and differ-
ences between cortical spreading depression (CSD) and peri-infarct depo-
larisations (PIDs). CSD is a general, asynchronous, neuronal and glial
depolarisation that usually commences at a focus in the cerebral cortex,
and usually in response to quite vigorous efforts to induce it. It propagates
radially in the cortex at 2-5 mm/minute, is accompanied by intense but
transient hyperaemia, and does not result in histologically demonstrable
cell damage.

A PID is a general neuronal and glial depolarisation that occurs spon-
taneously in an ischaemic boundary zone, especially when plasma glucose
is mildly reduced, and propagates into adjacent boundary zone territory at
the same velocity as CSD. There is little or no recruitment of perfusion,
and, probably as a result of this, ischaemic damage accumulates in the
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Fig. 7. Time courses of lactate (upper trace) and glucose (lower) concentrations in

dialysate from a probe placed in the marginal gyrus (peripheral penumbra) of the cat

brain (chloralose anaesthesia). Samples were analysed at 30-second intervals using

an enzymatic flow-injection assay [106]. The data demonstrate the typical transient

increase in dialysate lactate and decrease in glucose that accompany a PID; this was

verified by fluorescence imaging [93]. (Reproduced with permission from Parkin et al.
[142])

affected territory, culminating after varying periods, perhaps 24—48 hours
in humans, in terminal depolarisation and complete infarction.

Spreading depolarisations and epileptic seizures compared:

The essential electrophysiology of an epileptic seizure affecting the cerebral
cortex differs from that of CSD in that a degree of synchronous firing/
depolarisation of neurons is required to generate the dipole whose presence
is detected by EEG/ECoG electrodes during a seizure. The transient phase
of asynchronous neuronal firing at onset of CSD results simply in silence at
overlying electrodes. However, the apparent capacity of a Jacksonian fit (a
rare event) to propagate across the cerebral cortex resembles the behaviour
of CSD, and in the light of the new concepts of non-synaptic communi-
cation between different cells in grey matter, one may envisage that Jack-
sonian epilepsy and CSD might propagate through similar mechanisms.
CSD and an epileptic fit both result in transient increases in the metabolic
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load inherent in membrane repolarisation, and hyperaemia is a feature
common to both. Provided the hyperaemic response is sufficient to permit
prompt restoration of ‘“‘resting” transmembrane cation gradients, neither
CSD nor an epileptic fit should lead to any neuronal necrosis. A focal fit is
a recognised complication of surgery to clip a ruptured middle cerebral
artery aneurysm, and we, probably like most neurosurgeons, view such fits
with concern as to their cytotoxic potential since vasospasm may attenuate
the hyperaemic response that is required.

Migraine

Classical migraine, now designated migraine-with-aura, is characterised by
the migraineur’s experience of a visual, somatic motor or sensory symptom
as the first component of a stereotyped sequence. The typical visual aura
starts as a central scotoma and propagates outwards into the more pe-
ripheral visual field (usually a hemifield) as a scintillating, often multi-
coloured pattern. In 1941 Lashley published a description of his own vi-
sual aura, and suggested that it represented propagation of an unknown
disturbance across the visual cortex at a rate which he calculated lay in the
range of some 3 mm per minute [111], and Ledo and Morison suggested
that CSD was the basis of migraine with aura [87]. Milner [108] drew at-
tention to the similarity of Lashley’s figure for migraine aura propagation
with Ledo’s for CSD propagation, and since then evidence has gradually
accumulated that CSD is the basis of migraine with aura. For example,
Lauritzen and colleagues [59] mapped CBF using the intra-arterial xenon
method and reported propagation in serial images of a phase of reduced
blood flow following migraine with aura — probably representing the oli-
gaemic phase of the haemodynamic response to CSD. Woods, lacoboni
and Mazziotta achieved similar results with positron emission tomography
[112], and Hadjikhani and colleagues recently described transient loss
of normal magnetic resonance blood-oxygen level dependent (BOLD) re-
sponses to repetitive visual stimuli during migraine with visual aura. This
inhibition propagated outwards from the occipital pole at a rate that was
appropriate for CSD [110]. Gardner-Medwin and colleagues had earlier
demonstrated propagation of a similar MRI change in experimental CSD
[113].

Transient Global Amnesia

Transient global amnesia (TGA) is a neurological syndrome possibly
arising in the hippocampus and characterised by sudden onset of complete
memory loss; TGA is believed to have as its basis CSD in the hippo-
campus. The individual appears to be completely alert and can commu-
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nicate, but enquires frequently about present events. Most episodes last
around eight hours but can last for 24 hours and indeed an episode lasting
seven days has been described. The onset of memory loss may occur dur-
ing an emotional stimulus or physical exertion. A history of migraine is
recognised in up to 25% of TGA patients. Cerebral blood flow studies us-
ing the 133-xenon inhalation method in TGA patients suggest temporary
regional hypoperfusion [114]. Marked hypoperfusion in the region of the
posterior cerebral arteries has been displayed with single photon emis-
sion computed tomography [115]. Diffusion-weighted magnetic resonance
imaging during an episode of TGA indicated a decrease in the interstitial
space and cellular oedema of the temporal lobe [116]. The induction of
spreading depression by the injection of KCl in the hippocampus creates an
irreversible retrograde amnesia in the rat [117, 118]. It is currently believed
that the amnesic effect of CSD depends on the duration and density of the
phenomenon, repetitive CSD causing a more sustained retrograde amnesia.

Trauma
Depolarisation and Concussion

The suggestion that neuronal depolarisation might account for disturbance
of consciousness following head injury originates with a paper by A. Earl
Walker and colleagues in 1944 [119], and there is ample, more recent ex-
perimental evidence — from use of DC potential or ion-selective electrodes
in in vivo small-animal models of traumatic brain injury — that is compat-
ible with this concept (some page: Recurrent Depolarisations following
Experimental Traumatic Brain Injury (TBI)). However, other mechanisms
may also contribute to or account for concussion. For example, there is
evidence to implicate sublethal, reversible diffuse white matter shearing
injury as a mechanism of concussion [120, 121], and it is beyond the scope
of this review to explore this issue in detail.

Recurrent Depolarisations Following Experimental
Traumatic Brain Injury (TBI)

The term ““peri-infarct depolarisation” is not strictly applicable to a
depolarisation occurring spontaneously in the periphery of a traumatic
contusion or intracortical haematoma, but several reports (below) of depo-
larisations in experimental TBI raise two questions. First, do such depolar-
isations have the characteristics of CSD or of PID, and second, is there
evidence for similar events in the injured human brain? Until it becomes
clear whether or not depolarisations around a contusion have the charac-
teristics of an (ischaemic) PID, it seems wiser not to assign the term “PID”
or “CSD” to them. Although there is evidence for ischaemia surrounding
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such lesions in humans [122, 123], it is by no means clear that the ischae-
mia is distributed as widely in TBI as it is in MCAO (unless intracranial
pressure is markedly elevated). Notwithstanding these uncertainties about
the extent or severity of ischaemia, there is ample experimental evidence
from electrode studies for the occurrence of depolarisations in the rat brain
following TBI [124—-127] or in association with an intracerebral haema-
toma [128].

Kubota and colleagues [125] and Sunami and colleagues [126] showed
a relationship between severity of contusion (from fluid percussion injury)
and subsequent frequency of CSD-like events; they also found marked
elevations in local cerebral glucose utilisation in those hemispheres in
which CSD occurred. Similar observations, suggesting hyperglycolysis and
later a Aypometabolic state, were reported by Hovda, Lee, and Katayama
and their colleagues [129]. B. Nilsson and colleagues studied the effect of
mild, non-lethal acceleration head injury on cerebral blood flow and me-
tabolism in rats, and found marked but transient increases in CBF and
in brain lactate: pyruvate ratio [130, 131]. Although DC potential was not
recorded, the time course of the changes closely resembles the transient
hyperaemia associated with CSD described above [47]. P. Nilsson et al.
demonstrated a relationship between CSD and neuronal damage after a
weight drop injury [132].

Direct Detection and Characterisation of Depolarisations in Humans,
and Their Role in Human Traumatic Brain Injury

Is there any direct evidence for the occurrence of depolarisations in the hu-
man brain? In the course of stereotaxic neurosurgical procedures, Sramka
and colleagues were able to demonstrate CSD in deep grey matter [109].
Mayevsky and colleagues used a multimodal monitoring system located on
the right frontal convexity in 14 patients [92]. In only one did they find
evidence for CSD, but the findings in this individual were striking. Recur-
rent ECoG suppressions were seen, associated with transient increases in
CBF (laser Doppler), oxidation of NADH, and elevations of K., a com-
bination of features closely compatible with CSD, although — despite the
authors’ claims — proper verification of propagation of the events was not
possible at the single monitoring point used. As brain swelling progressed,
the NAD/H transients became reduction rather than oxidation events, and
the CBF transients became negative — the features now of PIDs (Fig. 8).
Although this group saw CSD/PID events in only one patient, it is im-
portant to note that their regular use of a right frontal monitoring site
irrespective of the site of any contusion or haematoma, although standard
practice at the time of the study, will have precluded detection of events
confined to the margins or ‘“‘traumatic penumbra” of a lesion elsewhere
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Fig. 8. Traces of intracranial pressure (/CP), cortical reflectance (R), compensated
fluorescence (CF), laser Doppler flow (LDF), laser Doppler blood volume (LDV),
extracellular potassium (K) DC potential (DC) and time-integrated cortical surface
EEG activity recorded from a multiparametric probe assembly in the right frontal re-
gion of a patient with a severe left parietal contusion [92] (Reproduced with permis-
sion from: Mayevsky A et al (1995) J Cereb Blood Flow Metab 15, S1, p S34). The
right panel was acquired several hours after the left, following deterioration and
shortly before death. In the left-hand panel, a single event — characterised by an in-
crease in perfusion, decrease in fluorescence, increase in extracellular potassium, and a
period of electrical silence — has the characteristics of CSD. The characteristics of the
event in the right panel have changed in that fluorescence now increases, but perfusion

(LDF) shows a decrease. The characteristics now correspond more with features of
PID rather than CSD

in the brain. There now appears to be wide recognition of the value of
locating detection devices, at the very least for research purposes, near the
edge of focal lesions.

Recently our group has undertaken a prospective, pilot study designed
to detect — or exclude — CSD/PID in patients undergoing emergency cra-
niotomy for traumatic and spontaneous intracranial haematoma [4]. Lin-
ear strips of 6 corticography electrodes were placed on the cortex adjacent
to the focal contusion, lying over both marginal as well as healthy cortex.
A working definition of CSD as “‘suppression of amplitude of the volt-
age envelope by 50% or more, occurring between one electrode pair and
propagating to the next 2 adjacent sites” was adopted, and 14 patients
were studied. During periods of observation that lasted up to 63 hours,
6 definite and 23 possible episodes that met this definition were seen in
14 patients (Fig. 9). A second pattern was seen 19 times in 8 patients, in
which essentially synchronous suppression was seen in all channels. A
proportion of these apparently synchronous events may have been due to
arrival of a CSD wave propagating across the array rather than along it,
but modelling the statistical distribution of a set of CSD waves reaching



Depolarisation Phenomena in Traumatic and Ischaemic Brain Injury 33

= 1000 2000 3000 4000 s 4000 5000 6000 7000

_ _ IR b o i e ekt
18000 1900 20000 20000 55000 56000 57000 58000

Fig. 9. Examples of two time-compressed electrocorticographic (ECoG) traces from
two patients (Patient 1: upper, Patient 2, lower) (four bipolar traces per patient). In
the first patient there is a sudden reduction of ECoG amplitude propagating sequen-
tially to the next two adjacent channels and to a lesser extent to the third channel.
Propagation rate was 2.4 and 2.3 mm per minute, corresponding closely with velocities
characteristic of CSD. In the second trace from this patient, ECoG suppression occurs
rapidly, recovering most slowly in the upper channel as in the left panel. Synchronous
suppression suggests arrival of a wave from a site equidistant from all electrode pairs
and to one side of the array, rather than, as in the first panel, propagating along the
length of the electrode array. In the lower panel (Patient 2) a phase of ECoG ampli-
tude suppression again propagates along the electrode array, with the respective time
points indicating propagation rates of 1.4, 5.0 and 1.0 per minute. (Strong et al. 2002
[4]: reproduced with permission)

the strip from a range of angles between 0 and 90 degrees did not fully
account for the frequency of synchronous events that we recorded, and the
existence of a second pattern of truly synchronous event (possibly due to a
partial seizure elsewhere in the cortex [133]) could not be excluded.

Cerebrovascular Disease
Occlusive Stroke

The extensive experimental evidence of PIDs in MCAO models has not
as yet been mirrored by studies in patients with occlusive stroke. In 1995
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Hasegawa et al. had shown that MR diffusion-weighted imaging of rats
yielded clear evidence of a transient depression of the apparent diffusion
coefficient (ADC) for water that propagated across the cortex at a rate
appropriate for CSD in response to stimuli capable of inducing it; they
also found evidence for propagating depolarisations in ischaemia [19].
However, Back ef al. [134] used the same approach in patients with stroke
and were unable to detect evidence of PIDs; there are significant practical
problems posed by this approach when applied in patients whose condition
may be unstable, and the time actually available for actual imaging in this
study was relatively short. In the light of the intermittent occurrence of
CSD-like episodes now reported from ECoG recordings in trauma [4], it is
likely that extended periods of image acquisition will be needed to capture
depolarisations in stroke or trauma with MR imaging methods.

Intracerebral Haemorrhage

Using a collagenase that generates a spontaneous intracerebral haema-
toma in swine and monitoring DC potential (as well as other variables)
Mun-Bryce and her colleagues recorded recurrent, spontaneous CSDs orig-
inating in perilesion cortex [128].

Subarachnoid Haemorrhage (SAH)

Although there is at present no direct evidence for CSD or PIDs in
patients with SAH, there is persuasive experimental evidence to suggest the
likelihood of depolarisations occurring in these patients, perhaps restricted
to those in intermediate or poor grade. For example, Dreier and colleagues
showed that superfusion over the cortex of rats of a combination of
increased K™ and free haemoglobin (such as would arise from lysed eryth-
rocytes in the subarachnoid space) could induce recurrent CSDs [135].
These were accompanied not by hyperaemia but by ischaemia, and thus
meet the essential criteria for designation as PIDs. When haemoglobin
(which scavenges nitric oxide) was replaced with the nitric oxide synthase
inhibitor N-nitro-L-arginine, the same effect was observed. This group sug-
gested that this mechanism might account for non-haemorrhagic deterio-
ration in patients with SAH. The common clinical observation of fluctua-
tions in clinical state of intermediate grade SAH patients over intervals
often of less than an hour is compatible with the capricious behaviour of
CSDs and PIDs in the laboratory; clearly, other explanations are possible
and cannot be discounted, but, taken together, the demonstration of CSD-
like events in TBI [4] and the work of Dreier and colleagues provide sup-
port for this hypothesis.
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Non-Invasive Detection of Depolarisations in Ischaemic and
Traumatic Brain Injury

Availability of a simple non-invasive method for detection of depolarisa-
tions would greatly aid studies of their frequency, properties and effects.
Using near-infrared spectroscopy (NIRS), Wolf et al. characterised non-
invasively the transient changes in oxidised and reduced haemoglobin
(HbO, Hb) that accompany CSD in the rat brain [136]. A transient in-
crease in HbO was accompanied by a reduction in Hb, a combination
suggesting hyperaemia (Fig. 10, upper). There are clinical NIRS data from
this department in one patient with TBI (hitherto unpublished: Fig. 10
lower) and from the Berlin group in two with ischaemic stroke (Fig. 11), in
which the HbO and Hb transients closely resembled those seen with CSD
in the laboratory. However, in neither case was it feasible to confirm
depolarisation by ECoG or DC potential measurement. The potential use
of serial measurements of the apparent diffusion coefficient for water using
diffusion-weighted MRI has been discussed above.

Characterisation of Depolarisation Events in the
Injured Human Brain

It will be clear from the distinction drawn between CSD and PIDs
throughout this review that although it would seem that PIDs are invar-
iably cytotoxic and therapy should aim at their control, this is much less
certain in the case of CSD. The doubt arises from the evidence that ex-
perimental preconditioning with CSD confers protection against subse-
quent insults (page 16: Pre-Ischaemic Conditioning with CSD as Protec-
tion in Experimental Stroke). Since an episode of depolarisation detected
by ECoG may represent either CSD or PID, it becomes important to dis-
tinguish which has occurred.

Several monitoring methods already well or partly established in clini-
cal or research use are capable of making this distinction. The different
responses of cerebral cortical tissue pO, to CSD and PIDs (transient in-
crease and decrease respectively) have been well characterised by Back
[48]. Mayevsky et al. showed that laser Doppler flow monitoring would
provide similar information [92]. Dirnagl suggests that the NIRS profile
of CSD-linked hyperaemia, transient increase in HbO and decrease in
reduced Hb, is reversed in PID — a decrease in HbO with an increase in Hb
[137]. Finally, our experimental work with rapid-sampling microdialysis
in the MCAO stroke model shows that the occurrence of transient deple-
tion of dialysate glucose and increase in lactate would indicate a PID [105]
(Fig. 7). To date we have been unable to identify any comparable ‘“‘signa-
ture” for CSD.
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Deoxy-Hb

Time (minutes)

Fig. 10. (Upper panel) Time course of near infra-red spectroscopy (NIRS) data (oxy-
haemoglobin and deoxy-haemoglobin) from the exposed rat cerebral cortex during an
episode of induced CSD, verified by the changes in DC potential. Time bars are at 10
minute intervals. (Reproduced with permission from Kohl ez al. [139]). (Lower panel)
Time courses of changes in oxidized haemoglobin (upper trace), cytochrome oxidase
(middle trace) and deoxyhaemoglobin (lower trace) in a ventilated patient follow-
ing severe head injury, obtained non-invasively with NIRS (Cheng, Prowse and
Strong, unpublished). The traces show stereotyped combinations of increased HbO
and decreased Hb, separated by an interval of some 25 minutes, and suggesting
increased oxygen availability characteristic of CSD; ECoG was not available to verify
CSD (Please see (page 15: Haemodynamic Response and page 31: Direct Detection
and Characterization of Depolarisations in Humans, and Their Role in Human
Traumatic Brain Injury). The time course and patterns of the HbO and Hb transients
recorded clinically (lower panel) correspond closely with those known to be linked to
CSD as illustrated in the upper panel. (Vertical axis is change in chromophore con-
centration in micromolar)
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Fig. 11. NIRS traces from 2 patients during the acute phase of ischaemic stroke. (a)

Transient increase in HbO with decrease in Hb, suggesting a hyperaemic response to

a (unverified) CSD wave. (b) Sustained reduction in HbO signal and increase in Hb,

suggesting PID, characterised by decrease in HbO signal, and increase in the deoxy Hb

signal (depolarisation or propagation not verified by electrophysiology). (Reproduced
with permission from Dirnagl, 2001 [137])

The Biological Significance of CSD

Nearly 60 years after its first description by Ledo, we remain uncertain of
the biological role of a phenomenon that seems to be at times benefi-
cial and a normal response of the brain, and at other times, in the case of
PIDs, harmful, principally under conditions of ischaemia.

As one speculation, perhaps the apparent paradox can be explained
if we see CSD as reflecting the operation of well-conserved intercellular
communications in the brain — serving to protect the brain against in-
flammation and infection. We do well to bear in mind that our relative
mastery of infection in the central nervous system — incomplete and per-
haps temporary — is only very recent on the time scale on which evolution
operates, and there has probably been more survival value for our own
and other vertebrate species in effective responses to CNS infection before
and during reproductive life than in avoidance of the cost of aberrant,
deleterious operation of the same mechanism in the ageing or irretrievably
injured brain.

A quite different speculative view of CSD emerges from the recent
rapid growth in our knowledge of the physiological role of astrocytes in
modulating synaptic function, to the extent that the synapse is now seen as
a tripartite entity — pre- and post-synapse, and astrocyte [138]. Perhaps the
probability of CSD (variable depending on glia:neuron ratio and other
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factors) is an inevitable consequence of this arrangement and of the inti-
mate communication between astrocytes through their gap junctions.

We may also speculate that the depolarisation events that we are
able to observe propagating across the cortex with current methods and
stimuli may occur much more frequently than we can presently detect, but
restricted to microfoci of grey matter, not propagating widely, and below
the limits of the available resolution and sensitivity. Results of imaging
work with glial and organotypic cultures seem to support this possibility.

As the methods of molecular biology expand, so does the range of gene
responses to CSD that have been documented, and it is by no means yet
certain which are the most significant. However, it does seem likely that
we shall learn as much about the biological significance of CSD from
greater knowledge of the expression cascades that it initiates as from the
longer-established neurophysiological approaches to CSD.

For neurosurgeons studying and caring for acute brain injury, the only
certainties are that PIDs, when identified, should be controlled, and that
there is more to be learned about the effects of CSD on the human brain
before we can reach a view on whether to attempt to control it.

Summary

1. Cortical spreading depression is a non-physiological global depolarisation of
neurones and astrocytes that can be initiated with varying degrees of difficulty
in the normally perfused cerebral cortex in the experimental laboratory. In-
duction is typically with electrical stimulation, needling of the cerebral cortex,
or superfusion of isotonic or more concentrated potassium chloride solution.
The phenomenon propagates across the cerebral cortex at a rate of 2-5 mm
per minute, and is accompanied by marked but transient increases in cerebral
blood flow, in local tissue oxygen tension, and most probably in metabolic
rate.

2. Peri-infarct depolarisation is also a depolarisation event affecting neurones and
glia, with an electrophysiological basis similar or identical to CSD, but occur-
ring spontaneously in the ischaemic penumbra or boundary zone in focal cere-
bral cortical ischaemia. Most such events arise from the edge of the ischaemic
core, and propagate throughout the penumbra, at a rate similar to that of
cortical spreading depression.

3. Cortical spreading depression in the normally perfused cortex does not result in
histological damage whereas peri-infarct depolarisations augment neuronal
damage in the penumbra, and are believed by many authors to constitute
an important, or the principal, mechanism by which electrophysiological pen-
umbra progressively deteriorates, ultimately undergoing terminal depolarisa-
tion and thus recruitment into an expanded core lesion.

4. There is some experimental evidence to suggest that under some circumstances
induction of episodes of cortical spreading depression can confer protection
against subsequent ischaemic insults.
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5. Although cortical spreading depression and peri-infarct depolarisations have
been extensively studied in the experimental in vivo models, there is now clear
evidence that depolarisations also occur and propagate in the human brain in
areas surrounding a focus of traumatic contusion.

6. Whether such events in the injured human brain represent cortical spread-
ing depression or peri-infarct depolarisation is unclear. However, invasive and
probably non-invasive monitoring methods are available which may serve to
distinguish which event has occurred.

7. Much further work will be needed to examine the relationship of depolarisa-
tion events in the injured brain with outcome from cerebral ischaemia or head
injury, to examine the factors which influence the frequency of depolarisation
events, and to determine which depolarisation events in the human brain aug-
ment the injury and should be prevented.
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Abstract

Magnetoencephalography (MEG) is a relatively novel technique that allows
the study of the dynamic properties of cortical activity. The functional lo-
calization of brain sources of MEG signals depends on the models used
and it always has a certain degree of uncertainty. Nevertheless, MEG can
be very useful in assisting the neurosurgeon in planning and carrying out
brain surgery in, or around, eloquent brain areas, and in epilepsy surgery in
pharmaco-resistant patients. The following three areas of application of
MEG in neurosurgery are reviewed: (i) Presurgical functional localization
of somatomotor eloquent cortex; (ii) Presurgical evaluation of epileptic
patients. (iii) Functional localization of speech relevant brain areas. The
performance of MEG in comparison with EEG and fMRI is discussed.



52 F. H. LoPEs DA SiLvA

Keywords: Magnetoencephalography; epilepsy; presurgical planning.

Introduction

Magnetoencephalography (MEG) is the technique of measuring the mag-
netic fields generated by brain activity. In general, an important asset of
MEG/EEG is the ability to record signals generated by the brain in rela-
tion to distinct states of activity, whether determined by intrinsic processes,
e.g. different states of sleep and alertness, or in relation to motor acts and
sensory events. Here we will focus on the core of clinical applications with
respect to neurosurgical isssues. In this context three fields of application
will be reviewed: (i) Presurgical functional localization of somatomotor
eloquent cortex; (ii) Presurgical evaluation of epileptic patients. (iii) Func-
tional localization of speech relevant brain areas.

The implementation of the MEG in clinical settings has had a rela-
tively slow start, after the pioneering studies of Cohen (1968), in compari-
son with the amazingly rapid development of other brain imaging techni-
ques such as Magnetic Resonance Imaging (MRI). It should be stressed
that by no means are MEG and MRI really competitors. Rather, the two
techniques are complementary, since MRI provides precise static infor-
mation about brain anatomy, while MEG allows the study of the dy-
namic properties of cortical activity. MRI yields unrivalled images of brain
structures at all levels, whereas MEG gives information about dynamics of
the activities of large populations of neurons of the cerebral cortex. Nev-
ertheless MEG has a more direct competitor in the more recently devel-
oped functional MRI (fMRI) technique that is based on measurements of
changes of the ratio between oxy- and reduced-haemoglobin, which are
related to neuronal activity. Be as it may the time resolution of MEG is
unrivalled. Below we analyse more specifically the comparison between
MEG and fMRI regarding the problem of localizing cortical areas bor-
dering the central sulcus.

A basic limitation of MEG, as much as of Electroencephalography
(EEQ), is that the neuronal signals are recorded from the scalp and that
there is no unique solution to the question of where, within the brain, are
localized the sources of those signals. This means that there is no solution
to what is called the inverse problem. The common approach to overcome
the non-uniqueness of the inverse problem in MEG/EEG is to introduce
constraints in the solutions, in order to exclude all solutions except that
one that is most suitable to describe the data. Thus the functional local-
ization of brain sources of MEG/EEG signals depends on the models used
and on the corresponding assumptions, and it always has a certain degree
of uncertainty. This contrasts with the accuracy of MRI brain scans. It
explains partly why the development of clinical applications of MEG has
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been slow, since the research on how to optimise the solutions of the in-
verse problem has been arduous and only recently it is reaching the stage
at which consensual strategies may be advanced. These inherent difficulties,
along with the fact that MEG needs rather costly facilities, account for the
restraint of medical specialists in promoting this new methodology and the
hesitation of hospital administrators in supporting the necessary invest-
ments in material and human resources.

Some Basic Notions: From Applied Physics to Biophysics

After the pioneer measurement of MEG signals by Cohen (1968) using a
simple induction coil magnetometer, this method became practical only
after new technologies based on the principle of superconduction became
available. In the course of the last decades this led to the construction of
whole-head devices that allow measuring simultaneously from more than
150 sensors. In Amsterdam we have a CTF/VSM apparatus, manufac-
tured in Vancouver (Canada). To give a rough idea of the financial
aspects, an MEG apparatus costs about 2.5 x 10°€, while the yearly run-
ning costs, including salaries, are in the order of 6 x 10°€. It is most im-
portant that a small staff consisting of physicists, software specialists and
technicians (at least 13 positions), will give the necessary support and col-
laboration in the development of acquisition protocols and signal analysis.
I should add that besides the exploration of magnetic signals produced by
the brain, the same technique has proved valuable in the study of the
heart, both of adults and foetuses. This can be illustrated by two recent
studies: it was shown that recordings of the adult heart magnetic field
(Magnetocardiogram or MCG) in the depolarization process has the po-
tential to detect subtle myocardial ischemia induced by exercise (Kanzaki
et al. 2003). The analysis of foetal MCG (FMCGQG) recordings may also
contribute significantly to a better understanding of the heart function of
the foetuses, and thus may help improve perinatal morbidity and mortality
(Anastasiadis et al. 2003).

A few basic notions of applied physics and biophysics may be useful as
a short technical introduction into the realm of MEG.

First, we may ponder about some basic notions of applied physics. In
general, magnetic fluxes can be measured using induction coils. However,
very weak magnetic fields are not measurable using normal wires since the
induced currents dissipate as heat by the electrical resistance of the wires.
The discovery of the principle of superconduction, i.e. of materials that
have essentially no electrical resistance at extremely low temperatures,
opened up the possibility of measuring tiny magnetic fields as those pro-
duced by the brain. These superconductors are usually known by the
abbreviation SQUID (superconducting quantum interference devices). To
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assure that SQUIDs work properly they have to be maintained at a very
low temperature. This is achieved by immersing the SQUIDs in liquid
helium contained in an insulated vessel known as a Dewar (—269 °C). The
SQUID may be considered a device for transforming a time-varying mag-
netic field to a time-varying voltage, since a magnetic flux passing perpen-
dicular to a superconducting coil induces an electrical current in the coil.
The latter can be further amplified using appropriate electronics. Thus the
field of ‘low temperature physics’ created new devices that allowed mea-
suring very weak magnetic fields such as those produced by neurons.

Second, we may review some basic principles of biophysics. Neurons
generate time-varying electrical currents when activated. Longitudinal
intra-cellular currents flowing along dendrites or axons generate magnetic
fields around them, just as it happens in a wire, according to the well
known right-hand rule of electromagnetism. Pyramidal neurons of the
cortex, with their long apical dendrites oriented perpendicular to the cor-
tical surface, if activated with a certain degree of synchrony, generate co-
herent magnetic fields. In this way we may say that these neurons behave
as ‘current dipoles’, the activity of which can be detected by SQUIDs
placed at a small distance from the skull. We should note that the resulting
MEG signals depend on the orientation of the neurons with respect to the
skull. The MEG °‘sees’ only those magnetic fields that are perpendicular to
the skull. These magnetic fields are generated by neuronal currents that are
oriented tangentially to the skull. In contrast, those that are oriented radi-
ally to the skull do not generate a magnetic field outside the head.

Third, we have to note that in order to record MEG signals it is nec-
essary to use specialized recording conditions, since these signals are very
weak. Even when thousands of cortical pyramidal neurons are synchro-
nously active the resulting magnetic field at the head surface has a very
small magnitude, in the order of 107!2 Tesla (1 fT = 10~!° Tesla), which is
much smaller than the earth magnetic field and urban magnetic noise
fields. This poses a hard detection problem, equivalent to that of detecting,
at a distance, the voice of one single individual in a large noisy crowd. To
accomplish this strenuous task the MEG is generally recorded in a mag-
netic and radiofrequency shielded room with walls made of mu-metal and
aluminium, what adds appreciably to the cost of the system.

Clinical Applications of MEG in a Neurosurgical Setting

In this overview we will examine the evidence available regarding the use
of MEG in the clinical settings where the emphasis is on assisting the
neurosurgeon in planning and carrying out brain surgery in, or around,
eloquent brain areas, and in pharmaco-resistant epileptic patients. The fol-
lowing three areas will be considered, as indicated in the Introduction: (i)
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Presurgical functional localization of eloquent cortex; (ii) Presurgical eval-
uation of epileptic patients. (iii) Functional localization of speech relevant
brain areas.

Magnetic Functional Source Imaging of the Sensorimotor Strip

The central sulcus is an important anatomical reference in order to localize
the sensorimotor cortical strip. It is important to identify precisely the
functional anatomy of these cortical areas with the aim of performing
surgical resections in and around these areas without harming the eloquent
cortex. In particular space-occupying lesions, as tumours and vascular
malformations may deform the cortical anatomy such that pre-operative
MRI scans may not be appropriate for the identification of the central
sulcus. In these cases a functional method is necessary. The central sulcus
(CS) marks the border between the agranular motor cortex in the pre-
central gyrus and the granular somatosensory cortex in the post-central
gyrus (Zilles, Schlaug et al. 1995). The question is whether MEG may
provide reliable information regarding the localization of the somato-
sensory and motor cortical areas.

Functional Localization of Somatosensory Cortex

A number of studies showed that MEG provides a powerful method for
the functional mapping of the somatosensory cortex (Hari, Reinikerinen
et al. 1984), (Wood, Cohen et al. 1985), (Sutherling, Crabdall et al. 1988),
(Buchner, Fuchs et al 1994), (Rezai, Hund et al 1996), (Ossenblok,
Luiten et al. 2003). This is very relevant to guide the neurosurgeon in
interventions where it is necessary to map the somatosensory cortex
around the central sulcus. It is well established that the electrical stimula-
tion of the median nerve generates an evoked field in the SI hand area
located in the post-central gyrus. Most commonly the component of the
cortical electric evoked field that is taken as reference is the negative peak
at about 20 ms latency (Okada, Tanenbaum ez al. 1984; Allison, McCar-
thy et al. 1989).This fits well with the results obtained by way of direct
cortical recordings showing (reviewed by Allison (1991)) that the sources
of early cortical somatosensory evoked potentials are located in the pari-
etal cortex, more specifically in the primary somatosensory area of the
posterior bank of the central sulcus. The source modelling studies of elec-
trical and magnetic fields, along with the cortical recordings, agree that the
N20 field is generated by a dipolar source tangential to the cortical sur-
face. This dipolar field is produced by the activity of neurons of area 3b
evoked by cutaneous inputs. The localization of this dipolar field is now-
adays the standard method to estimate the localization of the central sul-
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Fig. 1. Three-dimensional surface rendering of the brain of a patient with a sub-
cortical cavernous hemangioma in the right lower parietal lobe. Left, above: Cortical
veins and sources of somatosensory MEG fields evoked by electrical stimulation of the
median nerve (hand S1), the tibial nerve (foot S1) and lip (lip S1), along with the au-
ditory evoked field (at a latency of 100 ms), are indicated by dots. Right, above: A
section of the surface rendering was removed to reveal the subcortical cavernous
hemangioma, and the sulcal route (arrow) used for its removal. Below: on the left a
coronal MRI section showing the source of the median nerve evoked field (dot) and on
the right a sagittal section showing the source of the auditory evoked field (dot); The
arrows show the approximate location of the tumour, that is below the median nerve
source and posterior to the auditory source. (Adapted with permission from (Maikeld,
Kirveskari et al. 2001))

cus (Fig. 1). A thorough analysis of this and other components of the
somatosensory cortex evoked potentials is given by Mauguiere (1998) and
of the corresponding magnetic fields by Hari and Forss (1999). In this
context it is important to note that the MEG is to be preferred to the EEG
because the former is less sensitive to the different conductivities of the
tissues which, in pathological cases may be even more complex than in
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normal cases, due to local changes in conductivity caused by tumour
masses, oedema and/or skull defects. In a clinical application (Ganslandt,
Fahlbusch et al. 1999) during surgery, the pre- and postcentral gyri were
identified by neuronavigation and, in addition, the central sulcus was
localized using intraoperative recording of somatosensory evoked poten-
tials. In all cases MEG localizations of the sensory or motor cortex were
correct. These authors conclude that the method of incorporating func-
tional data into neuronavigation systems is a useful tool that can be used
to lessen morbidity around eloquent brain areas.

Functional Localization of Motor Cortex

The studies described above had the aim of localizing the posterior bank
of the central sulcus using the evoked responses of the somatosensory
cortex. In addition a number of studies have focused on the functional lo-
calization of the primary motor cortex on the anterior bank of the central
sulcus. This may provide important complementary information. Rezai
et al. (1996) recorded movement-related magnetic fields to estimate the
location of the cortical motor strip. The observation that MEG rhythmic
activity of the motor cortex at about 15-30 Hz shows a significant coher-
ence with the EMG of arm muscles during isometric contractions by
Salenius and collaborators (Salenius, Portin ez al. 1997; Hari and Salenius
1999) has yield a new method to estimate the localization of the motor
strip. Mékeld et al. (2001) combined information obtained using magnetic
fields evoked by median and tibial nerves and by lip stimulation, with that
obtained by estimating the maximal coherence of MEG oscillatory cortical
activity with the electromyogram of hand and foot muscles in order to
estimate the precentral motor and the post-central somatosensory corti-
ces. The neuromagnetic information was displayed on 3D-surface recon-
structions of the individual brains. These data were verified using intra-
operative corticography. The sources of the somatosensory evoked fields
located the posterior bank of the central sulcus correctly in all patients,
whereas information about the localization of the motor strip was obtained
in 8 of 12 patients. This study shows that this complementary information,
obtained pre-operatively, can be useful in guiding the neurosurgeon so that
possible damage to eloquent cortical areas of the sensorimotor strip may be
substantially reduced.

Comparison Between MEG and fMRI Regarding the Functional
Localization of Somatomotor Cortex

Above we noted that fMRI can compete with MEG/EEG to some extent
with respect to the functional localization of the cortical areas around the
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central sulcus. In this context which of these techniques has the best per-
formance? The fMRI measures changes in magnetic signals related to
spatio-temporal haemodynamic events that are associated with neuronal
activity evoked by a stimulus. These basic haemodynamic events (Malo-
nek, Dirnagl et al. 1997) consist of increased neuronal O2 consumption
(latency: 100 ms), and associated increased blood volume (latency: 300—
500 ms) and increased blood flow (latency: 500—1500 ms) in surround-
ing vascular compartments. These haemodynamic changes are reflected in
variations of the ratio oxy-/reduced-haemoglobin that can be picked up, to
some extent, by fMRI. We should note that there is, however, a time delay
between the occurrence of changes of neuronal activity, that in the case
considered here is evoked by stimulation of the median nerve, and the
associated haemodynamic changes. This implies that there is a physiologi-
cal dead-time that does not allow to detect the earliest changes of neuronal
activity by way of haemodynamic measurements. In addition there are also
technical limitations, since the sensitivity of the current MRI apparatuses
(1.5 T) is not sufficient to pick up the weak haemodynamic changes
occurring at the shortest latencies. This performance may improve with
more powerful MRI apparatuses.

What is the correspondence between fMRI signals and neuronal activ-
ity evoked by peripheral stimulation in the somatosensory cortex? This
question was addressed, in a comprehensive way, by Disbrow et al. (2000).
Cortical activation maps obtained after somato-sensory stimulation of
hand, face and forelimb in monkey, were measured using standard fMRI
(1.5 T) and electrocorticography (microelectrode electrophysiology) and
compared. In 55% of the maps the centroids of fMRI maps co-localized
with those obtained electrophysiologically. In 45%, however, they did not,
and the mean distance between the two kinds of centroids was 1 cm. These
differences were related to how the cortical maps are oriented in relation
to the cortical blood vessels. The cortical maps that are oriented parallel
to the blood vessels display a good overlap between fMRI and electro-
physiological signals, whereas those that are perpendicular do not overlap,
or overlap only partially. This means that in addition to the differences in
timing, there are also spatial differences between fMRI and electrical/
magnetic signals, determined mainly by the orientation of the surrounding
blood vessels that condition the fMRI signals, while they do not affect the
MEG.

A direct comparison of fMRI and MEG in their capacity to localize
the central sulcus was carried out by Inoue et al. (1999) in a neurosurgical
setting. They found that fMRI and MEG coincided in defining the cen-
tral sulcus in all 24 hemispheres of volunteers and all 10 examined non-
affected hemispheres of patients. The percentage of concordance, however,
decreased to 82% for the affected hemispheres of 11 patients with brain



What is Magnetoencephalography and why it is Relevant to Neurosurgery? 59

tumors. All MEG localizations were confirmed by intra-operative record-
ings of somatosensory evoked potentials from the cortical surface. In those
few cases where fMRI was not reliable, this was probably due to venous
flow changes by tumor compression. These authors conclude that for pre-
cise functional assessment of the brain affected by intracranial tumors, the
combination of fMRI and MEG is recommended. The same conclusion
was reached by Kober et al. (2001) who estimated the distances between
MEG and fMRI activation sites in a number of neurosurgical patients. The
central sulcus could be identified by MEG and fMRI in 33 of 34 cases.
However, MEG and fMRI localization results showed significantly differ-
ent activation cortical sites for motor and sensory tasks with a distance of
10 and 15 mm, respectively. These authors conclude that both modalities
are useful for the estimation of the somatomotor cortex, but a single
modality may err in the exact topographical labelling of the somatomotor
cortex. In some unclear cases a combination of both methods should be
used in order to avoid post-surgical neurological deficits.

In short, the MEG, whether alone or in combination with fMRI, is an
important tool for functional localization of the cortical areas surrounding
the central sulcus.

MEG in Epilepsy: Identification of Epileptiform Inter-Ictal Foci

With the aim of localizing epileptogenic areas particularly in order to plan
surgical resections of these areas it is important to identify where in the
brain epileptic seizures start. This cannot be easily done using MEG since
it is not practical to monitor epileptic patients during prolonged MEG
recordings while waiting for a spontaneous seizure to occur. However,
very useful information can also be obtained through the identification of
the areas where epileptiform inter-ictal activity, e.g. spikes are present
(Sutherling, Levesque et al. 1991; Ebersole 1997; Ossenblok, Fuchs et al.
1999; Baumgartner, Pataraia et al. 2000; Stefan, Hummel ez al 2000).
Both EEG and MEG can accomplish this task efficiently, but the latter has
some advantages since it yields more localized fields and it allows a better
differentiation of multiple sources. In our experience this applies particu-
larly to neocortical sources. However, temporal lobe epilepsies tend to
yield too few interictal spikes in the MEG, likely due to the distance be-
tween the sensors and the hippocampal region. In any case the signal-to-
noise ratio of individual spike discharges is usually relatively low. There-
fore especial techniques have to be applied to enhance it. Most often the
MEG/EEG recordings of inter-ictal epileptiform activity are complex sig-
nals, with artefacts and other non-epileptiform transients that have to be
avoided using appropriate methods (Gotman and Wang 1991), along with
real epileptiform spikes that may arise from multiple brain sources (Engel
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Fig. 2. Above: MEG Topographic maps and overlay of MEG signals recorded from
different sensors for 5 epileptiform spike clusters in a patient with a 10-year history of
a seizure disorder that became manifest after drainage of an intracerebral abscess in
the right frontal lobe. The seizures proved unresponsive to medical treatment so that
the patient was evaluated for epilepsy surgery. Above each map the cluster number
and the number of spikes it contains (within brackets) is indicated. The field maps
represent the magnetic field distribution at the time of the marker indicated by the
vertical dashed line, set at time zero. Below: position of equivalent dipoles in MRI
slices for clusters 1 and 2 (1% row) and for cluster 5 (2™ row). Clusters 3 and 4 are not
indicated because they did not yield residual errors less than 10%. The boundary of the
structural lesion in the right frontal lobe is marked by the dotted line. Note that the
dipoles of clusters 1 and 2 were located at the posterior border of the lesion in the right
frontal lobe. Those of cluster 5 were also located in the same hemisphere but more
posterior, likely indicating propagated epileptiform activity from the main more ante-
rior sources. The patient underwent a right frontal lobectomy. Pathology of the
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Jr 1993), (Lantz, Wahlberg et al. 1998), (Iwasaki, Nakasato et al. 2002).
This implies that the MEG/EEG epileptiform spikes should be grouped into
distinct clusters before estimating the corresponding brain sources. Several
methods have been proposed to achieve this objective (Lantz, Wahlberg
et al. 1998), (Wilson, Turner et al. 1999; Wahlberg and Lantz). Recently
an automated algorithm for clustering of epilepiform spikes was developed
in our group (Van’t Ent, Manshanden et al. 2003) that was applied to
MEG recordings from epileptic patients with localization-related epilepsy.
Inverse computations applied to selected averages of spike clusters, in
order to identify the corresponding brain sources, yielded source solutions
that agreed with the presumed site of seizure initiation and were associated
with the structural lesions seen in MRI scans (Fig. 2). Even in patients
with no evident brain lesion in the MRI this approach helped to obtain
insight in the characteristics of a possible neocortical epileptogenic area.
In conclusion these recent advances indicate that objective cluster
analysis of large numbers of MEG epileptiform spikes yields useful clinical
information regarding the delineation of an epileptogenic zone. This in-
formation can converge with that obtained using classic scalp video/EEG
seizure monitoring, even in the absence of a structural lesion in MRI.

Functional Localization of Speech Relevant Brain Areas

In addition to the applications described above, which are directly relevant
for neurosurgical applications, the MEG is becoming an important tool
for the analysis of dynamical brain activities in relation to neuro-cognitive
functions (Momjian, Seghier et al. 2003). In this context the functional
mapping of speech relevant areas is also clinical useful since in neuro-
surgery it is of the uttermost importance to avoid damage to these elo-
quent areas of the brain. This is usually done by way of the invasive Wada
test (Wada and Rasmussen 1960). The question is whether the MEG may
be an alternative non-invasive method to the Wada test. A number of
studies, particularly of the Helsinki school, have shown that MEG signals
evoked by speech related tasks can be recorded and localized to speech
relevant brain areas (Fig 3). A picture naming task in normal subjects
revealed that MEG fields evoked by the visual presentation of pictures to
be named appear first in the occipital areas and evolve in time from the
posterior to frontal areas (Salmelin, Hari et al. 1994). These MEG signals

<

excised brain tissue revealed the presence of extensive gliosis secondary to the intra-

cerebral drainage performed earlier. The patient has remained seizure free, on anti-

epileptic medication, 14 months after surgery. (Adapted with permission from (van’t
Ent, Manshanden et al. 2003))
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Brain Dynamics During Picture Naming

passive viewing
— picture naming

Salmelin et al. . 10 nAm
Nature 1994 0 500 ms

Fig. 3. Brain activation in the course of a naming-aloud experiment (orange traces) of
pictures presented on a computer screen once every 5 s. The early visual MEG evoked
response (source 1, picture upper left) at the back of the head was followed by more
lateral posterior signals in both hemispheres (sources 2 and 3, upper middle and right),
suggesting a contribution from Wernicke’s area and its right-sided counterpart. Within
the same time window (grey rectangles), a left frontal site (4, below left) close to the
cortical face representation area showed activation, as in preparation for mouth
movements. About 500 ms after the picture had been presented, signals emerged from
a site anterior to the face representation area in the motor cortex, reflecting activation
of Broca’s area (5, below middle) and its counterpart in the right hemisphere. These
signals were immediately followed by activity at the top of the brain (6, below right),
probably generated in the vicinity of the supplementary motor area. MEG responses
during passive viewing (white traces) and quiet naming (green traces) are also shown.
The locations of visual (7'), auditory (A4), and somatosensory (S) projection cortices
are marked by yellow squares. (Adapted with permission from (Salmelin, Hari et al
1994))

are bilateral but over the left hemisphere they are usually stronger and
leading in time. In a more specific task Gootjes, Raij et al. (1999) per-
formed a MEG study in 11 healthy right-handed subjects to estimate in-
dividual hemispheric dominance for speech sounds. The auditory stimuli
comprised binaurally presented vowels, tones, and piano notes in groups
of two or four stimuli. In the left hemisphere, vowels evoked significantly
stronger (37-79%) responses than notes and tones, whereas in the right
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hemisphere the responses to different stimuli did not differ significantly.
Specifically, in the two-stimulus task, all 11 subjects showed left-hemisphere
dominance in the vowel vs tone comparison. This simple paradigm may be
helpful in non-invasive evaluation of language lateralization. Other MEG
studies using different forms of signal analysis are congruent with these
findings. Papanicolaou et al. (1999) reported that they could identify the
dominant hemisphere by inter-hemispheric comparison of the number of
dipolar sources, and the same applies to the study of Kober (2001) who
used a laterality index calculated from the strength of current density dis-
tributions after spatial filtering.

More well controlled studies in larger groups of subjects are, of course,
necessary. Nevertheless the results obtained until now allow us to conclude
that MEG is a valuable method to investigate the dynamics of speech
processing. Furthermore MEG merits being explored as a potential alter-
native to the Wada test for non-invasive presurgical localization of speech
eloquent brain areas and the identification of the language dominant
hemisphere.

Discussion and Future Developments

The MEG has been slow in being accepted as a major method of diagnosis
due to its high cost relative to the well established EEG. Nevertheless the
advantages of MEG over EEG are becoming accepted in a number of
applications as indicated above. We discuss here in more general terms the
main advantages and disadvantages of MEG versus EEG. Since the MEG
is the newcomer we may start by discussing whether it has advantages with
respect to the older EEG method. We may distinguish three main advan-
tages of the MEG.

First, the EEG is a relative measurement; it needs a reference electrode,
while the MEG does not. This makes the analysis of correlations between
signals recorded from different sites over the head, using the MEG, easier
to interpret. This is particularly relevant in dynamical investigations of
MEG signals during the performance of cognitive tasks, such as in the
analysis of speech processing.

Second, the MEG field generated by a given cortical population is
more tight than the corresponding EEG field. This is due to the fact that
the EEG depends mainly on volume currents that are smeared out by the
isolating shell of the skull, whereas the latter do not contribute to the
MEG. This implies also that in the case that several generators are simul-
taneously present in the cortex, the MEG is capable of resolving the cor-
responding sources more accurately than the EEG.

Third, the MEG is much less affected by the electric properties of the
shells that surround the brain, namely the skull and the scalp. This makes



64 F. H. LoPEs DA SiLva

the determination of brain sources of MEG activities more accurate than
of EEG sources. There are, of course, also some disadvantages of the
MEG. Long recordings such as it may be necessary to be made in sleep
research are more difficult to obtain, although not impossible (Simon ez al.
2000). It is unpractical to record epileptic seizures since the patient may be
hurt due to the head confinement in the MEG container. In addition a
non-trivial disadvantage is the price of the MEG installation. This is the
main reason why there are relatively few MEG facilities around the world,
while most of these are still primarily dedicated to fundamental research.

One problem that has hindered the more generalized acceptance of
MEG as a clinical tool is the fact that a consensus about how to process
MEG signals has not yet emerged. Different methods are being used,
which very often are variations of the basic equivalent dipolar source
model. Indeed a general approach is to estimate from a given MEG signal,
after adequate processing, the equivalent current dipole model for a series
of time samples within a time-window of interest. Dipolar solutions should
be accepted only when the residual error between measured and computed
magnetic fields is below a certain threshold (typically values: 10 or 5%).
The dipolar solutions should be presented on the corresponding MRI sli-
ces along the three planes (horizontal, sagittal and coronal). Thereafter the
dipolar distributions on these MRI slices have to be interpreted as repre-
senting reliable sources, either in the form of one single or multiple clus-
ters. Alternative methods have been proposed such as those based on
spatial filtering to estimate current distributions (Robinson and Rose
1992). Among other applications this methodology has been used to
estimate the dynamics of speech processing both in normal subjects and
patients. Be as it may, the field of MEG analysis has entered the phase
of maturity such that more comprehensive studies can reasonably be
expected.

Besides advances in the creation of comprehensive software for MEG
analysis that may be more widely accepted, we may expect, in the near
future, also technical developments in hardware, with the implementation
of novel high-temperature SQUIDs operating at the temperature of liquid
nitrogen, such that the MEG sensors may be brought closer to the scalp
improving the signal-to-noise ratio. Accordingly information from brain
sources of MEG signals lying deeper under the scalp may become more
accessible. New technological improvements may also lead to a decrease of
the cost of the MEG installations, what would be most desirable.
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Abstract

Disturbances of olfaction are a common occurrence in many neurological
and neurosurgical patients and their correct diagnosis might be helpful
in management and enhancement of quality of life. However, olfaction is
seldom checked in most neurosurgical units and the “smell bottles” are
often either absent or out of date. This chapter reviews systematically re-
cent advances in our understanding of the anatomy, physiology (olfactory
coding) and measurement of olfactory function in the human. The causes
and symptoms of smell disorders, risk of damage to the olfactory system by
various surgical procedures and, finally, the natural history of recovery and
treatment of smell disorders, for example after trauma, are discussed.

Keywords: Olfaction; smell disorder; anatomy; physiology; olfactory coding; mea-
surement of olfactory function; craniotomy.

Anatomy

Although this review focuses on the olfactory system, it is necessary to
mention, at least briefly, other sensory channels involved in chemosensory
perception. All the senses can be stimulated by chemicals, which in fact,
typically activate not only one but several of the ““chemical senses”. For
example, nicotine not only activates the olfactory nerves, but also produces
activation of the intranasal chemosensory trigeminal system.

Main Olfactory System

Olfactory perception starts at the level of the olfactory epithelium in the
roof of the nasal cavity. Olfactory receptor neurons (ORN) are embedded
within the respiratory epithelium and send their axons through the cribri-
form plate towards the olfactory bulbs. ORN carry olfactory receptors
(OR) which are the key to olfactory information processing (see below).
In the olfactory bulb ORN axons synapse with second order neurons, the
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mitral cells. The wiring between the olfactory epithelium and the olfactory
bulb is characterized by a convergence of ORN axons. Specifically, all
ORN carrying the same OR converge in the same site within the bulb,
called “glomerulus”. Axons from the mitral cells follow the olfactory tract
and divide into two bundles. Most fibers directly project to the pyriform
and entorhinal cortices as well as to the amygdalae (all structures formerly
subsumed under the term “limbic system’) whereas a minority of fibers
project through the thalamus towards the orbito-frontal cortex [1].

Compared to other sensory modalities the olfactory system has some
particularities. First, the majority of the olfactory fibers do not cross but
project ipsilaterally in the brain. Second, most olfactory fibers bypass the
thalamus and project very rapidly and directly in the pyriform cortex,
amygdalae, and entorhinal cortex which are implicated in emotional and
memory processing [2]. This difference in central anatomy has been
claimed to be partly responsible for the emotional load olfactory memories
can carry [3]. In contrast to other sensory modalities, no main olfactory
cortex has yet been found. Numerous works indicate the orbitofrontal cor-
tices to be an important relay in olfactory information processing [4].

Trigeminal System

The trigeminal system provides the somato-sensory innervation to the
nasal mucosa. Somato-sensory input from the skin, the nasal and oral
cavities, respectively, is mediated by the trigeminal system. Since most
odorous compounds stimulate trigeminal nerve endings, at least at higher
concentrations, this system is almost always co-activated in the perception
of odors. With few exceptions almost all odorants have been shown to ex-
hibit trigeminal activation to some extent [5] (e.g., mint has a somewhat
fruity odor, but also evokes a typical cooling effect which is mainly trigemi-
nally mediated). The main modalities supplied by the trigeminal system
are temperature, pain, touch, and irritation. Testing the chemosensory
intranasal trigeminal system psychophysically is more complex than olfac-
tory testing. Since olfactory thresholds are always lower than the trigemi-
nal thresholds for a given substance, olfactory biases are obvious.

The olfactory system is unable to localize the site of stimulation
when one nostril receives clean air and the other nostril simultaneously
receives an odor at the same time. In contrast, trigeminal stimulation can
be localized. This difference is used to solve the bias inherent to trigeminal
testing. Using lateralisation paradigms, trigeminal function can be easily
and rapidly measured in a clinical context [6, 7]. Since the olfactory and
trigeminal systems are so closely related anatomically and physiologically,
there is a strong interaction between the two systems [8, 9]. In patients with
olfactory loss, the trigeminal function is also weakened [10, 11]. Older liter-
ature on trigeminal trans-sections also discusses its impact on olfactory
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Fig. 1. Schematic diagram illustrating the axonal connectivity pattern between the
nose and the MOB. The OE in mice is divided into four zones (zones I through IV)
that are defined by the expression of odorant receptors. Olfactory sensory neurons in
a given zone of the epithelium project to glomeruli located in a corresponding zone
(zomes I through V) of the MOB. Axons of sensory neurons expressing the same odor-
ant receptor (red or dark blue) converge to only a few defined glomeruli. NC Neocor-
tex; AOB accessory olfactory bulb. Reprinted (abstracted/excerpted) with permission
from Mori K, Nagao H, Yoshihara Y (1999). The olfactory bulb: coding and process-
ing of odor molecule information. Science 286 (5440): 711-715. Copyright (1999) AAAS

function [12]. However, patients with complete trigeminal loss are ex-
tremely rare and no large study has so far been conducted to investigate
the effects of trigeminal loss on olfactory function.

Gustatory System

The gustatory system provides the five basic tastes; sweet, sour, salty, bit-
ter, and umami (glutamate). The latter, which resembles mainly the taste of
chicken soup, has long been claimed in the Asian literature to be a basic
taste quality [13, 14], whereas the western scientific community considered
umami mainly as a “taste enhancer”. This controversy was resolved when
monosodium glutamate receptors were found on the tongue surface acting
as specific taste receptors [15]. Molecular biological knowledge about taste
receptors started to emerge a few years ago. Most basic taste qualities are
not mediated by just one receptor type; several receptors act, for example,
as sweet receptors. Many other taste modalities have been postulated (me-
tallic taste, fat taste) and are currently under investigation. Future research
is expected to clarify the coding mechanisms in taste perception.
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Taste receptors are located within the taste buds, which are situated
on all papillae except the filiform type. The highest densities of taste buds
are found on the tongue and palate but they are also found throughout the
entire oral cavity, hypopharynx and subglottic larynx [16]. Like ORNSs,
gustatory sensory receptor cells have the ability to regenerate [17]. Neural
supply for these cells is provided by the facial, glossopharyngeal, and vagal
nerves. The facial nerve innervates the anterior two thirds of the tongue,
while the glossopharyngeal and vagal nerves innervate the posterior third
of the tongue, as well as the hypopharynx and larynx. Like olfaction, taste
fibers project ipsilaterally into the basal ganglia and brain stem. All gus-
tatory fibers (facial, glossopharyngeal and vagus) innervating the oral-
pharyngeal cavity converge into the nucleus solitarius within the brain stem.

Vomeronasal System

In 1813, Jacobson described a mucosal organ located on each side of the
nasal septum and which was subsequently named “Jacobson’s organ” [18,
19]. Later, the vomeronasal organ (VNO, consisting of vomeronasal epi-
thelium, nerve, and accessory olfactory bulb) was shown to mediate effects
attributed to pheromones [20]. A pheromone is a chemical molecule or
compound which is secreted by one member of a species and, as soon as it
is perceived by another member of the same species, elicits physiological,
behavioral, or endocrinological effects [21, 22]. According to the original
definition of Karlson and Liischer [20] such effects must be species-specific.
While the functionality and biological relevance in most animals is well
documented, there is ongoing debate about the functional significance of
the vomeronasal pouch in humans. Some authors claim to find neuronal
activity within the vomeronasal epithelium [23] while many other studies
suggest that the vomeronasal duct is nonfunctional in humans, with some
vomeronasal nerves missing and lack of accessory olfactory bulbs in adults
[24-27]. Furthermore, a vomeronasal duct is not always present in humans;
recent investigations revealed that approximately 60% of humans have one
[25]. Nevertheless, a few papers indicate that pheromonal-like effects occur
in humans [28, 29] and several vomeronasal-like receptor genes have been
found in the human genome, one of which is expressed in the olfactory ep-
ithelium (V1r) [30]. It is not yet known whether these receptors are func-
tional or not. Their expression, however, indicates that putative “human
pheromones™ may act via the main olfactory system.

Olfactory Coding

The question of olfactory information encoding has been a concern for
a long time. One main problem was to find a theory or model that would
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predict the odorous properties of a given molecule. Although the fragrance
industry spends a lot of money on the creation of new — and hopefully smelly
— molecules, no model exists which could predict the smell of any given
molecule. The search for new odorants is still a very expensive procedure
based on trial and error. Therefore, a universal model of stereochemical —
odor interaction would greatly assist the search for new odorants.

Several models have been proposed to explain how the olfactory system
discriminates between odorants. In the early sixties Mozell hypothesized
that the chromatography of a molecule would determine its processing
[31, 32]. According to Mozell, the olfactory receptors, which are located
on the cilia of the olfactory neurons, are covered by a mucous layer and
odorants have to cross this mucus before reaching the receptor cell. His
theory was based on experiments using frog olfactory epithelium. Although
no clear evidence has been presented that absorption of odorants is irrele-
vant to its interaction with the receptors, this theory has received less atten-
tion during recent years. Nevertheless, recent work on humans suggests
that absorption could have implications for olfactory perception [33]. An-
other model indicates that olfactory recognition is mainly based on a few
basic odors and that combination of these odors encodes the olfactory in-
formation [34, 35]. This model claims that olfaction works according to
physiological principles similar to those governing vision. This assumption
was mainly based on experiments on specific anosmias to isovaleric acid.
Further experiments with other odorants were not able to confirm this
model. Another theory receiving interest from the media is an old idea
[36] reactivated by Turin [37]. According to this theory, olfactory coding
could be based on vibration properties of the odorants. Recent work, how-
ever, indicates that this model can not predict the olfactory characteristics
of a given molecule [38].

Since odorants are chemical structures, the existence of a ligand—
receptor interaction has been claimed for many years, and was finally
substantiated in 1991 by the discovery of a large family of seven trans-
membrane receptor proteins, expressed exclusively in the olfactory neuro-
epithelium. These olfactory receptors (ORs) are encoded by approximately
1000 genes in the mouse, or approximately 1% of its genome [39]. While
the mouse expresses approximately 850 of these genes, the rest being
pseudogenes, humans have far fewer functional ORs (approximately 350)
[40]. Although this seems to indicate a loss in function, the simple equation
“less receptors = less function™ is currently under debate and some studies
argue that humans have a very high preservation rate for specially impor-
tant ORs [41-43].

The discovery of the OR superfamily led to a renaissance of olfactory
research. During the last decade, potential OR binding sites [44] and the
topographical organization and distribution of the ORs within the olfac-
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tory epithelium have been partly identified [45-47]. A recent finding has
been the astonishingly high degree of organization found within the periph-
eral olfactory system. The first striking observation was that, among all the
potentially expressible OR, every ORN expresses only one single OR gene
[48, 49]. Furthermore, axons from all ORN expressing the same OR, what-
ever their location within the olfactory epithelium, project into two glomer-
uli in each olfactory bulb. This organization is called glomerular conver-
gence [50]. Thus, a large glomerular map in the bulb, containing hundreds
of glomeruli, will correspond to all OR expressed in the olfactory neuro-
epithelium. Molecular and electrophysiological studies revealed that OR
are not selective for only one odorant, but numerous molecules bind with
varying affinities to a certain OR. A given receptor may bind to a molecule
with a given carbon chain length, but may lose binding affinity as the ago-
nist’s chain length increases. Similarly, the OR binding affinity for a mole-
cule may dramatically change upon modification of the functional groups
(aldehydes, ketones, acids, esters, alcohols, etc) of this molecule [51, 52]. In
addition, every odorant is recognized not by one but by several ORs simul-
taneously, depending on its particular chemical properties. At the level of
the glomerular map this leads to a specific activation pattern for each odor-
ant [53]. This odor-specific activation pattern is believed to be responsible
for the recognition of and distinction between different odorants [54].

However, as previously mentioned and although the olfactory receptor
theory adequately explains how olfactory coding could work, olfactory re-
search is still a long way away from predicting the odor of a molecule
based solely on the stereo-chemical properties of the latter.

Measurement of Olfactory Function

Similar to other sensory modalities, olfactory testing procedures will yield
information which is either based on subjects’ insights (“‘subjective’ or
“psychophysical” tests) or on more “objective” techniques less biased by
the subjects’ observations. Since the subjects’ self assessment of olfactory
function is unreliable, testing of olfactory function is necessary [55].

Psychophysical Methods of Olfactory Testing

The basic principle of psychophysical testing of olfaction is to expose a
subject to an olfactory stimulus and to interpret the responses or reactions
of the tested subject.

This procedure has numerous advantages in clinical application, but
also important limitations. The most valuable advantage compared to ob-
jective testing methods in daily clinical life is the rapidity which allows psy-
chophysical tests to serve as quick screening tools for olfactory dysfunction
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[56]. More extensive testing sets, which can also be used for clinical re-
search, allow graduation of the olfactory disorder. Fundamentally, every
collection of odors is a potential olfactory test. Nevertheless, research dur-
ing the last three decades [57, 58] has ruled out the importance of a well
validated and reliable testing device. Whatever a clinical test consists of] it
should reliably distinguish between anosmic, hyposmic, and normosmic
subjects. Thus, the test should be based on normative data acquired and
validated on large samples of healthy and diseased subjects. This includes
comparison of the results with other validated tests and a good test-retest-
reliability. These requirements apply to only a few olfactory tests available
worldwide [57-63], since many tests of olfactory function do not comply
with these criteria [64].

The best-validated olfactory tests include the UPSIT (University of
Pennsylvania Smell Identification Test) [57, 59], the CCCRC-test (Con-
necticut Chemosensory Clinical Research Center) [58], and the ‘““Sniffin’
Sticks” [61, 62]. The latter one is a European test, while the first two were
created in North America.

Most tests are based on a forced choice paradigm. An odorant is pre-
sented at supra-threshold concentration and the subject has to identify the
odor from a list of descriptions of odors (e.g. the subject gets rose odor to
smell, and is asked whether the perceived odor was ‘“banana,” ‘“‘anis,”
“rose,” or “lilac’). This forced-choice procedure controls the subjects’ re-
sponse bias. It also (potentially) allows the detection of malingerers since
even anosmic subjects will produce a few “correct” answers provided in a
random selection of items. However, this method is unreliable for medico-
legal investigations since well-read or hyposmic malingerers may overcome
these pitfalls. The result of the test corresponds to the sum of the correctly
identified items. This test design is called a smell identification test, and is
the most widely used way of testing [57-63, 65] probably because it is the
most easy to understand. Most tests are based on the identification of 16
to 40 odors — the more items tested the more reliable the results. Identifica-
tion tests are known to have a cultural connotation. Tests used in North
America, for example, are composed of odors many of which are unfamil-
iar to continental Europeans or Asians (e.g., root beer, or wintergreen). The
odors tested should therefore be adapted to the patients cultural back-
ground [66] in order to avoid unfamiliarity.

The two other widely used test designs are threshold tests and tests
of odor discrimination. The idea of threshold tests is to expose a subject
repeatedly to ascending and descending concentrations of the same odor-
ant and to identify the least detectable concentration for this individual
odor. Other designs are based on logistic regression [67, 68]. Discrimina-
tion tests mainly consist of a 3-alternative forced choice technique. Two
of the administered odors are identical, one is different. The subjects’ task
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is to detect the different one. In principal, tests for odor threshold/odor
discrimination are non-verbal. In addition, they can be used repetitively —
which is more difficult with odor identification tests.

Generally, identification and discrimination tests are believed to reflect
central olfactory processing while thresholds are thought rather to reflect
peripheral olfactory function. Accordingly, it has been claimed by several
authors [69—74] that patients with diseases of the central nervous process-
ing of odorous information exhibit selective disturbances of discrimination
and identification while threshold results are normal. Although this idea of
a certain pattern pathognomonic for “central” olfactory disturbances seems
attractive, the vast majority of studies have yet failed to confirm such typi-
cal pathology-associated patterns [75, 76]. The only, so far reliable and
recurrent test pattern in olfactory disturbance is a low threshold and nor-
mal identification and discrimination in patients with chronic sinunasal
problems [77].

Besides the solid body of literature and its clinical convenience, the psy-
chophysical tests have one main limitation. As soon as the patient’s collab-
oration is not guaranteed, interpretation of test results becomes difficult
or even impossible. Such cases include mainly willful non-collaboration in
cases of malingering, or for demented, unconscientious, or inexperienced
patients. In order to acquire olfactory information in such cases, more ob-
jective testing methods have been developed which rely less on the subjects’
cooperation.

Electrophysiologicalllmaging Techniques Used to Test Olfactory Testing

Electro-Olfactogram (EOQG)

Electro-olfactograms (EOGQG) are electrical potentials of the olfactory
epithelium that occur in response to olfactory stimulation. The EOG repre-
sents the sum of generator potentials of ORN. While this response has been
used extensively in olfactory research in animals (e.g., [78]), there are only
a handful of reports describing the properties of the human EOG. Among
other results, EOGs have been used to provide evidence for the dominant
role of the central nervous system in olfactory desensitisation [79], for the
functional characterisation of the olfactory epithelium [80], the specific top-
ographical distribution of ORN, the expression of ORN in response to ex-
posure to odorants [81], and the characterisation of certain odorants as OR
antagonists [82]. However, the EOG so far has not been systematically
used in patients with olfactory dysfunction. This is partly due to the topo-
graphical specificity of EOG responses, meaning that EOGs to certain
odorants may be recorded only at certain epithelial sites. Thus, the sub-
jects’ odorous impressions may not always be reflected by the presence of
an EOG response. In addition, the presence of an EOG may not always
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represent an odorous sensation. Specifically, EOGs can be recorded in sub-
jects with congenital anosmia [83], or EOGs are present at certain thresh-
old levels when the subjects do not yet perceive an odor [84]. Having said
this, EOGs may be extremely helpful in terms of elucidating pathological
processes at the mucosal level [85].

Chemosensory Event-Related Potentials (CSERP)

Event-related potentials are EEG-derived poly-phasic signals. They are
caused by the activation of cortical neurons which generate electro-magnetic
fields [86]. As the EEG is a noisy signal which contains activity from many
cortical neurons, ERP need to be extracted from this background activity.
In other words, the signal-to-noise ratio needs to be improved. The classi-
cal approach to this problem involves averaging of individual responses
to olfactory stimuli such that random activity would cancel itself out while
all non-random activation would remain. In addition, stimuli are typically
presented with a steep onset (<20 ms) in an extremely well-controlled, mo-
notonous environment such that stimulus onset synchronizes the activity of
as many cortical neurons as possible.

Olfactory ERP (1) are direct correlates of neuronal activation, unlike
the signals that are seen, for example, in functional MR imaging, (2) have
an extremely high temporal resolution in the range of micro-seconds, (3)
allow the investigation of the sequential processing of olfactory informa-
tion, and (4) can be obtained independently of the subject’s response bias,
1.e., they allow the investigation of subjects who have difficulties to respond
properly (e.g., children, aphasic patients).

Based on a system developed by Kobal [87, 88], odors are applied intra-
nasally. Presentation of odorous stimuli does not simultaneously activate
mechano- or thermo-receptors in the nasal mucosa since odor pulses are
embedded in a constantly flowing air stream. In contrast to audition or
vision, to date no early ERP have been recorded in response to olfactory
stimuli (for review see [89]) but only late near-field ERP, i.e. responses
from cortical neurons. Peaks of the late near-field ERP fall into two
groups. Earlier peaks like N1 encode a greater number of exogenous stim-
ulus characteristics than of later, so-called endogenous components. That
is, earlier components encode stimulus intensity or stimulus quality (e.g.,
“What is the nature of this stimulus?”’), whereas later components are
more related to the frequency, or the salience of the stimulus (““What is
the meaning of this stimulus?”’) [86, 90-92].

Olfactory ERP are recorded all over the scalp. In terms of the topo-
graphic distribution of olfactory ERP, amplitudes exhibit characteristic
patterns with a centro-parietal maximum for both amplitudes N1 and P2
[93] (compare [94-96]). Using magneto-encephalographic techniques [97]
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Kobal and co-workers conducted a series of experiments which addressed
the question of the generation of olfactory ERP. Cortical generators of the
responses to trigeminal stimulation with CO, were localized in the second-
ary somato-sensory cortex [98]. Other work indicated [99, 100] that olfac-
tory stimuli activate anterior-central parts of the insula, the para-insular
cortex, and the superior temporal sulcus [101].

Clinical testing with chemosensory ERP [89] typically includes the
recording of responses to olfactory (e.g., hydrogen sulfide, and phenyl
ethyl alcohol) and trigeminal (e.g., CO,) stimuli. This procedure has been
adopted by the working group “Olfaction and Gustation™ of the German
ENT Society [102]. So far, in all investigated anosmic patients, intranasal
trigeminal ERPs could be obtained after stimulation with CO, — although
with significantly smaller amplitudes than in healthy controls [10]. In con-
trast, no olfactory ERPs could be detected in anosmic patients after stimu-
lation with the odorants hydrogen sulfide and vanillin [103, 104]. Results
from ERP investigations provide significant information in the testing of
malingering patients. In a recent study, olfactory short-term recognition
memory was assessed in patients with unilateral temporal lobe epilepsy
and stereotactic electroencephalography (SEEG) recordings prior to sur-
gery. Such recordings from the amygdala indicated the presence of
chemosensory evoked potentials [267].

FMRI, PET, and MSI

Recent progress in the field of imaging presented the opportunity to study
the functional topography of the human olfactory system in detail [106—
108]. There are three major techniques being used: positron emission
tomography (PET) [109-111], functional magnetic resonance imaging
(FMRI) [112-114], and magnetic source imaging (MSI) based on magne-
to-encephalography [99, 101]. While bio-magnetic fields directly reflect
electrophysiological events, PET and FMRI reflect either changes in blood
flow or changes in metabolism which are epiphenomena of neuronal activ-
ity. Other major differences between these techniques relate to the temporal
and spatial resolution. All three techniques have been used extensively to
perform basic research, e.g., on olfactory induced emotions, odor memory,
mechanisms of sniffing [109], or age- and sex-related differences in terms of
olfactory function [115]. However, in order to become relevant for routine
clinical investigations [116], these intriguing techniques await further stan-
dardization.

Causes and Symptoms of Smell Disorders

Since olfactory disorders or even total olfactory loss are far less of a hand-
icap than blindness or deafness for the person concerned, there have not
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been many attempts to estimate the percentage of people with olfactory
problems. Initial surveys were done with questionnaires and rapid smell
tests. They revealed that approximately 1-3% of the population has an
olfactory problem [117, 118]. Since most of the decrease in olfactory func-
tion, like any other sensory function, is due to aging [119], this high in-
cidence was not so astonishing in an aging society with an increasing
mean age. In these first attempts to evaluate the epidemiology of olfactory
problems, olfactory function was tested rather rudimentarily. Consecutive
studies yielded much higher percentages of the population concerned by ol-
factory dysfunctions [120]. Importantly, olfactory disorders seem to affect
more younger people than previously thought and most anosmic or hypos-
mic subjects either do not realize that they have an olfactory disorder or
are simply not sufficiently handicapped to consult a physician [121, 122].
Current consensus is that approximately 5 percent of the general popula-
tion suffer from anosmia, unrelated to chronic nasal problems. Although
the highest incidence is found in the age group above 65 years, anosmia is
astonishingly frequent in subjects between 45 and 65 years of age. Results
are similar for the distribution of hyposmia, with a mean percentage of ap-
proximately 20% of the general population exhibiting mild or moderate
smell dysfunction [120-122]. Recent studies underlined the potential alter-
ation of quality of life consecutive to olfactory impairment [123-125]. Al-
though not all patients with olfactory impairment seek medical help due to
decreased quality of life, some may experience hazardous events in daily
life like eating spoiled food or undetected smoke or gas leaks [126].

Most Common Causes

Several reports have been published on the frequency of the diverse origins
of olfactory dysfunction. A recent survey conducted in Austria, Switzer-
land and Germany [127] revealed that approximately 50% of patients with
olfactory dysfunction seen in ENT clinics are due to sinunasal problems.
Further frequent causes of olfactory dysfunction are related to traumatic
and post-URTI events.

Olfactory Loss Following Infections of the Upper Respiratory
Tract (URTT)

As mentioned above, epidemiological questions surrounding olfactory
disorders within the general population have only recently been addressed.
Previous contributions to the epidemiology of olfactory loss included retro-
spective analyses of specialized “Smell and Taste Centers” on their respec-
tive data bases [128—130]. With some minor differences, these reports show
similar findings about the main causes of olfactory disorders. Apart from
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posttraumatic and sinunasal origin, post-URTI olfactory loss is among the
major causes of olfactory dysfunction.

The patient’s history typically starts with a cold, during which he loses
his sense of smell. Not particularly bothered during the cold, the patient
becomes suspicious about the smell loss when, one or two months after all
sinunasal symptoms have abated, normal olfactory function does not re-
turn. This is usually the moment when the patient seeks medical advice,
either from their general practitioner or from an ENT specialist. Unfor-
tunately, very few studies focused on the epidemiology and prognostic out-
come of post-URTI olfactory disorders [131-134]. Currently, no good data
indicate which agent in such upper tract respiratory infections (URTI)
leads to olfactory lesions. It is not even clear whether toxicity originates
from a virus or bacteria, or from the immune response directed against
olfactory neuroepithelium. Some authors claim that viral rather than bac-
terial infections are responsible for olfactory disturbances, and observe a
higher incidence of dysosmias after spring and summer URTI [132]. Fur-
thermore, women above 45 years of age seem to be affected at a higher per-
centage than men [132, 135, 136] — which brings up the potential olfactory
protective effect of estrogens [137]. Nevertheless, the effect of estrogen on
olfactory function remains an open debate [122, 138].

Clinically, it is important to know, and to inform patients with post-
URTT olfactory anosmia or hyposmia, about the possibility of parosmia.
Parosmia (also termed troposmia), the unpleasant distortion of odorous
sensations, tends to occur two to three month after the URTI, although it
appears sometimes to occur directly after the URTI. The real frequency of
parosmia is probably higher than previously believed, in particular because
patients do not always mention it to their physician [139, 140]. According
to our clinical experience, up to 25% of subjects with URTI olfactory dys-
function experience parosmia or phantosmia.

Posttraumatic Olfactory Loss

Posttraumatic olfactory disorders represent approximately 20% of the
patients seen in “Smell and Taste Clinics’ [124]. Most posttraumatic olfac-
tory dysfunctions are said to occur after occipital trauma, although no
clear data on olfactory dysfunctions after lateral impacts exist. The current
explanation is that “coup-contre-coup” lesions or tearing of the filae olfac-
toriae leads to anosmia or hyposmia. Although the entity of posttraumatic
olfactory loss had already been described by the end of the last century
it has, like most olfactory disorders received little systematic attention
[141]. This might also be due to the modest olfactory complaints of severely
poly-traumatized patients during their hospitalization. Olfactory loss seems
to correlate with the severity of the trauma [142-145], although several
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authors pointed out the fact that there is considerable individual variability
in terms of the vulnerability of olfactory structures [145, 146]. Thus, even
minor trauma can lead to anosmia whereas severe brain injuries may not
alter olfaction. Probably, the injured parts of the olfactory system are
most often the filae olfactoriae which cross the cribriform plate. However,
central structures such as the orbitofrontal cortex and gyrus rectus have
also been found to be affected after head trauma [142]. Similar to post-
URTI olfactory impairment, these patients are prone to develop parosmia
and phantosmia several months after the trauma. Clinical experience shows
that most patients with posttraumatic olfactory disturbance typically be-
come aware of the alteration after some delay. It is usually several weeks
after the injury, when the major health problems have resolved and
patients are discharged from the hospital, that they begin to complain of
taste or smell loss. This is probably due to increased attention to olfaction
once the general health status improves.

Sinunasal Causes

The third large group of patients who seek counseling for olfactory prob-
lems are patients suffering from concomitant sinunasal problems. Approx-
imately 20% of all patients in smell and taste consultations have lost or
impaired olfactory function due to a nasal problem [124]. Nasal polyposis
has been known for a long time to decrease olfactory abilities due to the
mechanical obstruction of nasal cavity restricting the airflow to the olfac-
tory cleft [77, 129, 147—-151]. During the last two decades, as a result of
better olfactory tests, mild olfactory impairments could also be identified
in other groups of patients with sinunasal diseases such as allergic and
uncomplicated chronic rhinosinusitis [77, 152, 153]. In contrast to posttrau-
matic and post-URTI olfactory dysfunctions, these patients rarely exhibit
parosmia or phantosmia.

Neurodegenerative Causes

Olfactory loss is common in patients with idiopathic Parkinson’s disease
(IPD) [154-156]. While a decreased sniff volume seems to contribute to
the diminution of olfactory function [157], electrophysiological recordings
in response to passive olfactory stimulation clearly established the presence
of olfactory impairment in IPD [158, 159]. This olfactory deficit is so reli-
able that it can be used as a marker of IPD [75]. In other words; if a patient
with normal olfactory function presents with IPD symptoms the diagnosis
should be re-investigated [160, 161]. It can also be assumed that olfactory
loss precedes the onset of motor symptoms by 4-6 years [162, 163] so that
IPD may be the reason for “idiopathic olfactory loss’ in some patients. Ol-
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factory loss is also observed regularly in Alzheimer’s disease, but at a much
lower frequency and is less pronounced in multiple system atrophy, Hun-
tington’s disease, and motor neuron disease [161]. Little or no olfactory
deficit is seen in cortico-basal degeneration, progressive supranuclear palsy,
or essential tremor [161, 164].

Idiopathic

According to the retrospective epidemiological studies of Taste and Smell
Clinics, the diagnosis of idiopathic — unknown — origin of smell impairment
accounts for almost 20% of the cases, with the sampling bias discussed
above. This seems simply to reflect the poor understanding of factors in-
terfering with olfaction. With further insight and research this percentage
should logically decrease. A considerable number of these idiopathic causes
might be due to sinunasal disease, post URTI dysosmias following an al-
most undetected URTIL, or neurodegenerative diseases [165].

Less Frequent Causes
Endocrine Diseases

Diabetes is probably one of the best investigated endocrine diseases con-
cerning olfactory disorders [121, 166—168]. Most studies reveal slight olfac-
tory deficiencies in diabetic patients especially at threshold levels indicating
a peripheral patho-mechanism compatible with a possible diabetic micro-
angiopathy or peripheral polyneuropathy. However, olfactory impairment
in diabetes is relatively mild. Two recent studies conducted with identifica-
tion tests in large study samples did not find that diabetic patients exhibit a
decreased ability to identify odors compared to healthy controls [121, 122].
Several other endocrine diseases such as hypothyroidism [169, 170], adre-
nocortical insufficiency (Addison’s disease) [171] or pseudohypoparathyr-
oidism [172], have been reported to cause olfactory disorders. Many en-
docrine diseases have been reported to cause hyposmia but rarely lead to
anosmia.

Epilepsy

Epileptic patients have been repeatedly tested with all possible olfactory
testing modalities, and the general findings were that epileptic patients
perform similar to controls with regard to odor thresholds [173, 174].
In contrast, more centrally believed tasks such as odor identification, dis-
crimination or memory tests revealed that epileptic patients have olfactory
impairments predominating on the side of the epileptic focus [74, 174—-176].
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Furthermore, olfactory evoked potentials have been shown to be altered in
epileptic patients [177]. This latter study showed increased latencies in ol-
factory ERP ipsilateral to the epileptic lesion. These latencies were even
longer when the lesion was right-sided. Taken together the data indicate
that decreased olfactory function in epileptic patients is primarily due to
centrally altered olfactory structures whereby the temporal lobe is the
main lesion site. Studies on olfactory function in patients with frontal epi-
leptic lesions, however, are lacking.

General Pathologies

Long lists of general pathologies causing olfactory disorders can be found
in most reviews and textbooks of smell and taste disorders [172, 178]. Nev-
ertheless, only few studies on specific pathologies have been conducted,
sometimes on small sample sizes using unreliable olfactory tests, and some-
times with contradictory outcomes. Besides the above mentioned endocrine
diseases, metabolic disorders such as kidney [72] and liver [122, 179, 180]
affections have been associated with decreased olfactory function. Olfac-
tory disturbances in those patients are especially interesting, since they are
discussed as a potential cause of malnutrition with a more general impact
on the patients’ health [181].

Post-Surgery/Anesthesia

Anosmia may occur after general anesthesia during the course of surgi-
cal interventions not necessarily associated with nasal surgery [122, 182].
Further research should clarify whether surgery under general anesthesia
presents a risk of anosmia. For surgical interventions in the sinu-nasal re-
gion, anosmia as complication has been estimated to occur in 1% of the
cases [183] although this risk has probably been overestimated as indicated
by the results of two large studies [184, 185].

Drug-Induced/Toxic

Numerous toxins have been implicated as causes of olfactory disorders
[186]. Nevertheless, this information has been mainly accumulated on the
basis of case reports. Knowledge about drugs inducing smell and taste dis-
orders is also mainly based on case reports, but several major groups of
drugs have been identified as likely to cause problems. Among these, car-
diovascular drugs [187], anti-hypertensive drugs [188, 189], and antibiotics
[172, 190] are the most frequently mentioned. Usually, the chemosensory
side effects disappear when the medication is discontinued.
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Congenital

Currently we distinguish between congenital anosmia occurring as an iso-
lated defect or occurring within the context of a syndrome [191]. Isolated
congenital anosmia seems to occur more often than previously believed.
Apart from the typical patient history of no odor memories, only MR
imaging leads to a more definitive diagnosis [192, 193]. In the frontal imag-
ing planes just tangential to the eye bulbs, hypoplastic or aplastic olfactory
bulbs can be visualized. This plane also allows an evaluation of the olfac-
tory sulcus which is flattened if the olfactory bulb is absent or aplastic. This
is a useful indicator of congenital anosmia, especially since the bulb is not
always easy to identify. Among cases of congenital anosmia as part of a
syndrome, the Kallmann-Syndrom [194] is the disorder in which it is most
frequently encountered. This is an anosmia associated with hypogonado-
tropic hypogonadism clinically characterized by infertility and anosmia,
where infertility can be reversed by substitution of gonadotropins [195].

Congenital anosmia is typically discovered during early puberty. It is a
matter of speculation whether olfaction starts to be more important in this
period compared to younger years.

Symptoms

Although this distinction is a matter of debate, the discrimination between
qualitative and quantitative olfactory disorder have proven helpful in clin-
ical practice. This distinction is mainly based on the patient’s history and
psychophysical test results.

Quantitative Olfactory Disorders

Normosmial HyposmialAnosmia: Normosmia is the subjectively perceived
normal olfactory function, usually defined as the ability to detect the great
majority of tested odors in a given olfactory test. Hyposmia means the de-
crease of this olfactory function and anosmia the total loss of any olfactory
function. Beside total anosmia, specific anosmias have been described,
where only certain odors are not perceived and most odors are smelt nor-
mally [196]. The term functional anosmia was chosen since many subjects
with severe olfactory loss appear to be able to still perceive a few single
odors. Nevertheless, those rare and weak olfactory impressions are too
poor to be of any help to these patients in daily life.

Qualitative Olfactory Disorders

The term “‘qualitative olfactory disorder” reflects the qualitatively changed
perception of odorous sensation. They are frequently, but not necessarily,
associated with quantitative olfactory disorders.
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Parosmia describes the distorted perception of smells in presence of an
odor source. In other words, parosmias are triggered by odors. This is a
symptom occurring particularly often in post-URTI or posttraumatic ol-
factory disorders. Mostly odors are distorted into unpleasant odors (al-
though some exceptions seem to exist: TH, personal communication). For
example, to parosmic patients, coffee smells like burnt plastic. The exact
explanation of the molecular modifications leading to parosmia is as yet
unknown. Even the site of parosmia generation (olfactory epithelium, ol-
factory bulb, or other central-nervous olfactory structures) is not clear. Im-
portant clinically, is the observation that most parosmic impressions tend
to diminish over months and finally disappear after years.

Phantosmia describes the distorted perception of smells in the ab-
sence of an odor source. Most often, phantosmias occur after trauma or
URTI and consist of unpleasant odors occurring without being elicited
through environmental odor sources. Phantosmias are rarely triggered but
menstruation- and stress-related phantosmias have been reported [197].
Similar to parosmia, there is no exact explanation as yet of the molecular
modifications leading to phantosmia; also, the site of its generation remains
unclear. Phantosmias also have a tendency to disappear over the course of
years.

Surgical Risks to the Olfactory System

Endoscopic Sinus|Transnasal Surgery

Chronic rhinosinusitis is the most common chronic inflammatory disease
and is frequently associated with impaired sense of smell [198, 199]. When
symptomatic patients do not improve on medical treatment, endoscopic
sinus surgery (ESS) may be proposed. Nasal polyposis is considered as
the ultimate stage of chronic rhinosinusitis for which the mainstay of
treatment is medical, but in which ESS plays a part in the majority of cases
resistant to medication. Assessment of preoperative olfactory function is
important since patients suffering from chronic rhinosinusitis are not al-
ways aware of their olfactory dysfunction, and occurrence of olfactory
loss or disorders after endonasal surgery has been reported to be as high
as 1% [183, 200, 201]. Nevertheless, this may be an overestimation, as re-
cent studies suggested [184, 185]. Regarding bilateral choanal atresia, sur-
gical repair at relatively advanced ages (8—10 years) was not associated
with olfactory improvement [202]. This observation suggests that early sen-
sory exposure could be important for the normal development of olfactory
function.

In most cases, ESS is associated with significant improvement of rhino-
sinusitis symptoms and olfactory function [184, 185]. However, absence
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or deterioration of olfactory detection thresholds in patients with chronic
rhinosinusitis after ESS have been reported [203, 204]. Post-ESS olfactory
dysfunction could be due to several mechanisms with persistent mucosal
inflammation/edema in the region of the olfactory epithelium being one
possible explanation [205]. In addition to post-operative edema, local polyp
recurrence, scar tissue, or granulation could also contribute to the absence
of improvement in the sense of smell [206].

The olfactory mucosa of patients suffering from long lasting chronic
rhinosinusitis could be altered by a variety of toxic inflammatory media-
tors. In parallel, repetitive URTIs probably alter the neuroepithelium
even further [131]. Furthermore, the olfactory epithelium can degenerate
in chronic rhinosinusitis and may be replaced by the respiratory epithelium
[207]. Furthermore, all surgeons performing ESS should be aware of the
risk of iatrogenic injuries of the olfactory epithelium associated with exten-
sive ethmoidectomy [208].

Craniotomy

This paragraph focuses only on the interventions with access to the ante-
rior fossa, since these are most likely to affect olfaction. As stated by Pas-
sagia [209], the olfactory structures constitute a natural obstacle to the
exploration of the anterior fossa. Therefore, anosmia is a frequent compli-
cation of surgical approaches to this region [209]. Nevertheless, techniques
have been described which potentially preserve olfaction [210, 211]. One
crucial point in preservation of olfactory structures is to respect the blood
supply to the olfactory bulb [209]. Whereas leaks of cerebrospinal fluid can
be treated without destruction of olfactory structures, oncologic surgery
for ethmoidal adenocarcinoma or esthesioneuroblastoma usually leads to
anosmia [212, 213]. Meningiomas, which preferably grow in midline struc-
tures and especially within the olfactory groove region, are potentially dis-
sectible with preservation of olfaction [209]. However, most reports on ol-
factory impairment after surgery of the anterior fossa have been conducted
on small samples [214] and olfactory function has rarely been measured
properly [209]. Welge-Luessen et al. [215] have recently published a study
focusing on the olfactory outcome after meningeoma surgery. They pointed
out that preservation of olfaction ipsilateral to the tumor is extremely dif-
ficult. They also showed a correlation between preserved postoperative
olfactory function and tumor size. Overall, it seems that preservation of
olfactorily eloquent structures might be possible when the tumor size is
small. Nevertheless, olfactory function seems to be very vulnerable and
seems sometimes altered even though the surgeon did not touch the olfac-
tory structures. This corroborates findings by Delank [146] on posttrau-
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matic cadavers, that olfactory tracts and bulbs in certain people are severed
even after minor tearing.

Recovery of Smell Disorders

Age-related and congenital anosmia do not usually exhibit recovery. Sinu-
nasal smell disorders are treatable and will be extensively discussed in the
next paragraph. Toxic- and drug-induced smell disorders may recover once
the drug intake is interrupted [190]. Two of the most important causes of
olfactory dysfunction, post-URTI and posttraumatic causes, have received
relatively little attention concerning their recovery rate. This is partly due
to difficulties obtaining reliable epidemiological data on the real frequency
of post-URTI olfactory disorders. Most patients with transitory or re-
covered post-URTI smell disorders probably do not seek medical help.
The following recovery data apply to patients seen in Smell and Taste
Clinics and are usually the ones with the most tenacious smell disorders.
Several authors described recovery rates for post-URTI and posttraumatic
disorders to be highest within the first year [133, 216-218]. According to
this literature post-URTI disorders have a slightly better prognosis com-
pared to posttraumatic disorders, mainly because they often cause hypo-
smia rather than anosmia. Total recovery is observed in approximately 5%
of the cases, while up to 60% of all patients experience partial recovery of
some olfactory function over the following years. The remaining patients
do not have any improvement of chemosensory function. Although olfac-
tory neurons have the ability to regenerate [17, 219], the exact mechanisms
favoring such spontaneous recovery are not understood.

It is currently impossible to predict an individual outcome with regard
to recovery. Clinically, one has the impression that younger patients might
have better recovery rates but no solid data support this hypothesis [136].
For quite a while the presence of parosmia and phantosmia has been inter-
preted as a sign of plasticity and regeneration within the olfactory system.
Recent retrospective data, however, do not support this clinical impression
[220]. In contrast to the quantitative olfactory disorders, the qualitative
disorders have a far better prognosis of spontaneous disappearance. Paros-
mias tend to decrease to a bearable level after approximately one year
[139]. However, recent work revealed that more than 50% of the parosmias
are still present after 2 years [220]. Over time, parosmia seems to lose its
devastating effect on quality of life. To summarize, the best current thera-
peutic attitude towards post-URTI and posttraumatic olfactory disorders
is to correctly inform the patient, without removing all hope of recovery,
but not promising a quick and complete recovery. The patients should re-
ceive satisfactory olfactory testing. Follow-up investigations give both the
physician and the patient the possibility to observe improvements.
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Treatment of Olfactory Disorders
Surgical

The effect of surgery on quantitative olfactory disorders has already been
mentioned above. Beside the routine surgery indicated in advanced and
medication resistant nasal polyposis, ESS has also been proposed in very
particular cases of qualitative olfactory disorders [221, 222]. Leopold was
the first to describe the selective excision of the olfactory epithelium in
patients suffering from very handicapping phantosmias. These cases, less
than two dozen so far, have been carefully selected, and ESS in phantosmia
is far from being routinely indicated. Interestingly, the histological analysis
of these epithelia revealed numerous neuromas within the olfactory epithe-
lium. Whether these neuromas are the substrate of the phantosmia is not
clear. One report also treated parosmia with selective resection of the olfac-
tory bulb [223] and a recent paper rediscovered the technique used by Leo-
pold to treat parosmia [224]. These latter authors were unable to analyze
the excised tissue and apparently ignored the existence of Leopold’s work.
This underlines the fact that this procedure should be reserved to experi-
enced surgeons and is far from being a routine operation.

Conservative[Medication
Conservative Therapy of SND Related Olfactory Loss

Antibiotics: Putrid acute sinusitis is most frequently the result of infec-
tion by streptococcus pneumoniae, haemophilus influenzae, and moraxella
catarrhalis which are relatively sensitive to antibiotic therapy. However, in
the chronic form of putrid sinusitis, staphylococcus aureus and pseudomo-
nas aeruginosa are much more important. Whenever possible, antibiotic
therapy should only be started after the bacteria have been identified and
tested for resistance to antibiotics. It is important to note that in chronic
putrid sinusitis antibiotic treatment is not always successful.

Steroids: Among many other effects corticosteroids act as anti-
inflammatory drugs, the anti-inflammatory effects being produced via a
number of different pathways including inhibition of phospholipase A2
through induction of lipocortin [225]. They reduce submucosal edema and
mucosal hypersecretion and thereby increase nasal patency. Systemically
administered steroids are of help in many sinu-nasal disease (SND) patients
[129, 226-228]. For example, Stevens reported that systemic adminis-
tration of steroids was effective in 12 of 24 patients with SND-related ol-
factory loss [229]. In addition to the anti-inflammatory activity it has been
postulated that corticosteroids directly improve olfactory function [230,
231] by modulating the function of ORN through effects on olfactory Na,
K-ATPase [225]. In fact, also based on our own experience, systemic ste-
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roids are often helpful even in patients without nasal obstruction due to
polyps or obvious inflammatory changes (compare [229, 232]).

Steroids may be administered systemically or topically. With regard to
idiopathic olfactory dysfunction, systemic administration is often applied
for diagnostic purposes [233]. If systemic steroids improve olfactory func-
tion, treatment is typically continued with locally administered steroids.
Although systemic steroids are usually more effective than locally adminis-
tered steroids [230, 234], prescription of systemic steroids over an extended
period of time is rarely warranted due to their side effects [150, 232]. While
there are no exact recommendations, it is possible, however, to repeatedly
administer short courses of systemic steroids with an interval of 6-12
months between courses.

A number of studies indicate the usefulness of topical steroids [153, 226,
228, 235]; however, the role of topical steroids in the treatment of SND re-
lated olfactory loss has been questioned [230, 233, 234, 236-239]. So far,
no factors predicting a favorable response to topical steroids have been
identified. It is not entirely clear why systemic steroids have a higher thera-
peutic efficacy compared to topical steroids [129, 234]. One reason may re-
late to the deposition of the spray in the nasal cavity. In fact, it has been
shown that only a small amount of nasally applied drugs reaches the olfac-
tory epithelium which is situated in an effectively protected area of the na-
sal cavity [240—-242]. This situation can be slightly improved by the appli-
cation of sprays in “head-down-forward position’ [230, 239].

Other treatments: In addition to the use of steroids there are other ther-
apeutic approaches to restoration of olfactory loss. They include the use of
anti-leukotrienes [243], saline lavages [244], or approaches which have
received less vigorous scientific investigation, e.g., dietary changes [245],
acupuncture [246], anti-allergy immunotherapy [247] and herbal treatments.

Conservative Therapy of Post-URTI/Posttraumatic Olfactory Loss

Post-URTT smell dysfunction seems to be due to an impairment of ORN,
both in function and in numbers [248, 249]. While numerous treatments
have been tried in post-URTI anosmia (e.g., zinc, vitamin A; see below),
no pharmacological therapy has been established so far (see [250-252]).
The situation is similar for posttraumatic olfactory loss where therapeu-
tic options are lacking. The absence of conservative treatment for certain
forms of olfactory dysfunction is underlined by the fact that, when ““paros-
mia” is present [253, 254], in some patients surgical removal of the olfac-
tory epithelium may be considered as a cure [255].

Having said this, there are still numerous candidates for the pharma-
cological treatment of olfactory dysfunction, one being alpha-lipoic acid
(aLA) which is used in the treatment of diabetic neuropathy [256]. The ef-
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fect of aL A is well described both in experimental animals and in humans
(for review see [257]). It is known to stimulate the expression of nerve
growth factor, substance P, and neuropeptide Y [258-260]. It enhances
motor nerve conduction velocity as well as microcirculation [261, 262].
Further, due to its potent anti-oxidative effects, alLA also has neuropro-
tective capabilities indicating that alLA is suited to treat neural damage
involving free radicals [263]. Preliminary work has already indicated that
it may be useful in post-URTI olfactory loss when administered at a dose
of 600 mg/d over a period of 4—7 months [136]. Other encouraging pilot
studies have been performed with the NMDA-antagonist caroverine [135]
administered at a dose of 120 mg/d for 4 weeks. Potential mechanisms for
the hypothesized effect included reduced feedback inhibition in the olfac-
tory bulb as a consequence of NMDA -antagonistic actions, or antagonism
of an excitotoxic action of glutamate.

Although frequently mentioned as a therapeutic option, studies on zinc
treatment for olfactory dysfunction have produced negative results [135,
250] (see also [264]). It may, however, be of therapeutic value in patients
with severe zinc deficiency, e.g., in hemodialysis. In studies in postmeno-
pausal women estrogens have been reported to provide a certain protection
against olfactory disturbances [130]. However, as mentioned above, recent
studies [138] indicate that estrogens are probably ineffective in the treat-
ment of olfactory loss. Finally, although discussed frequently, the potential
therapeutic use of orally administered viramin A [251, 265] is questionable
unless appropriate double-blinded studies become available.

A different approach to the treatment of olfactory disorders is the de-
tection and treatment of underlying causes. This approach may also in-
volve the replacement of drugs suspected of affecting the sense of smell
[172, 266, 267]. Other possible treatments may include, for example, acu-
puncture [246].
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Abstract

The pathophysiology of PTS including idiopathic intracranial hypertension
or ‘BIH’, remains controversial. The older literature frequently referred to
pathology in the cerebral venous drainage but more modern imaging tech-
niques (CT and early MR) failed to reveal gross venous pathology. The
role of impaired cranial venous outflow has recently been re-examined in
the light of new methods of investigation (advanced MR venography and
direct microcatheter venography with manometry) and of treatment (ve-
nous sinus stenting).

Venous sinus obstruction in PTS is a more common factor in the patho-
genesis of the condition than previously recognised. Venous obstruc-
tion may be primary, that is, it is the underlying aetiological factor in
PTS. Venous sinus obstruction may also be secondary to raised CSF pres-
sure which may exacerbate problems with intracranial compliance and
raised CSF pressure. Early experience with venous stenting suggests that
it may be a helpful treatment for patients with PTS but more experience
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and longer follow-up is required to define the subgroups of patients for
whom it is most appropriate.

Keywords: Pseudotumor cerebri syndrome; idiopathic intracranial hypertension;
benign intracranial hypertension; papilloedema; intracranial pressure; cerebral
venous drainage; venous stent, MR venography.

Introduction

There has been a recent revival of interest in the role of impaired cranial
venous outflow in the causation of the PTS, even to the point of proposing
that this may be the one underlying factor in all cases [78, 86]. For a
general review of PTS please see reference 169a. Although the evidence is
insufficient to establish such a unifying hypothesis on causation, nonethe-
less there is enough to suggest that some form of venous outflow pathology
is present in a significant number of cases, the presence of which is likely
to have been overlooked in the period when CT scanning was the basis of
diagnosis [74]. Two recent developments make this an issue of significance.
First, the means are now available as never before to detect the presence of
cranial venous outflow tract pathology — advanced MR imaging methods
[43, 64] and microcatheter venography with manometry. Second, there are
now techniques available for direct treatment of intracranial venous sinus
obstruction — endovascular clot lysis [88] and venous sinus stenting [63, 65,
128, 130]. Such developments, in their importance for the diagnosis and
treatment of PTS, make a review of the subject of cranial venous outflow
obstruction in this condition both pertinent and timely.

Historical Perspective

The association between cranial venous outflow obstruction and PTS dates
back to the earliest descriptions of the latter condition, indeed even prior
to the reports of Quincke [138, 139] and Nonne [123] which are generally
taken to represent the first recognition of a specific condition initially called
either meningitis serosa (Quincke, 1893) or pseudotumor cerebri (Nonne,
1904). Thus Taylor wrote in the 1890 edition of The Practice of Medicine:
“It is important to remember what has now been verified in numerous
cases that in mastoid suppuration there is often double optic neuritis with
an entire absence of meningitis or abscesses proved by post-mortem exam-
ination, or by recovery after simple trephining of the mastoid cells.” The
link with ear disease was through involvement of the lateral sinuses by
the disease itself, or through internal jugular vein ligation as a means of
treatment. For example, Newton Pitt, also in 1890 [121], described three
patients, all of whom had papilloedema but no other CNS signs, and who
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recovered, one having had a lateral sinus explored with clot removal, and
the internal jugular vein ligated.

In the first three decades of the 20" century there were numerous
reports of PTS occurring in conjunction with chronic suppurative otitis
media and mastoiditis to the extent that Symonds [170] in 1931 felt able
to define a condition of otitic hydrocephalus in which CSF excess due to
over-production or impaired absorption followed cranial venous sinus, par-
ticularly but not exclusively transverse sinus obstruction, occurring second-
ary to chronic middle ear or other infection. In addition, Liedler in 1928
[102] was probably the first to describe PTS after ligation of one or both
internal jugular veins in the treatment of chronic ear disease. Symonds’
concept did not, however, survive the neuroradiological developments of
the 1930s when the newly introduced techniques of encephalography and
ventriculography showed that there was no demonstrable increase in the
volume of fluid in the intracranial CSF-containing spaces in these cases.
This has, of course, been an enduring difficulty in establishing a distur-
bance of CSF hydrodynamics as primary in PTS. Whatever the precise
mechanism, the association of PTS with chronic ear disease and venous si-
nus pathology remained important. Thus in other significant reports from
the 1930s, six of the fifteen cases reported by Davidoff & Dyke [33] had
chronic suppurative otitis media or other infection whilst all of Gardner’s
[48] cases had chronic ear disease, the majority also having lateral sinus oc-
clusion.

In parallel with the literature on so-called ‘otitic hydrocephalus’ a series
of cases was published describing “traumatic hydrocephalus’ [109]. This
misnomer was used to describe cases of PTS occurring after closed head in-
jury, either with or without skull fractures. The association between closed
head injury and venous sinus obstruction was first proposed by Ecker in
1946 [40] but was not confirmed using venography until later by several
other groups [11, 84, 109]. These cases were distinct from those in which
there was a depressed fracture fragment or a penetrating injury. Most cases
involved either a non-displaced linear occipital skull fracture crossing the
sinus or a closed head injury without a fracture.

By the 1950s the relation between PTS and cranial venous sinus pathol-
ogy, particularly secondary to chronic ear infection, was well-established,
although hydrocephalus had been excluded. In an important paper in
1955, Foley [45] collected from the literature 46 cases of benign intracranial
hypertension (a term which he introduced) which he labeled as otitic and
described 60 cases of his own of which 13 were otitic or cerebral venous
in origin. In 25 cases with right-sided otitis media mastoidectomy was per-
formed in 21. Thrombosis of the lateral sinus was proven at surgery in 14
cases whilst another 6 had some type of sinus involvement such as peri-
sinus abscess. Of the 13 cases with left-sided otitis media, mastoidectomy
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was performed in 9 with lateral sinus thrombosis in 3 and other involve-
ment of the lateral sinus in 2 more. Five cases had bilateral ear disease
and of these 4 went on to mastoidectomy. In 2 there was left-sided lateral
sinus thrombosis and in 2 the sinuses were apparently normal. Foley pro-
posed that lateral sinus thrombosis, presumably of the dominant sinus,
rather than thrombosis of the superior sagittal sinus (SSS), was the primary
pathology in otitic PTS.

Four other aspects of the possible link between PTS and cranial venous
outflow obstruction were also documented by this time. First, Evans [42]
gave further evidence of PTS following internal jugular vein ligation al-
though in reviewing other reports as well as his own cases he found that
none of the 7 patients having bilateral ligation for non-otitic problems
developed papilloedema whereas the 3 cases who had the procedure in re-
lation to ear disease did. Of 6 cases who had unilateral ligation for bilateral
ear disease only one developed papilloedema. Second, there were several
reports linking PTS with chronic respiratory disease and cardiac failure
with the presumption of increased venous pressure [6, 21, 155]. Third, there
were the first reports linking PTS with blood disorders which could be pre-
sumed in some instances to act through venous obstruction [38, 103, 172].
Fourth, and most significant, was the study by Ray and Dunbar [141] who
used the technique of direct sinography in which a catheter was introduced
via a burr-hole into the anterior segment of the SSS. They studied 4
patients, 2 of whom were identified as having PTS without any antecedent
factors. Both had failed to respond satisfactorily to subtemporal decom-
pression and both showed evidence of obstruction in the posterior segment
of the SSS with elevation of intra-sinus pressure, one going on to clot re-
moval with apparent benefit. A third case, described as a typical case of
‘otitic hydrocephalus’, was found to have complete obstruction of the right
transverse sinus and a small left transverse sinus. There was measured ele-
vation of SSS pressure [320 mmH,O]. Their remaining case would not
qualify for the diagnosis of PTS. The authors recommended sinography
be introduced for the investigation of patients with PTS. They also pro-
posed that the formation of collaterals after venous sinus obstruction was
the mechanism for the spontaneous resolution of symptoms. Foley [45] also
performed venography on a wider population of patients with PTS. Sixty
cases were reviewed; 11 of which were classified as otitic hydrocephalus.
Angiography was performed in 13 cases, however, only the patency of the
SSS drew direct comment.

In the period between 1960 and 1980 the connection between PTS and
cranial venous outflow obstruction fell out of prominence for a number of
reasons. Among these may be numbered the introduction of effective anti-
biotic treatment which sharply reduced the incidence of chronic middle ear
infection, the considerable number of other putative actiological factors in
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PTS which would not be thought to act through venous sinus obstruction,
and the introduction of CT scanning which reduced the likelihood of rec-
ognizing cranial venous outflow tract pathology. The report of Janny et al.
[71] in 1981 might, however, be taken as signalling the return of focus on
the role of cranial venous outflow in PTS, a focus which has sharpened
over the last two decades with the technical advances referred to in the in-
troduction. Their study, and those that have followed, will be considered in
detail in what follows.

Prevalence of Cranial Venous Outflow Obstruction in Pseudotumor
Cerebri Syndrome

The study of Janny ez al [71] was a landmark in the study of PTS. The
authors studied 16 patients with primary PTS using a combination of
ventricular CSF pressure monitoring, SSS pressure monitoring and direct
antegrade venography via a midline frontal burr-hole. They demonstrated
venous sinus obstruction in 5 of 16 patients. In 4 of these patients the ob-
struction was at the level of the transverse sinus, being bilateral, or single
in a functionally predominant sinus. Although issues of lesion morphology
or actiology were not addressed it suggested that the prevalence of venous
sinus obstruction in primary PTS may be higher than previously appreci-
ated.

Unfortunately, the issues raised by Janny et al. received little attention
in the literature with only sporadic reports on the topic of PTS and venous
sinus pathology. One example is that of Bortoluzzi et al. [17] who reported
a case of PTS with severe radiculopathy in whom obstruction of a domi-
nant right transverse sinus was clearly demonstrated with venography.
Cremer et al. [27] also reported a single case of bilateral transverse/sigmoid
sinus stenosis with pressure gradients on manometry, probably due to giant
arachnoid granulations, in a patient with PTS.

In the mid-1990’s two important papers detailed the findings of direct
retrograde cerebral venography (DRCV) with manometry in the study of
PTS patients. The first was that of King et al. [86] who studied 11 patients.
All had undergone CT, static MRI and conventional angiography. One pa-
tient was suspected of harbouring a SSS thrombosis on MRI but this was
not confirmed on other investigations. Venous manometry demonstrated
elevated SSS pressures in 9 patients; the remaining 2 patients were those
in whom minocycline had been implicated in the actiology. Of the patients
with elevated SSS pressures, there were focal pressure gradients (of at least
10 mmHg) at the junction of the middle and distal thirds of the transverse
sinuses bilaterally in all patients. Venography demonstrated morphological
abnormalities in these regions ranging from mild to severe focal narrowing.
In some cases there appeared to be intraluminal filling defects and in others
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the sinus appeared smoothly tapered. These morphological characteristics
were much more easily appreciated using venography than on conventional
angiography. Shortly after a report from Karahalios et al. [78] suggested
that venous sinus hypertension was the universal mechanism of PTS. In
their study of 10 patients with PTS, 5 patients were found to have focal ve-
nous sinus obstruction. Later, in King ez al.’s [85] second paper, a total of
21 patients with PTS for which no obvious cause was found (for example
minocycline) were examined using venography and manometry. With the
exception of 2 patients, SSS and CSF pressures followed each other closely
and there were transverse sinus obstructions with significant pressure gra-
dients.

The findings of Karahalios [78] and of King et al. [85, 86] of venous ob-
struction in PTC using DRCYV were at odds with the conventional opinion
regarding the pathophysiology of PTS. This probably reflects the fact that
investigations of the venous sinuses in PTS were usually performed on the
basis of four incorrect assumptions. First, the cause of venous sinus ob-
struction was thrombosis rather than stenosis or some other lesion. Second,
the site of the obstruction was usually in the SSS. Third, static CT or MRI
had sufficient sensitivity to detect the obstructing lesion. Fourth, when
MRYV was performed and was focused on the transverse sinuses, absence
of flow in a transverse sinus was interpreted as a normal variant due to
sinus hypoplasia or an artefact such as inflow turbulence.

The importance of the focus of the investigations and index of suspicion
was evident from the report of Johnston et al [74] who retrospectively
reviewed 188 patients with PTS who had presented between 1968 and
1999. The group included 29 children. The overall incidence of venous
sinus obstruction, they termed cranial venous outflow obstruction, was
19.7%. Of these 37 cases, an underlying cause of the obstruction could be
identified in 20. Presumed aetiologies included thrombophilia (7 cases),
trauma (2 cases), tumour (2 cases), and congenital jugular foraminal nar-
rowing and infective internal jugular vein thrombosis with retrograde
thrombosis. The remaining cases of idiopathic cranial venous outflow
obstructions were all female patients. As cases had been accumulated over
a 30 year period, investigations for PTS varied considerably as did the in-
dex of suspicion for venous sinus obstruction. In the first decade the inci-
dence was only 4.2%, compared to 15% in the second and 31% in the third.
In the final decade patients were likely to be investigated with MRI/MRYV.
While the patients in the first decade often underwent cerebral angiogra-
phy rarely was the investigation focused on the venous sinuses which prob-
ably explains the low incidence of venous obstruction in that group. These
authors also found the transverse and sigmoid sinuses to be the most com-
mon sites of obstruction (20/37 cases). In 11 cases obstruction was bilat-
eral. Of the 9 patients with unilateral obstruction, the transverse sinus was
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definitely dominant in 6 cases and probably dominant in 2. In one case
it was considered to be the non-dominant sinus although DRCV with
manometry was not performed. Interestingly, only when the SSS became
involved did obtundation or venous infarction become evident.

Two prospective case-control studies designed to investigate the preva-
lence of venous sinus obstruction in PTS have recently been published. Farb
et al. [43] used a 3-D gadolinium enhanced MRV to examine the venous
sinuses of 29 patients (age 37.2 years) with PTS and 59 control patients
(age 60.3 years). The control group consisted of cancer patients that were
undergoing MRI of the brain as a screening test for cerebral metastases.
Patients with intracranial pathology were excluded from the study. The
MRY of each patient was examined by 3 blinded radiologists. For each pa-
tient, an average combined venous conduit score (ACCS) of 2—-8 was pro-
duced. For each side the patency of the transverse sinus was scored from
1-4 (1 = hypoplasia or severe stenosis and 4 = normal and patent). There
was very high inter-observer reliability. With the exception of 2 patients, all
had an ACCS of less than 5 (93.1%). Four of 59 controls (6.8%) had an
ACCS of less than 5. Thus, an ACCS of less than 5 had a 93% specificity
and sensitivity for PTS. For patients, there was no correlation between
CSF pressure and ACCS. The morphology of the obstructing lesions
amongst the PTS patients appeared extraluminal in 45 and intraluminal
in 13 patients.

MRYV was used by Higgins et al. [64] to examine 20 patients with PTS
and 40 controls subjects. The control group consisted of patients who were
recruited from patients presenting for MRI of another body region. Con-
trol patients were screened for headache and neurological disorders. Those
with symptoms apart from very occasional minor headache were excluded.
The PTS patients and asymptomatic controls were matched for sex and
age. The MRVs were assessed for the existence of flow gaps in the trans-
verse sinuses. No flow gaps could be seen in the transverse sinuses of any
control patient on either side. In the PTS group, there were bilateral trans-
verse flow gaps in 13 patients (65%). In only one patient were the sinuses
normal bilaterally.

Interaction Between Venous Sinus Hypertension and CSF Pressure

The aforementioned recent observations demonstrating a much greater
prevalence of venous sinus obstruction in patients with PTS raise the ques-
tion of what role venous sinus obstruction occupies in the actiology of PTS.
Clearly, in cases of cerebral venous sinus thrombosis the role has been
defined. However, the nature of venous sinus obstruction in PTS is differ-
ent. Both intrinsic and extrinsic lesions have been identified and both char-
acteristically are found in the region of the junction of the middle and dis-
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tal thirds of the transverse sinus close to the asterion of the skull. Before
attempting to answer the question of whether the lesions are the cause or
effect of raised intracranial pressure, the effects of primarily raising venous
pressure on CSF pressure, and the reverse, will be examined in both the ex-
perimental and clinical settings.

Effects of Raised Venous Pressure in Adults and Children

Experimentally, early studies aimed not to produce PTS but rather hydro-
cephalus by increasing venous sinus pressure. Attempts to produce sus-
tained increases in venous sinus pressure, particularly by occluding large
venous conduits, usually failed [8, 32]. Dixon & Halliburton [37] increased
venous sinus (torcular) pressure acutely in the dog and found a small in-
crease in CSF pressure (approximately 25% of the increase in venous pres-
sure). The difficulties in these earlier experiments probably related to the
difficulties in isolating the venous circulation in most species of laboratory
animals, the propensity for the development of venous collaterals and the
existence of alternative routes of CSF drainage by pathways such as the
cribriform plate [135].

The first study in which adequate occlusion of cranial venous outflow
was achieved was that of Bering & Salibi [15] in dogs. The external and in-
ternal jugular veins were ligated in the neck proximal to the facial vein. The
condyloid foramen was also occluded. After one week, a neck dissection
was performed and any collateral venous drainage was ligated. Of the 21
dogs subject to this procedure 13 developed hydrocephalus. In almost
all animals both the CSF and SSS pressures were elevated. In dogs that
developed hydrocephalus, CSF pressure fell after a few days and remained
below the SSS pressure. However SSS pressure also fell with time and was
associated with the development of collaterals as demonstrated using
sinography. Of the 8 animals that did not develop hydrocephalus, ligation
was incomplete in one while another was killed the day of completion of
the surgery. In the remaining six animals both the CSF pressure and SSS
venous pressures increased. Also examined were the pulse pressures of the
CSF and SSS. In the eight animals so examined, 3 developed hydrocepha-
lus and these animals had higher pulse pressures than those that did not.
The results were taken as evidence of a long suspected link between hydro-
cephalus and venous sinus obstruction. However later studies did not con-
firm Bering and Salibi’s findings. Guthrie et al. [57] obstructed the torcular
and transverse sinuses of 10 adult dogs using cotton pledgelets in an at-
tempt to produce hydrocephalus. Over a period of up to 29 weeks SSS
pressure increased significantly as did CSF pressure. However both pres-
sures fell towards 5 weeks and was associated with the development of
venous collaterals around the torcular. There was no difference in ventric-
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ular size at post-mortem. The result of the experiment, at least initially, was
thus not hydrocephalus but PTS. It has also been suggested that the extent
of dissection required to isolate the venous circulation in the animals of
Bering and Salibi’s study was so great that alterative routes of CSF drain-
age including the lymphatics were also compromised.

Clinically, venous sinus hypertension due to obstruction is known to re-
sult in PTS. The most common clinical example of this is the venous ob-
struction of the cerebral sinuses that occurs in cerebral venous sinus throm-
bosis (CVT). Cerebral venous thrombosis is the most well recognized cause
of venous sinus hypertension and when venous sinus thrombosis is limited
to the lumen of the sinus and does not involve cortical veins the clinical
picture may be identical to PTS [18, 147]. The acknowledgement of venous
sinus thrombosis as a cause of PTS syndrome is evident in the need to
exclude venous sinus thrombosis in cases of PTS [98]. This distinction be-
tween CVT and PTS is justified by the differences in management and
prognosis of the two conditions [99]. These issues aside CVT does demon-
strate the clinical effects of venous sinus obstruction on CSF and intracra-
nial pressures.

Venous sinus obstruction may also occur from non-thrombotic venous
sinus obstruction. There are a few small series and a large number of case
reports documenting PTS due to mass lesion both intrinsic and extrinsic to
the venous sinuses that result in PTS. A non-exhaustive list of these pub-
lished cases are presented in Table 1. Furthermore relief of the obstruction
by removal of the offending lesion usually results in a reduction in CSF
pressure and relief of clinical symptoms.

Venous sinus obstruction causes an increase in venous sinus pressure
proximally. The effects of this raised cranial venous outflow pressure on
the brain and CSF do not occur in isolation and so need to be considered
together. Elevated venous sinus pressure affects both CSF absorption
and production. The main site of CSF absorption is thought to be the
arachnoid villi of the lateral lacunae and SSS’s. The absorption process is
a pressure-dependent process. Davson [34] demonstrated that the absorp-
tion of CSF depends on a pressure gradient between the subarachnoid
space and the venous sinus of approximately 3 mmHg in health. Thus
when venous sinus pressure is raised, CSF pressure must also rise in order
for CSF absorption to continue. This explains why CSF pressure is usually
a few millimetres of mercury higher than venous sinus pressure in cases
where both pressures are monitored simultaneously. In addition to causing
an increase in CSF pressure, venous sinus hypertension may also effect pro-
duction. CSF production is for the most part a pressure-independent pro-
cess in respect to CSF pressure. However, venous sinus hypertension will
affect venous outflow from the site of CSF production, that is, the choroid
plexus. As part of the mechanism of CSF production is filtration of plasma
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Table 1. Case Reports and Series of Patients with a Pseudotumor Syndrome Sec-

ondary to Venous Sinus Obstruction of Various Aetiologies

Reference Pathology Number
of cases
[89] Kollar et al. 1999 AVM deep venous system — post embolisation 1 (child)
[97] Lee et al. 2001 Torcular epidermoid 1 (adult)
[92] Lam et al. 2001 Torcular epidermoid 1 (adult)
[91] Lam et al. 1992 Radical neck dissection/sigmoid sinus ligation 3 (adults)
[91] Lam et al. 1992 CVC thrombosis 2 (adults)
[53] Goldsmith et al. 1991 Ca prostate metastasis: SSS compression 1 (adult)
[132] Plant et al. 1991 Plasmacytoma & Ewing’s sarcoma 2 (adults)
[80] Keiper et al. 1999 Suboccipital/translabyrinthine craniectomy 5 (adults)
[17] Bortoluzzi et al. 1982 Bilateral lateral sinus obstruction ?cause 1 (adult)
[132] Plant et al. 1991 Occipital skull tumours 2 (adults)
[82] Kim et al. 2000 Metastatic prostate cancer 1 (adult)
[133] Powers et al. 1986 Cholesteatoma 1 (adult)
[27] Cremer et al. 1996 Small meningioma & thrombosis 1 (adult)
[93] Lamas et al. 1977 Dural posterior fossa AVM 1 (adult)
[46] Ford et al. 1939 Occlusion left lateral sinus 1 (adult)
[48] Gardner 1939 Unilateral sinus occlusion 3 (adults)
[56] Greer 1962 Lateral sinus thrombosis — mastoiditis 3 (adults)
[117] Medlock et al. 1992 Depressed Skull Fracture 1 (adult)
[90] Kuker et al. 1997 Epidermoid 1 (adult)
[3] Angeli et al. 1994 Glomus Jugulare 1 (adult)
[9] Beck et al. 1979 Glomus Jugulare 1 (adult)
[141] Ray et al. 1951 SSS thrombosis 3 (adults)
[72] Jicha et al. 2003 Cardiac septal defect — L-R shunt 1 (adult)

across the choroid, the increase in venous sinus pressure, if the deep system
is affected, might increase the hydrostatic pressure in the capillaries of the
choroids plexus and increase CSF production. Kollar et al. [89] reported a
case of PTS in a 5 year-old boy who had undergone embolisation of a deep
temporal lobe AVM that drained via large venous varix into the vein of
Galen. After embolisation a cerebral angiogram demonstrated that the
vein of Galen did not fill and only sluggish flow in the straight sinus. The
other dural sinuses were patent. The authors speculated that the venous
outflow of the deep venous system would increase transcapillary CSF pro-
duction in the choroid plexus. If this production was in excess of absorptive
capacity, as may be the case if the system was underdeveloped, then PTS
might result.

The other effect of raising venous sinus pressure is on venous outflow
from the brain itself. Apart from perhaps the lumbar subarachnoid space,
the cerebral venous system contributes most to the compliance of the intra-
cranial space. Therefore, an increase in venous sinus and cerebral venous
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pressure increases the volume of the venous system proximal to the ob-
struction and reduces the compliance of the craniospinal axis. When ve-
nous sinus obstruction occurs, the high compliance cerebral venous system
should increase in size and should be reflected in the observation of
increased cerebral blood volume (CBV). In fact, Dandy [31] hypothesised
that PTS was a result of increased CBV. Mathew et al. [113] calculated ce-
rebral blood flow (CBF) and CBV before and after treatment using carotid
injections of Xe!*? and Tc®”™. Both patients demonstrated increased CBV
and this decreased towards normal when CSF pressure had been reduced.
CBF was also slightly reduced in both cases prior to treatment and in-
creased after CSF pressure reduction. Mathew ez al [113] stated that the
cases provide evidence of venous engorgement. Raichle et al. [140] studied
CBF, cerebral metabolic rate oxygen (CMRO,) and CBV using carotid in-
jection of O-labelled water, oxyhaemoglobin and carboxyhaemoglobin.
Compared to normal values there was a small but significant reduction
in CBF of 18.5% (n=9) and an increase in CBV of 33% (n=28). In 3
patients, the studies were repeated after CSF was removed to lower ICP.
CBF remained unchanged but there was a 10% reduction in CBV. Most
patients had undergone cerebral angiography and no evidence of venous
outflow obstruction was reported. In contrast, Brooks et al. [19] used posi-
tron emission tomography and steady-state inhalation of C'30,, 0, and
1CO to study regional CBF, CMRO, and CBV. No difference in any of
these variables could be demonstrated between the 5 patients and 15 con-
trols. In one patient, the study was repeated after lumbo-peritoneal shunt-
ing. CBF and CMRO, appeared improved, at least in white matter. There
was no change in CBV. Thus there is at least tentative evidence in a limited
number of studies for an increase in CBV in PTS. Modern imaging tech-
niques have yet to be applied to the study of CBV in PTS.

An increase in cerebral venous pressure will alter the Starling equation
across the capillary bed as the venous outflow pressure and therefore capil-
lary hydrostatic pressure is increased. This would normally result in an in-
crease in ultrafiltrate and vasogenic oedema. There is little direct evidence
for brain oedema in PTS. Although Sahs, Hyndman and Joynt [149, 150]
provided histological evidence of brain oedema at post-mortem, their find-
ings have been questioned on the basis of tissue preparation and artefact.
Wall [176] could find no evidence of brain oedema in 2 patients with non-
active PTS at post-mortem. However it should be clear that although there
is no histological evidence supporting the finding of brain oedema there is
no good evidence to refute such a claim.

More information has become available using MR imaging which has
the ability to detect increased brain water. Early studies using low strength
magnets without the benefits of diffusion weighted scans were contradic-
tory. Connolly et al. [24] using qualitative examination of images obtained
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on a 0.15 Tesla magnet reported no signal change in 7 children with PTS.
The same finding was reported by Silbergleit ez al. [154] in 6 patients with
PTS using a 0.35 Tesla magnet. Benefiting from improved technology,
Moser et al. [120] used a heavily-weighted T2 MR technique (1.5 Tesla)
to investigate the brain water content in 10 patients with PTS. They found
an increase in the signal white matter free water content as reflected in pro-
longation of the T2 relaxation time. The authors concluded that this repre-
sents a diffuse low level of oedema. In addition, a triple-echo sodium MR
technique was used to study 5 patients. Three demonstrated no change in
their sodium signal. However, two patients who were clinically the most se-
verely affected demonstrated increases in their sodium signal. As most so-
dium is extracellular, the authors concluded that the increase in brain water
was likely to represent a vasogenic oedema. Sorenson et al. [161, 162] using
diffusion sensitive sequences at 1.5 Tesla found that self-diffusion of white
matter was increased. In some cases this was restricted to the periventricu-
lar region while in others it was distributed throughout the brain.

Gideon et al [50] investigated a group of patients with PTS using
diffusion-weighted MR imaging. They applied a diffusion gradient in one
direction only and found that diffusion was increased in 10 patients with
PTS. These studies indicate that there is a small but significant amount of
brain oedema in PTS. In contrast, a more recent study by Bastin et a/. [5] in
10 patients could demonstrate no evidence of brain oedema in PTS. These
authors also used diffusion-weighted imaging (1.5 Tesla) but obtained their
images using diffusion gradients in three orthogonal directions and used
echo planar imaging. This allows very short acquisition times and mini-
mises the effects of bulk brain motion. Using echo-planar imaging and dif-
fusion tensor imaging at 3 Tesla we performed a regional analysis of the
brains of 5 patients with PTS and 6 normal healthy controls [129]. Apart
from small focal decreases in trace (diffusivity) in some grey matter regions,
there were no differences in trace or the anisotropy of white matter regions
between the two groups.

The effects of an increase in venous sinus pressure are therefore several
although competing. Obstruction to cranial venous outflow appears to pro-
duce a balance between an increase in CSF pressure, capillary hydrostatic
pressure, intraparenchymal pressure and CBV. This is brought about by
these components being enclosed within the rigid cranium (the Munro-
Kellie hypothesis). Although there is possibly a small increase in CBV,
the pressure exerted on the parenchyma by an increased CSF pressure
increases intraparenchymal pressure and so negates the ability of the in-
creased capillary hydrostatic pressure to produce brain oedema. Thus the
morphology of the brain does not appear to change although the intracra-
nial pressure is increased and the compliance significantly reduced. A dis-
turbance of this balance may be the reason for an increase tendency to-
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wards slit ventricle syndrome in PTS after ventricular shunting and the for-
mation of the acquired Chiari syndrome after lumboperitoneal shunting in
PTS. That is to say, reducing CSF pressure in the presence of continued
raised venous pressure will leave the increased capillary hydrostatic pres-
sure unbalanced resulting in brain oedema and an increase in cerebral
volume.

Effects of Raised Venous Pressure in Infants

In neonates and infants the effects of raised venous sinus pressure are dif-
ferent from those in adults and children. Haar and Miller [60] as well
as Rosman & Shands [146] catalogued a handful of cases of venous sinus
obstruction with CSF circulation disorders. In patients under 18 months
of age hydrocephalus developed while in those over 3 years of age PTS
resulted. Both groups concluded that whether venous sinus obstruction
results in hydrocephalus or PTS depends on the state of the cranial sutures
[60, 146]. This difference in clinical expression of venous sinus hypertension
was demonstrated experimentally by Olivero & Asner [126]. Occlusion of
the posterior sagittal sinus in 10 craniectomised rabbits caused a moderate
but significant increase in ventricular size compared to 5 animals that had
undergone sinus occlusion but not craniectomy (distance from head of cau-
date to junction of septum pellucidum and corpus callosum: 7.2 +/— 0.7
mm compared to 4.6 +/— 0.5 mm).

Clinically, like in adults and older children, there are a large number of
case reports in which various problems have caused venous hypertension
(Fig. 1). However, instead of PTS, these cases develop hydrocephalus.
These case series and reports are presented in Table 2. Although in some
reports or series the age of the patients is greater than 18 months almost
all cases had evidence of increasing head circumference from in the neona-
tal period. In some cases relief of the obstruction may produce relief of
hydrocephalus and/or megalencephaly.

Due to these observations, there has been a gradual recognition of the
role of venous sinus hypertension in the aetiology of some forms of infan-
tile hydrocephalus and megalencephaly that have previously been thought
to occur through other mechanisms. This is particularly true in achondro-
plasia [182] and patients with myelomeningoceles. More recently, venous
outflow obstruction has been implicated in the aetiology of ventriculome-
galy commonly seen in various forms of osteopetrosis [29].

Achondroplasia is frequently associated with hydrocephalus and mega-
lencephaly. Growth in head circumference is most prominent in the first
few months of life and is followed by a period of stabilisation between the
4™ and 24" months. Pierre-Kahn et al. [131] found clinical evidence of
increased prominence of venous collateral circulation in 17 of 18 patients
with achondroplasia. One patient underwent angiography that depicted
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Table 2. Case Series and Reports of Hydrocephalus Resulting from Venous Sinus
Obstruction of Varying Aetiology

Reference Pathology Number
of cases
[58] Guttierrez et al. 1975  Agenesis of arachnoid granulations 2 (children)
[146] Rosman et al. 1978 CCF/Glenn procedure 1 (infant)
[41] Emery et al. 1956 Congenital abnormality SSS 2 (children)
[116] McLaughlin et al. SVC syndrome 3 (infants)
1997
[79] Katznelson 1978 Cystic Fibrosis 3 (infants)
[83] Kinal 1966 Posterior fossa tumour compressing lateral 4 (children)
sinus
[151] Sainte-Rose et al. Craniostenosis and achondroplasia 4 (children)
1984
[182] Yamada 1981 Achondroplasia and jugular foramen stenosis 10 (children)
[60] Haar et al. 1975 SVC syndrome 1 (infant)
[67] Hooper 1961 SVC syndrome (thymic hyperplasia) 1 (infant)
[35] de Lange et al. 1970 AVM draining to both lateral sinuses 1 (16 years)
[28] Crongvist et al. 1972 Cerebral AVM 2 (infants)
[49] Gibson et al. 1959 Cerebral AVM - vein of Galen 1 (infant)
[164] Stewart et al. 1975 Jugular vein thrombosis — TPN 4 (infants)

severe bilateral sigmoid sinus stenosis at the level of the jugular foramen.
Friedman & Mickle [47] also reported a case with bilateral venous outflow
obstruction at the level of the jugular bulb. Steinbok et al [163] studied
four achondroplastic children with active hydrocephalus using retrograde
venography and documented significant venous hypertension in at least 2
patients associated with jugular vein stenosis and superior vena caval ob-
struction at the level of thoracic outlet. Furthermore, Lundar ez al. [105]
reported a case of achondroplasia with active hydrocephalus. Digital
subtraction angiography demonstrated severe bilateral venous outflow ob-
struction at the foramen magnum. Operative decompression of the right
sigmoid sinus and its junction with the jugular vein at the foramen was
undertaken. A bony spur was found to be kinking the vein. Improved ve-
nous outflow was confirmed radiologically. Head circumference decreased
and growth normalised.

Venous sinus obstruction is also common in craniosynostosis. Rollins et
al. [143] using MRYV studied 17 patients with craniosynostosis and a mean
age of 7.3 years (4 months—34 years). The authors concentrated on the
patency of the sigmoid sinus and jugular veins. No comments were made
on the transverse sinuses. In 12 patients the MRV was abnormal. In 9
patients there was venous outflow obstruction at the sigmoid sinus and/or
jugular bulb while in 3 patients there was jugular vein obstruction. Of these
patients 9 had hydrocephalus. Venous sinus obstruction was associated
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with enlargement of collateral venous drainage particularly via the poste-
rior condylar veins. Two of 11 patients with hydrocephalus had a normal
MRYV. However, the results of this study are difficult to interpret given the
age of the patients and the time since the initial surgery in most cases. Tay-
lor et al. [171] studied 23 such patients with digital subtraction angiogra-
phy. ICP monitoring confirmed raised pressure in 21 cases and in 2 cases
plain X-ray suggested the presence of large transcalvarial venous collateral
drainage. In a total of 24 angiograms there was a greater than 50% stenosis
or no flow in the sigmoid-jugular venous complex in 18 patients; in 7 uni-
lateral and 11 bilateral. Of these 18 angiograms, florid transcalvarial collat-
eral venous flow via a large stylomastoid emissary vein was observed in 11
cases. The severity of the stenosis did not correlate with ICP but did appear
age-related. The mean age of patients with bilateral stenosis was 20.4
months, unilateral stenosis 25 months and 54 months in those with mild
or no stenosis. The authors conclude that patients with more severe venous
outflow obstruction tend to present with raised ICP earlier.

The importance of the state of the cranial sutures for the clinical mani-
festation of venous sinus obstruction is exemplified by the condition of cra-
niosynostosis. If ICP is raised, this may manifest itself in several ways.
Most commonly, raised ICP is noted after investigation for behavioural
alteration or papilloedema. In the presence of normal or small sized ven-
tricles, raised ICP is frequently attributed to inadequate intracranial vol-
ume and craniostenosis. However hydrocephalus is also recognised as
occurring in association with craniosynostosis, particularly in syndromic
cases where multiple sutures and the skull base are involved [44]. Hydroce-
phalus may occur with or without head enlargement [52]. Hydrocephalus
with head enlargement may occur in the presence of sufficient uninvolved
sutures or after the surgical suture release or cranial vault remodelling.

Cinalli et al. [23] reviewed 1727 cases of craniosynostosis. Of the 1447
cases of non-syndromic craniosynostosis, the prevalence of hydrocephalus
at presentation requiring shunt insertion was just 0.28%; similar to the
normal population. Two of these cases with complex craniosynostosis
exhibited bilateral jugular foraminal narrowing. In comparison, syndromic
cases of craniosynostosis (280) had a prevalence of hydrocephalus re-
quiring a shunt of 12.1%. Non-progressive ventriculomegaly was seen in
15.7%. Hydrocephalus was most common in patients with Crouzon’s dis-
ease (54%) and all of these patients had either their coronal, sagittal or
both sutures open at the time of ventricular enlargement. In the other
patients hydrocephalus occurred after surgical correction and all of these
had had more severe craniosynostosis with fusion of both the coronal and
sagittal sutures. Angiography demonstrated bilateral jugular vein stenosis
in 13/16 patients (81.3%) examined. Of the patients with Apert’s syndrome,
progressive hydrocephalus requiring shunting was less common (6.5%) al-
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though 18 (23.7%) had non-progressive ventriculomegaly at presentation
and another 12 developed ventriculomegaly not requiring shunting after
surgery. Thirteen patients underwent angiography and 7 demonstrated jug-
ular venous obstruction (53.8%).

To summarise, venous sinus hypertension produces an increase in CSF
pressure. Whether hydrocephalus or PTS results depends on the state of the
cranial sutures. Where the cranial sutures are fused, such as in adults, older
children and infants with severe forms of craniosynostosis, raised venous
pressure causes a PTS syndrome. There is an increase in CSF pressure and
a reduction in intracranial compliance. Available evidence suggests that
brain oedema does not occur and that there may be either a small or no
increase in CBV. If the cranial sutures are patent, such as in the infant,
hydrocephalus results as the raised CSF pressure is allowed to act on the
cerebral mantle and cranium.

Effects of Raised CSF Pressure

In conditions that affect the CSF circulation and raise CSF pressure there
are secondary effects on the cerebral veins and the dural venous sinuses.
The cerebral veins must cross the subarachnoid space in order to reach the
sinuses or lateral lacunae. At this point they are prone to compression by
raised CSF pressure. The lateral lacunae, because of their wide surface
area, are even more prone to compression and may assist in maintaining
the patency of the cerebral venous outflow. It is also proposed that in health,
these structures act as Starling resistors regulating CSF absorption accord-
ing to changes in CSF pressure. That is when CSF pressure is high, the
lacunae collapse, decreasing venous flow, dropping sinus pressure, increas-
ing the gradient across the arachnoid villi and increasing CSF absorption.

The dural sinuses are enclosed between the two layers of the dura. The
SSS and the transverse sinuses are triangular in cross section with their
base on the dura lining the skull. At the apex of the triangle the other dural
leaves fuse such that the walls of these sinuses are held open by the falx
cerebri and tentorium cerebelli. The sigmoid sinus also appears protected
as it usually runs in a deep groove to the jugular foramen. The assumption
usually made is that the sinuses are not compressible due to the structures
that maintain their shape. However, the sinuses, particularly the transverse
sinuses, may be compressed due to significantly raised intracranial pressure as
demonstrated by a number of experimental and clinical studies (vide infra).

Cushing [30] studied the effects of raised CSF pressure on the SSS of the
dog and reported that increased CSF pressure resulted in SSS collapse.
Wright [181] later repeated the study, again in the dog, but found that this
collapse only occurred when the dura surrounding the sinus had been
incised. He did however demonstrate that pressures within the SSS were af-
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fected by CSF pressure in the subarachnoid space. Both Becht [7] and
Weed & Flexner [180] reported that venous sinus pressures were not influ-
enced by changes in CSF pressure. In contrast Dixon & Halliburton [37]
reported that increases in CSF pressure were accompanied by increases in
torcular venous pressure. However, Wright [181] and Bedford [10] noted
that increases in CSF pressure caused a small decrease in venous sinus pres-
sure. This effect was usually seen as CSF pressure was initially being in-
creased and most likely represented a compressive effect on the cerebral
veins in the subarachnoid space and a decrease in venous return to the
SSS. In terms of the relationship between the venous sinuses and CSF pres-
sure, the arrangement of venous sinuses in the dog is different from that
in humans in that the torcular and lateral sinuses are encased in bone
and thus protected from any compressive effects. The applicability of these
early studies to human physiology is therefore questionable.

Langfitt et al. [94] reported the effects of increasing ICP using a sub-
dural balloon in the rhesus monkey. Initially, SSS pressure decreased, in-
creased or was unchanged. When ICP approached 30 mmHg SSS pressure
began to rise. The transverse and sigmoid sinus pressures were influenced
far less by changes in ICP. The authors reported that a gradient was dem-
onstrated in some instances between the SSS and distal transverse sinus. In
an extension of that study, Shapiro et al. [152] described the morphological
changes of the cerebral venous system that took place in the rhesus monkey
during fatal increases in ICP due to brain oedema. These animals demon-
strated collapse of the SSS and straight sinuses presumably secondarily to
compression. However, as ICP approached arterial pressure in these ani-
mals the implications of the results are not clear. Johnston & Rowan’s
[77] study of the effects of raised intracranial pressure on cerebral venous
blood flow in baboons also demonstrated that the sinuses may collapse
with increasing ICP. Using saline infusion into the cisterna magna of 6
baboons to raise ICP, cortical venous pressure was noted to rise linearly
with ICP and remained above subarachnoid CSF pressure at all times.
Animals demonstrated two distinct patterns of SSS pressure response. In 3
animals SSS pressure remained less than 20 mmHg while in the other 3 ani-
mals SSS pressure rose linearly once ICP reached 40 mmHg and remained
just below cortical venous pressure.

In man, Greenfield & Tindall [55] performed cerebral angiography on 3
patients at normal and raised CSF pressures and found compression of the
cerebral veins in the subarachnoid space or of the venous sinuses. Kinal
[83] performed sinography on 4 patients (age 7 months—15 years) who pre-
sented with evidence of a posterior fossa lesion. In all patients the lesions
had resulted in obstructive hydrocephalus with raised pressure. Sinography
revealed bilateral transverse/sigmoid sinus stenosis with development of ve-
nous collateral circulation. Removal of the posterior fossa lesions resulted
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in improvement in venous sinus flow demonstrated by opacification of the
transverse/sigmoid sinuses and the disappearance of venous collaterals on
sinography.

Osterholm [127] performed antegrade cerebral venography in patients
with subdural (4 patients) or extradural (1 patient) haematomas. SSS pres-
sure was measured and venography was performed immediately prior to
operative decompression. Venous sinus pressure was 21-46 cm saline and
venography demonstrated bilateral transverse sinus stenosis with opacifica-
tion of venous collaterals. Cerebral decompression resulted in a fall in ve-
nous pressure to 0—4 cm saline and venography showed normally filling
transverse sinuses without opacification of venous collaterals. To further
examine the secondary collapse of the venous sinuses as a result of increas-
ing ICP, Osterholm [127] also performed experiments on 3 fresh human
cadavers. Into the anterior SSS was perfused 600 ml/min of saline. Distally
the SVC was open. Ventricular and cisterna magna CSF pressures were
monitored. Infusion of normal saline into the cisterna magna allowed ICP
to be raised in 10 mmHg increments. No change in SSS flow was apprecia-
ble below 20 mmHg. At 50 mmHg there was a 30% flow reduction, at 70
mmHg there was a 60% SSS flow reduction and at 200 mmHg SSS flow
was arrested.

Martins et al. [110] monitored CSF pressure and SSS pressure simulta-
neously in 12 patients undergoing ventriculography who were subsequently
found to have cerebral tumours. In 9 patients SSS pressure was not related
to CSF pressure and remained below 14 mmHg in the presence of sponta-
neous or artificial increases in CSF pressure up to 75 mmHg. On venogra-
phy performed in 2 of these patients there was no change in CSF pressure
while in the third patient there was a partial collapse of the transverse sinus
at 40 mmHg despite there being no change in SSS pressure when CSF pres-
sure was higher. In 3 patients, SSS pressure changed with ICP. In 2 patients
it increased but to a lesser extent than CSF pressure while in another
patient CSF pressure and SSS pressure remained closely related through-
out. In one patient who demonstrated an increase in SSS pressure with
increased CSF pressure there was partial collapse of the sagittal and trans-
verse sinuses at 40 mmHg. In addition Martins et al [110] noted that 3
patients had pressure waves during recording. In 2 patients the duration
was less than 1 minute. These patients had no change in SSS pressure dur-
ing the pressure wave. In contrast, the third patient experienced a pressure
wave of 5 minutes and this was associated with an increase in SSS pressure.

The ability of increased CSF pressure to cause venous sinus obstruction
is also seen in infants with hydrocephalus. Shulman and Ranshoff [153]
measured CSF and SSS pressures of 15 such cases of varying causes and
included both communicating and non-communicating forms of hydroce-
phalus. They found a close relationship between the SSS pressure and CSF
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pressure and the ratio of the former to latter was 1.08. By plotting the SSS
pressure versus the CSF pressure they found a regression co-efficient of
0.95 with a standard error of 0.08 indicating that SSS pressure and CSF
pressure were closely related in these patients. In some patients CSF was
allowed to drain while CSF pressure and SSS pressure were recorded
simultaneously. The regression slop of this curve was 1 and bisected the
SSS pressure axis at approximately 30 mmH,O (probably reflecting the ve-
nous outflow pressure). The authors postulated that the increase in SSS
pressure was secondary to increased CSF pressure collapsing the sinus
near the point of outflow from the skull. In 3 infants antegrade venography
was performed. In 2 infants the sinuses appeared normal while in a third
the lateral sinuses appeared to taper on each side and end in the jugular
foramen. Collateral drainage was provided by enlarged parictal and mas-
toid emissary veins.

Norrell et al. [124] studied SSS and CSF pressures in 30 infants with
hydrocephalus. Eleven patients had myelomeningoceles. CSF pressure
exceeded SSS pressure in 12 patients, SSS pressure exceeded CSF pressure
in 8 cases and the pressures were equal in 10 cases. SSS pressure was ele-
vated more frequently in patients with myelomeningoceles (9/11) compared
to those without (9/19). Of the non myelomeningocele group none of the
patients with aqueduct stenosis had elevated sinus pressures compared to
9 of the 14 patients with communicating hydrocephalus. Adequate venog-
raphy was performed in 28 patients. In 18 cases both lateral sinuses were
opacified whereas only one sinus opacified in 10 cases. In the 17 patients
without myleomeningoceles, the anatomical position and arrangement
was considered normal. In one case there was stenosis of the lateral sinus.
In 11 patients with myelomeningoceles, anatomical arrangement of the ve-
nous system was abnormal and consisted of a low lying torcular with the
transverse/sigmoid sinuses running directly forward around the foramen
magnum to the jugular bulb. Four of these patients had venography per-
formed at CSF pressures of 10 and 60 cmCSF. This increase in ICP caused
a partial or complete collapse of the lateral sinuses, an increase in opacifi-
cation of emissary collateral veins, delayed sagittal sinus emptying time
and a parallel rise in SSS pressure in all cases. Lateral sinus obstruction
was not seen when the CSF pressure was elevated in hydrocephalic infants
without myelomeningoceles and there was no change in emptying time.

These findings demonstrate that the falx cerebri and tentorium cerebelli
do not afford protection of the cerebral venous sinuses from increased CSF
pressure. There also appears to be considerable differences between individ-
uals as to when secondary collapse of the sinuses occurs. The most com-
mon site of secondary compression of the venous sinuses is the distal trans-
verse sinus; the same site that venous sinus obstruction is observed in PTS.
It is possible that secondary venous sinus compression may be important in
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maintaining the patency of more proximal venous channels and or have
some other important role. In addition, it appears that in some conditions
such as myelomeningocele with Chiari malformations, abnormally posi-
tioned venous sinuses may be more exposed to CSF pressure elevations.

Venous Sinus Obstruction in Pseudotumor Cerebri Syndrome:
Cause or Effect?

Whether venous sinus obstruction in PTS is cause or effect remains unre-
solved. The experimental and clinical evidence discussed above indicates
that there is potential for primary venous sinus pathology to cause PTS
and there is also potential for secondary venous sinus obstruction due to
raised intracranial pressure. We discuss below the available evidence and
also present a unifying theory based on the establishment of a disordered
positive feedback cycle. The discussion will centre on the site of venous ob-
struction, the morphology of venous sinus obstruction and the effects of
removing venous sinus obstruction.

Venous sinus obstruction in PTS is most commonly, although not
exclusively, seen in the transverse sinus. This is very commonly at the junc-
tion of the distal and middle thirds of the sinus. It co-incides with the area
of the skull at which a number of bony sutures meet called the asterion.
Other regions that may demonstrate stenosis are the other portions of the
transverse sinus, posterior third of the SSS, sigmoid sinuses and jugular
bulb. This point appears to be the same site at which compression of the
venous sinuses takes place when CSF pressure is raised in experimental
and clinical studies. If the venous sinuses are considered as a series of col-
lapsible tubes then collapse of the tubes in such a system tends to occur at
its distal end. However, it is also the most common site for the location of
large arachnoid granulations that are known to cause obstruction of the
transverse sinuses.

The symmetrical bilateral nature of the obstructions is also a consistent
finding. This is important because, although the right transverse sinus is
dominant in most cases, there is usually sufficient communication through
the torcular Herophili to overcome a unilateral obstruction. The exception
occurs in cases where one sinus is atretic or hypoplastic; usually the left. In
these cases unilateral venous sinus obstruction may be sufficient to compro-
mise venous outflow sufficiently to produce symptoms.

Morphologically, there are four basic types of lesions that obstruct the
venous sinuses: extrinsic compression and intrinsic lesions of three main
forms (Fig. 2). Extrinsic compression may be implied from the appearance
of a smooth tapering of the sinus. This appearance tends to indicate that
increased CSF pressure may be secondarily collapsing the venous sinus. In-
trinsic lesions are of three main types: 1) broad-based lesions with an undu-
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Fig. 2. Various forms of focal venous sinus obstruction in the transverse sinuses of 4

patients. Intrinsic filling defects are obvious in the top two radiographs being an arach-

noid granulation (A) and a broad based undulating lesion (B). Of the lower two, the

radiograph on the left (C) could be a focal stricture or extrinsic compression while the

radiograph on the right (D) appears to indicate secondary venous sinus compression or
irregularity due to old thrombus

lating surface that are of unknown actiology. These may be difficult to dis-
tinguish from extrinsic compression but may require significant pressure
application during stent deployment indicating the presence of a focal sten-
otic lesion (Fig. 3); 2) Abnormally large arachnoid granulations forming a
round well defined filling defect in the venous sinus (Fig. 4), and; 3) Irreg-
ular lesions suggesting old thrombus.

Arachnoid granulations are most frequently reported as incidental find-
ings on angiography, contrast enhanced CT or MR imaging [22, 142]. The
true incidence and range of variation of ‘normal’ arachnoid granulations in
a large series of asymptomatic individuals is yet to be established. On
angiographic studies, arachnoid granulations of small to moderate size are
frequently seen as filling defects of the sagittal and transverse sinuses. An
example of a likely arachnoid granulation causing venous sinus obstruction
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Fig. 3. Bilateral venous sinus obstruction. During the deployment of the stent, signifi-
cant pressure was required in order to overcome this focal venous sinus stenosis

was provided by Arjona et al. [4] who reported a case of PTS in a 51 year-
old man where the venous phase of cerebral angiography demonstrated
the lesions protruding into the transverse sinus. On contrast enhanced CT
arachnoid granulations are usually seen as round or oval hypodense lesions
within the dural sinuses. They are best appreciated on fine slice contrast
enhanced CT which may be more sensitive than MR for small lesions
[96]. On MR, arachnoid granulations are of variable signal on T1-weighted
images and hyperintense on T2 weighted images. Compared to CSF,
arachnoid granulations are usually isointense to CSF on T1 weighted, T2
weighted and FLAIR MR imaging but may also have signal character-
istics suggesting fat content. Their appearance is variable on proton density
images [70] and may be altered by the presence or absence of calcification
[142]. Oblique views on MR venography may give the impression of elon-
gated lesion that may be mistaken for thrombus [142].

Roche & Warner [142] reported 41 arachnoid granulations in 32
patients (17 males and 15 females) on either CT or MR imaging in a 5
year period. Thirty-five (85.4%) of the arachnoid granulations were found
in the distal or middle thirds of the transverse sinus. One or more vessels
were closely associated with the granulation in 16 cases and appeared to
enter 4 granulations. There were 2 arachnoid granulations located at the
torcular and 4 in the sigmoid sinuses. Leach et al. [96] found 168 arachnoid
granulations in 138 patients (24%) on reviewing 573 contrast enhanced CT
scans; 92% of the granulations were found in the transverse sinus, espe-
cially in the middle and lateral parts. A vein entered the sinus adjacent to
the granulation in 62% of cases and there was a tendency to increased inci-
dence with age. There was no difference in the male to female distribution.
On reviewing 100 MR scans there were 14 granulations identified in 13
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patients; 85% were closely associated with a vein draining into the sinus.
Ikushima et al. [70] reviewed static MR images of 1118 patients. Arachnoid
granulations were present in 8.3% of males and 12.2% of females. A total
of 134 arachnoid granulations were found with an overall incidence of
10%. In 14 patients there were was more than one granulation. The most
common site of the granulations was the transverse sinus (85.8%).

In Browder et al’s. [20] report arachnoid granulations were described
as benign tumours of the cerebral venous sinuses. In an anatomical study
of 295 sinuses, 25 arachnoid granulations were identified; all but 2 were in
the transverse sinuses. Of those in the transverse sinuses they were almost
always associated with the vein of Labbe as it entered the sinus. Mamour-
ian & Towfighi [107] studied 10 patients without known venous sinus dis-
ease, 2 patients were found to have giant arachnoid granulations of the dis-
tal transverse sinus. In one patient there were bilateral lesions. Leach et al.
[96] reported on the inspection of the sinuses of 29 cadavers for the pres-
ence of focal intraluminal protuberances. Ninety-one protuberances were
observed in 19 cases (66%) and ranged in size from less than 1 mm to 8
mm diameter. Ninety-five percent were located in the transverse sinus —
predominantly the left. In Rosenberg et al.’s [145] report of 4 cases of giant
arachnoid granulations presenting as osteolytic skull lesions, histological
examination demonstrated loss of the normal stromal organisation. Instead
large CSF filled cystic spaces were seen. Upton et al. [175] reported on the
structure of arachnoid granulations obtained from 23 autopsies. There was a
tendency for the granulations to become larger and more complex with age.

Given the typical site and the correspondence with intrinsic lesions seen
on MRV or DRCYV, arachnoid granulations may represent a proportion of
the obstructing lesions in PTS. While the natural occurrence suggests a pri-
mary role for these lesions, they may increase in size secondary to increases
in CSF pressure for a number of reasons. In animals, arachnoid granula-
tions may increase in size with increases in CSF pressure [54, 100]. It may
also be that increased CSF pressure increases the CSF component of the
arachnoid granulation which becomes incarcerated in the lumen of the si-
nus further exacerbating the increased CSF pressure. An increase in the
size of the collagenous core of the granulation may also increase its size.
Chronic inflammation of this core may result in such an increase [175].
Hayes et al. [62] studied the effects of dietary vitamin A deficiency in calves
and rats and confirmed Eaton’s [39] finding that it resulted in increased
CSF pressure. Histological examination of the arachnoid granulations in
rats and calves revealed the granulations to be larger in the vitamin A defi-
cient animals compared to controls. This was particularly so along the
transverse sinuses of the calves. The increase in size of the granulations
was associated with an increase in collagen with stimulation of fibroblasts
with an increase and extreme dilation of the golgi endoplasmic reticulum
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of these cells. Hernias of brain tissue into the core of arachnoid granula-
tions may also result in enlargement of the granulation. Kollar ez al. [87]
reported a case of where an abnormally large arachnoid granulation was
removed and the histological sections published clearly demonstrate a her-
nia of brain into the granulation. The authors at the time described this as
‘ectopic’ brain tissue but the true nature of the lesion is evident. Small her-
nias of brain tissue are frequently seen in the bases of arachnoid granula-
tions at craniotomy (M Besser; personal communication).

There are various other pathological entities that may be represented
in the spectrum of obstructive intrinsic venous sinus lesions. Fat deposits
in the dural sinuses on CT was reported by Tokiguchi et al. [173]. These
authors reported 8 cases in which macroscopic, non-obstructing fat depos-
its were demonstrated in the walls of the sinuses. In 5 cases fat was located
at the torcular while in 3 it was located in the SSS. Anatomical proof that
these lesions did indeed consist of fat was supplied in a later report where
2 of these patients had later undergone autopsy [174]. Finally, nodules of
cavernous tissue have been identified in the sinuses, especially at the junc-
tion of the straight sinus and vein of Galen [13, 95]. The nodules, distinct
from arachnoid granulations, were common at autopsy and were com-
posed of endothelium lined sinusoids resembling erectile tissue.

Cerebral venous sinus thrombosis (CVT) may also contribute a propor-
tion of the cases of PTS. Acute CVT should be distinguished from chronic
CVT. In the former, provided the thrombus does not involve the cortical
veins, the condition may certainly cause a pseudotumor syndrome [14, 99,
159]. The approach to management of these patients is quite different. The
prevention of thrombus propagation and dissolution of the thrombus
are important in the management [12]. Thus anticoagulation either sys-
temically or locally via the endovascular route are used. Persistence of
thrombosis with reorganisation and recanalisation may result in improved
cerebral venous outflow. In such cases intrinsic venous sinus obstructive
lesions may represent old thrombus. However, more frequently such
chronic CVT cases appear to have less focal stenosis and may be difficult
to treat.

There is also significant circumstantial evidence for a role of occult
CVT in PTS from the association of a large number of prothrombotic
states. These associations include the thrombophilias [81, 101, 112, 119]
as well as other prothrombotic states such as essential [118] and iron defi-
ciency anaemia [69]. This association between prothrombotic conditions
and PTS was reviewed by Sussman et al. [169]. A mixed group of 38 retro-
spectively and prospectively accumulated patients. Eighteen patients were
subject to angiography and three patients were found to have venous sinus
thrombosis although the location and other details were not given. Each of
these patients had a prothrombotic disorder.
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In order to test whether the venous obstruction is primary or secondary
one may either relieve the obstruction and observe the effects on CSF pres-
sure or, reduce CSF pressure and observe the effects on venous obstruction.
However even these measures may not produce a conclusive result due to the
nature of positive feedback loops which can be interrupted without produc-
ing conclusive information on causation. For example, stopping chickens
breeding does not determine whether the chicken or the egg came first.

King et al. [85] reduced CSF pressure in a total of 21 patients with
PTS for which no obvious cause was found (for example minocycline)
were examined using venography and manometry. With the exception of
2 patients, SSS and CSF pressures followed each other closely. In these
patients there were transverse sinus stenoses with significant pressure gra-
dients. Of these patients 8 underwent C1-2 puncture with removal of 20—
25 mls CSF. Manometry was then repeated. The procedure was also per-
formed on 3 patients with so-called non-idiopathic PTS. The drop in CSF
pressure produced by C1-2 puncture was measured in only 3/11 patients.
The reductions were 40, 23 and 10 cm CSF. All patients had a reduction
in the proximal venous sinus pressures. In 5/8 idiopathic PTS patients, the
pressure gradient in the transverse sinus disappeared. In 2 other patients in
this group the gradient remained although it was reduced. One patient had
no transverse sinus obstruction or gradient before C1-2 puncture. Of the 3
patients with so-called non-idiopathic PTS who were examined after C1-2
puncture, two patients had no venous pressure gradient to begin prior C1-2
puncture. The results of the patient with a high CSF pressure and a trans-
verse sinus pressure gradient prior to C1-2 puncture are difficult to inter-
pret as although proximal venous pressure fell to 10 mmHg, the distal sinus
pressure was not recorded.

Given the reduction in venous sinus pressures and associated pressure
gradients after C1-2 puncture and the CSF pressure reduction, the authors
[85] and others [25] concluded that transverse sinus obstruction in PTS was
a result of raised CSF pressure but not the cause. However, such a conclu-
sion is difficult to justify on the basis of these results. First, although no
normal healthy controls were examined, venography and manometry were
performed on 10 patients with diseases other than idiopathic PTS. CSF
pressure was raised in 7 patients (20—50 cmCSF) but venography and man-
ometry demonstrated transverse sinus gradients in only 3 (43%) of these
patients. In the other four there was no evidence of venous sinus hyperten-
sion. In comparison, of the 21 patients with idiopathic PTS venous sinus
hypertension with transverse sinus pressure gradients were found in 19
(90%). Although the average CSF pressure was higher in the idiopathic
PTS group, the higher incidence of venous sinus hypertension indicates
that it may be an aetiological factor. Second, the results indicate that ve-
nous sinus pressure fell almost universally after C1-2 puncture. This is an
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expected outcome even in the presence of a fixed venous sinus stenosis. In at
least 2 patients, the venous sinus gradient remained although reduced. Fi-
nally, the authors avoided the issue of morphological change in the sten-
oses after C1-2 puncture. Although they allude to the presence of either
tapering or intraluminal filling defects on pre-Cl1-2 puncture venograms
they were unable to state whether these lesions were present or absent after
CSF pressure reduction. The heterogeneous nature of the stenosing or ob-
structing lesions means that the conclusions of the authors may only be valid
for one subtype of obstructing lesion, in particular extrinsic compression.

In support of King et al. is a case report by McGonigal et al. [115] who
document a case of bilateral transverse sinus obstruction in a 19 year old
with quite severe PTS. The obstructions had the appearance of a smooth
tapering on CT venogram. After insertion of a lumboperitoneal shunt
symptoms resolved and there was marked improvement in the degree of
narrowing bilaterally. Higgins and Pickard [66] also reported resolution of
venous sinus obstruction in a very similar case after lumboperitoneal
shunting. We have also observed this phenomenon after ventriculoperiteo-
neal shunting in one case. In contrast, morphological and functional ve-
nous sinus obstruction in the presence of a functioning shunt has been
observed in 2 of 8 cases from our series and in 2 patients in the series of
Higgins et al. [63].

Sainte-Rose et al. [151] studied the relationship between CSF and ve-
nous pressures in 31 infants (age 1-23 months). These patients consisted
of 6 cases of communicating hydrocephalus, 6 cases of hydrocephalus asso-
ciated with a myelomeningocele, 14 cases of craniostenosis, 3 cases of
achondroplasia and a case each of aqueduct stenosis and subdural haema-
toma. In the first part of the study, consisting of a group of 11 infants
mainly with craniostenosis, intraventricular CSF and SSS venous pressures
were recorded simultaneously. In all patients the difference between CSF
and SSS venous pressures were small (< 3 mmHg). CSF pressure was ele-
vated (15-25 mmHg) in 8 patients but there was no relationship between
underlying pathology and pressure recordings. In the second part of the
study, a second ventricular catheter was also introduced to allow CSF pres-
sure reduction via CSF withdrawal. The jugular venous pressure was also
monitored. In 16 of 20 patients, after withdrawal of CSF to reduce CSF
pressure to zero, SSS venous pressure also fell to the jugular venous pres-
sure. Re-injection of the same volume of CSF usually restored CSF pres-
sure to the same or a slightly higher CSF pressure than at baseline. SSS ve-
nous pressure also increased to baseline. In these patients there was no
evidence of sigmoid sinus compression on sinography. In the remaining 4
patients; two with achondroplasia and two with craniostenosis; SSS did not
decrease to the jugular venous pressure when CSF pressure was reduced to
zero. Instead illustrated traces demonstrate a modest fall in SSS pressure.
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Also suggestive of a fixed obstruction was the finding that reinjection of
CSF produced a rise in SSS pressure above baseline. Fixed venous sinus ob-
struction of the transverse or sigmoid sinus was confirmed on sinography.

The effects of relieving the venous sinus obstruction in PTS have also
been studied. The results of these studies will be considered fully in the sec-
tion on treatment (vide infra). However, it is clear that reduction of venous
sinus hypertension in PTS may result in rapid clinical resolution and a re-
duction in CSF pressure. Of the cases reported to date, significant clinical
improvement was apparent in 4 of 4 cases in our series [130] and in 8 of 12
cases in the series from Cambridge [63]. These results, along with the obser-
vation that some obstructions are intrinsic, indicate that venous sinus ob-
struction in PTS may have a primary aetiological role, possibly exacer-
bated by raised ICP due to disordered positive biofeedback.

It is clear that arguments exist for primary and secondary aetiological
roles for venous sinus obstruction in PTS. Certainly there are cases in
which either may exist. Failure of treatment of venous sinus obstruction
in a handful of cases indicates that it may be important to differentiate be-
tween the two. However, there may be a role for treatment of the obstruc-
tion whether the obstruction is primary or secondary. The argument for
treatment of primary lesions is intuitive; however secondary venous sinus
obstruction may exacerbate any underlying CSF circulation disorder; an
argument supported by King [85] and Quattrrone et al. [137]. When CSF
pressure becomes increased and venous sinus obstruction ensues, the com-
pliance of the craniospinal axis is reduced because of engorgement of the
cerebral venous compartment. Therefore small increase in CSF or blood
volume will cause rapid increases in CSF pressure. More importantly
though, if CSF pressure is increased sufficiently to overcome venous pres-
sure and collapse the sinuses, venous pressure must increase in order to
overcome the obstruction and maintain adequate cranial venous outflow.
Venous sinus hypertension therefore becomes increased. If the primary prob-
lem is one of CSF absorption and raised R, then in order for CSF ab-
sorption to continue, the pressure gradient between the subarachnoid CSF
must be even higher than the normal gradient of 3 mmHg. CSF pressure
must rise further and thus a vicious circle of rising CSF pressure, venous
sinus obstruction and rising venous sinus pressure is established. Treatment
of the venous sinus obstruction may interrupt this positive feedback loop
and restore the normal compliance of the cerebral venous compartment.

We therefore propose the following unifying hypothesis. Normally,
increased CSF pressure leads to increased CSF drainage and restoration
of normal CSF pressure, representing classical physiological biofeedback
control where the response of the system has a negative effect on the stim-
ulus (Fig. 5) [59]. In PTC, with venous abnormalities, the presence of the
lesion in the venous outflow system creates a possibility for an abnormal
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CSF pressure

Cerebral venous pressure
4+ | (not recruited into system)

CSF Drainage |

Fig. 5. Normal negative feedback. Increases in CSF pressure are controlled by an in-
crease in the rate of CSF absorption as it is a pressure dependent process

positive biofeedback to develop as increases in CSF pressure can worsen
the degree of venous compromise leading to a further increase in CSF pres-
sure, a further increase in venous obstruction, and so on (Fig. 6). The de-
gree to which cerebral venous pressure is recruited into the control system
could determine the extent to which CSF pressure rises until other negative
feedback mechanisms (for example, CSF absorption through other routes)
become significant and re-establish control of CSF pressure at a higher
level. Recruitment of cerebral venous pressure into this control system is
variable, and due to a variety of factors, potentially explaining the variabil-
ity of PTC symptoms over time. The prolonged benefit produced by a sin-
gle CSF tap in PTC patients may be understood in this way if one postu-
lates that removal of CSF reduces secondary venous compression and
improves CSF drainage due to uncoupling of cerebral venous pressure
from the control system for a period much greater than that required to re-

" CSF pressure
-

- _|_ Cerebral venous pressure
(recruited into system)

CSF Drainage

Degree of
symptoms

Fig. 6. Disordered positive feedback. Recruitment of the cerebral venous sinuses into

the feedback loop due to venous sinus collapse, secondary to increased CSF pressure,

causes venous sinus pressure (particularly SSS pressure) to increase. This inhibits CSF
drainage and results in further increases in CSF pressure and so on
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place the volume of CSF removed. Permanent decoupling of cerebral ve-
nous pressure by stenting an obstructive cause may be therapeutic, regard-
less of the initial cause.

Non Obstructive Venous Hypertension

Venous sinus hypertension also occurs in the absence of venous sinus obstruc-
tion. Karahalios ez al. [78] drew attention to systemic venous hypertension
in their series of patients studied with venography. There are several case
reports in which cardiac lesions have been associated with PTS [72] or hydro-
cephalus [134]. However, the most well-studied scenario is that of morbid
obesity and its association with venous sinus hypertension and PTS.

Obesity is strongly associated with development of PTS in both men
and women [36, 51, 178]. Johnston & Paterson [75] found that of 110
patients with PTS, 35 were moderately or grossly obese. These patients
were all female and 27 of them had no recognisable actiology. Foley [45]
found that only 1 of 46 cases with ‘otitic hydrocephalus’ compared to 20
of 60 cases with ‘toxic hydrocephalus’ were obese. In a prospective study
of 50 patients with PTS by Wall & George [177] 94% were noted to be
overweight.

Corbett & Mehta [26] investigated CSF pressure in 116 acute PTS
patients, 8 chronic PTS patients, 41 normal obese volunteers and 15 nor-
mal non-obese volunteers. CSF pressure was only slightly higher in the
normal obese subjects compared with normal non-obese subjects. There
was no correlation with the degree of obesity and CSF pressure in this
study. Patients with acute PTS all had CSF pressures markedly higher
than both patients with chronic papilloedema and normal subjects. In a
study of 19 patients (mean BMI 39.3 kg/m?) randomly selected from an
obesity clinic CSF pressure was recorded during lumbar puncture [61].
CSF pressure was elevated (> 20 mmHg) in 15 patients (79%); in § patients
it was greater than 25 mmHg and in 2 patients it was greater than 30
mmHg. The authors could not find any correlation between CSF pressure
and BMI. No patient reported headaches and no patient had papilloedema.

There has been much speculation on the relationship between obesity
and PTS. Numerous hormonal and metabolic links between obesity and
raised CSF pressure have been proposed. In some cases a weight reduction
can result in clinical improvement. There are reports of dramatic clinical
improvement in patients with extreme obesity and PTS who have under-
gone surgically induced weight loss. Noggle & Rodning [122] reported a
case of PTS in a morbidly obese patient who was successfully treated
(weight reduction from 150 to 86 kg; resolution of clinical PTS) with gas-
tric exclusion surgery. Furthermore symptoms recurred 3 years later with
failure of the gastroplastic stapling line and recurrent weight gain. After
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revision of the gastric surgery, significant weight loss and clinical PTS
resolved. At around the same time Amaral et al [2] reported a similar
case (138 kg) in whom surgically induced weight loss resulted in clinical
resolution of PTS and a reduction in CSF pressure.

In 1995 Sugerman et al. [167] reported resolution of symptoms of PTS
in morbidly obese patients (BMI 49 +/—3 kg/m?) following surgically
induced weight loss. At mean follow-up of 34 months average CSF pres-
sure had reduced from 35.3+/—3.5 to 16.8 +/— 1.2 cmH,O. These initial
results were confirmed in a second study of 24 severely obese patients
(mean BMI 47 +/— 6 kg/m?) previously diagnosed with PTS [168]. Mean
CSF pressure was 32.4 +/— 8.3 cmH,0. Twenty three patients underwent
gastric bypass and one had laproscopic gastric banding. Follow-up was
62 +/— 52 months. At the time of the report, one year follow-up was avail-
able in 19 patients who had lost an average of 71 +/— 18% of their excess
weight (45+/— 12 kg). Headache and pulsatile tinnitus resolved within 4
months of surgery with the exception of one patient. Papilloedema and
cranial nerve dysfunction improved in all patients. Interestingly, 2 patients
who had initially lost weight and experienced resolution of their symptoms
developed recurrent PTS on regaining weight. As a non-surgical solution,
Sugerman et al. [165] designed a counter-traction mechanism to reduce
intra-abdominal pressure and central venous pressures. Improvement in
headache and pulsatile tinnitus was reported with the nocturnal application
of this external negative abdominal pressure device to the abdomen of 5
patients with severe obesity and PTS.

Sugerman et al. [166] studied 6 obese patients (mean BMI 45 +/— 3 kg/
m?) with PTS undergoing gastric banding. Mean ICP was 29.3 +/— 8.0 cm
H,O. Intra-abdominal pressure (22 +/— 3 cmH,0), central venous pressure
(204/—6 mmHg; n = 5) and transoesopohageal pleural pressure (15-+/
— 10 mmHg; n = 3) were all elevated in these patients. The authors con-
cluded that central obesity raises intra-abdominal, pleural and cardiac fill-
ing pressures. The later impedes cranial venous outflow and causes PTS.
Gastric bypass or laproscopic gastric banding in these patients resulted
in significant weight loss. At the time of the report 5 of the 6 patients had
resolution of their PTS symptoms, including pulsatile tinnitus. One patient
had only recently undergone their surgery. Although the right atrial pres-
sures demonstrated using venography and manometry in the study of Kar-
ahalios et al. [78], the mechanism that these authors propose may still be
plausible. However, as Sugerman and colleagues themselves noted, there
remains no satisfactory explanation for why some obese individuals de-
velop PTS but most do not. In addition, why are women more commonly
affected than males given that the proposed mechanism is increased intra-
abdominal pressure and males tend to have more central obesity compared
to females.
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Experimentally, Luce et al. [104] demonstrated that in anaesthetized
dogs, an increase in pleural pressure increases lumbar and intracranial
CSF pressure. This increase in CSF pressure was secondary to elevation
of venous pressure in the superior vena cava. In the swine, Bloomfield et
al. [16] demonstrated that elevation of intraabdominal pressure 25 mmHg
above baseline caused an increase in central venous and intracranial pres-
sures (7.6 +/— 1.2 to 21.44/— 1.0 mmHg). In addition there was a reduc-
tion in cardiac index and CPP decreased. Expansion of intravascular vol-
ume returned cardiac index and CPP to normal and also resulted in a
further increase in ICP (27.8 +/— 1.0 mmHg). Decompression of the abdo-
men returned ICP to normal. The effects on central venous pressure and
ICP were negated by sternotomy and pleuropericardotomy [16]. Even
when ICP was already artificially elevated (mean 25.8 mmHg) increases of
15-25 mmHg in intra-abdominal pressure resulted in significant increases
in intra-thoracic pressure and ICP (25.8 to 33.8 and 39.0 mmHg, respec-
tively) [148].

There exists, therefore, a co-hort of patients with systemically increased
venous sinus pressure without focal obstruction. These patients appear to
be those with morbid obesity. It should be stressed that the degree of obe-
sity in the patients that Sugerman et al. have dealt with surgically is much
greater than that in the average overweight patient with PTS. In addition,
it should also be noted that venous sinus obstruction, from both intrinsic
lesions and extrinsic compression does also occur in obese patients. Non-
obstructive venous sinus hypertension are a particularly difficult group to
diagnose as there are no static CT or MR examinations that will demon-
strate this aetiology. Instead cerebral venography with manometry includ-
ing right atrial pressures, preferably in the awake patient, should be per-
formed. These patients are also difficult to distinguish from a co-hort of
patients with normal veins, normal venous pressures and increased CSF
pressure possibly due to disordered function of the arachnoid granulations.

Cerebrospinal Fluid Dynamics in Pseudotumor Cerebri Syndrome

Johnston & Patterson [76] proposed that PTS resulted from either a prob-
lem of CSF absorption at the level of the arachnoid villi or cranial venous
outflow obstruction. To determine whether there is an obstruction to CSF
absorption at the level of the arachnoid villi, the resistance to CSF absorp-
tion (R¢r) is calculated using the CSF infusion study. In Martin’s [111]
study, 4 patients with PTS were studied and had a similar R value to 2
patients with venous outflow obstruction. Sklar et al. [158] reported their
findings in 10 patients with PTS who underwent a total of 17 investigations
using the constant-pressure variable infusion rate method at various stages
of their disease. The results of their study are difficult to interpret as at least
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half of the patients had normal baseline CSF pressures and several patients
were being treated with diuretics or steroids. While the authors interpreted
their findings as demonstrating evidence of an CSF absorption deficit in
PTS, 6 of the studies in 2 patients were normal. Ropper & Marmarou
[144] presented a case of PTS secondary to Guillain-Barre syndrome in
whom serial measurements of R were made. Ry was elevated at presen-
tation and fell to normal with clinical improvement. However, the authors
calculated the contribution of this raised R to the elevated CSF pressure
and concluded that the R . recorded was insufficient to produce this extent
of pressure elevation. They proposed that elevation of the venous sinus
pressure must also contribute to the elevation in CSF pressure in their
patient. Lamas et al. [93] reported a case of a dural AVM with PTS and
raised SSS pressure. A constant-infusion lumbar CSF infusion study had
to be terminated at a pressure of 50 mmHg before reaching equilibrium.
Calculating R¢s on the basis of this result gives a value of at least 36
mmHg/ml/min. There was no evidence of any other CSF circulation disor-
der in that patient.

In most series the R is measured using a perfusion or infusion tech-
nique and the average Ry measured in patients with PTS is raised. How-
ever, patients are usually analysed as a group. One of the most valuable
studies therefore was that of Janny ez al [71] who, using a constant intra-
ventricular CSF infusion technique, measured the R.y and differentiate
patients with venous sinus obstruction from those without. In the patients
without venous sinus obstruction mean R was 46.6 mmHg/ml/min while
in the patients with venous sinus obstruction it was 14.5 mmHg/ml/min. In
addition, Janny et al [71] demonstrated a reversal of the normal pressure
gradient between the SSS and CSF in patients with venous sinus obstruc-
tion causing a PTS syndrome. The mean pressure was 3.16 mmHg higher
in the SSS. In contrast, their patients without venous sinus obstruction
(n = 12), the mean pressure was 9.5 mmHg higher in the CSF. The differ-
ence suggests that in patients without venous sinus obstruction the underly-
ing problem may be that of CSF absorption.

The results of CSF infusion studies in PTS are difficult to interpret.
Studies of CSF dynamics are performed using the potentially invalid as-
sumption that the venous sinus pressure remains stable during mock CSF
infusion. Using the constant infusion CSF study, baseline CSF pressure is
monitored and then mock CSF is infused at a constant rate until a new
equilibrium CSF pressure is reached. The R is calculated on difference
in CSF pressure at equilibrium and baseline divided by the infusion rate.
However, as noted in the earlier discussion regarding the effects of raised
CSF pressure on the venous system, elevations of CSF pressure may cause
venous sinus collapse, secondary venous obstruction and an elevation of
venous sinus pressure. Therefore, as CSF absorption depends upon a pres-
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Table 3. Classification of Venous Sinus Pathology in PTS

Classification of PTC based on Venous Sinus Pathology
A. Raised Venous Sinus Pressure
1. Obstructive
Intrinsic Vs Extrinsic
Primary Vs Secondary
ii. Non-obstructive
B. Normal Venous Sinus Pressure

sure gradient between the subarachnoid space and venous sinus, CSF pres-
sure must rise further. Therefore, the increase in CSF pressure required to
reach equilibrium may be falsely high. Likewise in the presence of a pri-
mary venous sinus obstruction, venous sinus pressure will be high. If dur-
ing increases in CSF pressure the venous sinus pressure remained at the
same level then the increase in Ry should be normal. However, due to
the low compliance of the venous compartment, elevation of CSF pressure
may produce increases in venous sinus pressure and therefore may result in
falsely high calculated R values. It should be noted that measurement of
R in situations where CSF pressure is very high prior to testing makes
such studies technically difficult.

Despite these problems there is sufficient evidence to conclude that most
cases of PTS are related to either problems of venous sinus obstruction or
problems of increased R at the level of the arachnoid villi as proposed by
Johnston and Patterson [73, 76, 77], and we have seen patients with PTC
with normal veins and normal venous pressures and elevated CSF pressure.

It is clear therefore from the above discussion that there is no single
cause of PTC and that a multitude of pathological states may cause the
symptom complex. We have found it useful to divide patients into veno-
genic and non-venogenic groups based on the results of DRCV and man-
ometry studies which provides guidance for therapeutic options Table 3.

Investigation of Venous Aetiology in Pseudotumor Cerebri Syndrome

The high proportion of patients with venous sinus obstruction coupled with
the ability to treat such obstruction should be an indication to investigate
all patients with PTS for the existence of venous sinus obstruction. In per-
forming these investigations one should be cognisant of the location and
morphology of the venous obstruction that is sought.

The most important distinction in the investigation of venous sinus ob-
struction in PTS is that between thrombosis and stenosis. Until recently,
almost all papers reviewing and recommending management strategies for
PTS concentrate on the exclusion of cerebral venous thrombosis rather
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Fig. 7. Axial MRVs of two different patients. (A) There is a dominant large right dom-

inant transverse sinus with absence of flow in the distal third. This patient later went on

to have a venous sinus stent. (B) Another patient with a dominant right transverse si-

nus. Both patients also have obstructions in the small left transverse sinuses confirmed
using DRCV and manometry

than stenosis [98, 99, 160]. The possibility of the other causes of obstruction
is rarely mentioned. Strategies that aim to exclude thrombosis often use CT
and/or static MRI with most attention given to the SSS, for example, the
empty delta sign. CT, even with contrast enhancement, should not be relied
upon for the diagnosis of venous sinus obstruction in PTS. This is exempli-
fied by Leker ez al.’s [98] report of 46 cases of PTS with normal CT results.
When conventional angiography or MRI/MRYV was performed, 12 patients
(26%) had evidence of venous sinus thrombosis.

We recommend that as a minimum static MR as well as MR venogra-
phy with full coverage of the cerebral venous system should be used to in-
vestigate patients with PTS for venous sinus disease (Fig. 7). The combina-
tion of these exams should be able to identify most cases of thrombosis or
venous sinus stenosis. MR also has the advantages of identifying intralumi-
nal lesions such as giant arachnoid granulations. Absence of flow in the dis-
tal transverse sinuses in particular should be treated as a real finding and
not attributed to artefact.

Conventional angiography may detect venous sinus obstruction. How-
ever, the sensitivity for venous sinus obstruction is less than for DRCV.
King et al. [86] as well as Karahalois ez al. [78] found that even with benefit
of hindsight, venous sinus obstruction was more difficult to identify on
conventional angiography than on DRCV. In addition, there is a risk of
embolic stroke or arterial dissection with cerebral angiography that is not



144 B. K. OWLER et al.

Right Proxim Tx

Venous Pressure CSF Pressure

Fig. 8. Venous sinus manometry and CSF pressure recordings. The venous catheter
has been pulled back across the point of stenosis during pressure recording demonstrat-
ing the venous sinus pressure gradient

present with DRCV. However, conventional angiography may be useful
when there is a suspicion of a dural AV fistula.

Direct retrograde cerebral venography (DRCV) combined with man-
ometry is the investigation of choice for venous sinus obstruction in PTS.
It is probably the most sensitive investigation for detecting venous sinus
obstruction. However, because of its more invasive nature, in cases where
venous sinus obstruction has been demonstrated and medical therapy is to
be trialled, presuming there is no immediate threat to vision, it is reason-
able to keep DRCV with manometry in reserve until treatment of the
stenosis is contemplated.

The advantages of DRCV with manometry are that it provides the
most accurate information regarding the nature of venous sinus flow and
allows measurement of venous sinus pressures to be obtained. Unlike either
MRV or conventional angiography, manometry affords information re-
garding the functional significance of the obstruction. It allows determina-
tion of whether venous sinus pressure is raised and whether any pressure
gradients exist across morphological obstructions (Fig. 8). If there is doubt
regarding the presence or absence of a lesion due to inflow or contrast
streaming, manometry will provide clarification. King et al [86] com-
mented that in some cases the filling defects were not impressive on venog-
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raphy, or when initially examined, these changes were not appreciated on
the venous phase of the carotid angiogram or were attributed to streaming
of the contrast medium. In addition central venous pressures can also be
measured using manometry and allows patients with systemic venous hy-
pertension to be identified.

The advantages of venography and manometry over conventional
angiography were exemplified in a case of PTS reported by Cremer et al.
[27]. A small (1 cm diameter) falcine meningioma caused partial obstruc-
tion of the posterior one-third of the SSS. Conventional angiography had
been revealed a normal arterial and venous systems. Venography however
revealed the obstruction of both transverse and sigmoid sinuses. Manome-
try demonstrated venous pressures to be 40 mmHg through the entire SSS
and transverse sinuses and dropped to 3-5 mmHg in the distal sigmoid
sinuses. There was no pressure gradient at the meningioma itself.

Manometry should be performed with patient awake unless the patient
is unable to co-operate fully. DRCV and manometry are usually well toler-
ated however the sinuses are sensitive to stimuli, particularly stretch and
intermittent discomfort from the catheters may be reported. Anaesthetic
agents and positive pressure ventilation may interfere with accurate mea-
surement of venous pressures by changing both the ICP and the intrathora-
cic pressures. Therefore for diagnostic purposes the procedure should be
performed, if feasible, in the awake patient.

Venous pressures should be measured for all segments of the venous
sinuses including the SSS, torcular, transverse and sigmoid sinuses, jugular
bulb, internal jugular vein and right atrium. Where a morphological ob-
struction has been demonstrated, the pressures proximal to, at and imme-
diately distal to the stenosis are recorded. By pulling the catheter back
across the stenosis under radiological control and recording the pressure
simultaneously, a sudden fall in venous pressures is often recorded demon-
strating the functional significance of the stenosis. By measuring right atrial
pressures non obstructive venous hypertension can be demonstrated and is
particularly relevant in the grossly obese patients.

Venography and manometry are invasive procedures compared to MR
imaging. The risks however are less than those of conventional cerebral
angiography, for example, embolic stroke. There is however a risk of per-
foration of a vein or sinus, for instance, if the guidewire inadvertently
enters a fragile draining cerebral vein. Another potential risk is the forma-
tion of a thrombosis around the catheter which might case pulmonary
embolus. Overall however the risks of DRCV and manometry appear
lower than those of conventional angiography.

We have performed DRCV with manometry in 22 patients diagnosed
with PTS. In 11 (50%) there were either bilateral venous sinus obstructions
(7 cases) or a unilateral venous sinus obstruction in a dominant venous si-
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nus (4 cases). These obstructions were all associated with pressure gradients
across the point of stenosis. Pressure gradients ranged from 7-41 mmHg
(mean 18.3+/—10.6 mmHg). The resulting SSS pressure in this group
ranged from 17-43 mmHg (mean 27.9 +/—9.3 mmHg). In comparison,
the other 11 patients had gradients of less than 5 mmHg. The mean SSS
pressure in these patients was 15.0+/— 6.8 mmHg. However, 5 of these
11 patients had venous sinus pressures of 15 mmHg or above. The mean
of the right atrial pressures in the 11 non obstructed patients was 8.1 +/
— 5.3 mmHg compared to 4.7 +/— 4.4 mmHg in those with venous sinus
obstructions. Therefore some of the patients in the group without morpho-
logical obstruction or focal pressure gradients still had significantly raised
venous sinus pressures that may be contributing to their PTS.

The location of obstructing lesions was always within the distal two-
thirds of the transverse sinus. The morphology of the obstructions varied
as described previously. In some cases the obstructions appeared to be in-
trinsic and were well defined rounded filling defects. Other cases appeared
exhibit the features of a tight primary stenosis. In some cases the obstruc-
tion was less well defined and may have been consistent with extrinsic com-
pression.

Treatment of Venous Sinus Obstruction

In most cases of PTS spontaneous resolution of the condition will occur.
In these cases, removal of any offending agent such as tetracyclines, con-
ventional medical therapy including acetazolamide and/or steroids, and
intermittent lumbar punctures will enable sufficient control of the condi-
tion until spontaneous resolution occurs. However, consideration should
be considered to more aggressive intervention when the condition is refrac-
tory to medical therapy, it does not undergo spontaneous resolution within
a reasonable period, vision is threatened or in the rare case where PTS ex-
hibits a fulminant course.

The options for surgical treatment that currently exist are CSF shunt-
ing, usually either lumbo-peritoneal or ventriculo-peritoneal, optic nerve
sheath fenestration or bilateral subtemporal decompressions. These proce-
dures all have their own limitations and certainly are not always effective.
Ventriculoperitoneal shunting, even with use of stereotaxis, may be difficult
and the shunt prone to blockage in small ventricles. Lumbo-peritoneal
shunts have the added problem of the acquired Chiari malformation. Optic
nerve sheath fenestration may help with vision but do not always effec-
tively reduce ICP and headaches. Finally subtemporal decompressions pro-
vide symptomatic relief by increasing the effective intracranial compliance
but do not address the underlying aetiology. As an alternative to these
treatments, where a venous sinus obstruction has been identified, consider-
ation should be given to treatment of the venous sinus obstruction itself.
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The options for treatment include direct surgical treatment of lesion and/or
surgical venous bypass or endovascular therapy, the most useful of which
appears to be venous sinus stenting.

Direct Surgical Treatment

There is limited experience with direct surgical treatment of venous sinus
obstruction in PTS. From a historical perspective, Ray & Dunbar [141]
reported a 49 year old woman with PTS of 14 months duration who was
found to have an obstruction at the junction of the posterior and middle
thirds of the SSS. At surgery a sterile thrombus was removed from the si-
nus but a partial obstruction remained on the post-operative venogram al-
though pressure was slightly reduced and she was clinically improved.

Venous sinus bypass surgery has been performed by Sindou and Auque
[156, 157] in 5 cases of PTS. The underlying actiology was post-otitic sinus
thrombosis, surgical internal jugular vein ligation, a torcular meningioma
and dural AV fistula excision with sinus thrombosis in two cases. In 4 of 5
cases internal saphenous vein was used and the authors describe excellent
clinical outcome with post-operative patency documented on angiography.
In one case, a Gore-Tex graft was used but this became occluded. The
authors emphasize the importance of post-operative anticoagulation.

Sainte-Rose et al. [151] reported 3 infants with craniostenosis and fixed
venous sinus outflow obstructions related to bony stenosis who were treated
with a saphenous vein bypass. In the first patient (8§ months of age) the graft
progressively dilated over a 6 month period with a gradual reduction in
ICP. The authors emphasized the problems related to the size of the saphe-
nous vein grafts in infants (about 1 mm diameter). In the other two
patients, both with craniostenosis and fixed venous sinus obstruction,
saphenous vein grafts did not reduce ICP after surgery and to protect vi-
sion a VP shunt was required. However, in both patients the grafts dilated
and cranial remodelling could proceed without jeopardizing the venous
collaterals in the scalp.

Direct treatment of venous sinus obstruction, as yet, has not been un-
dertaken in PTS. However, the role of surgery, especially in removing in-
trinsic venous sinus obstructing lesions should be considered. Although,
there are obvious risks of haemorrhage and thrombosis, there is the poten-
tial benefit of avoiding placement of a permanent venous sinus stent.

Endovascular Treatment

Endovascular therapy for venous sinus obstruction in PTS may be divided
into those treatments aimed at thrombolysis and those aimed at mechani-
cal relief of the obstruction. The later includes venous sinus angioplasty
and venous sinus stenting.
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Thrombolysis is effective in cases of venous sinus thrombosis. The first
reported application of anticoagulation in patients with PTS was that of
Ray & Dunbar [141] which was successful in 2 patients. However, apart
from cases of acute thrombosis thrombolysis is usually ineffective in cases
of PTS. For example, thrombolysis was also attempted in 2 patients by
Karahalios er al. [78] using urokinase but without success. King et al. [86]
reported their unsuccessful attempt at clot dissolution using urokinase in
one patient with transverse sinus narrowing and PTS. The authors specu-
late that as the lesion had been present for some months dissolution is un-
likely as a mural thrombus would probably have organised and become
epithelialised. In contrast, Kollar et al. [88] attempted thrombolysis using
urokinase in 2 patients with mixed success. In one patient with symptoms
of 3 weeks duration, thrombotic occlusion of the transverse sinus was effec-
tively treated with urokinase and systemic anticoagulation. A second pa-
tient, also with a short duration of symptoms and an apparent transverse
sinus thrombosis underwent thrombolysis with urokinase followed by sys-
temic anticoagulation. Recurrent thrombosis was problematic and raised
CSF pressures responded to acetazolamide. The later two cases are really
cases of cerebral venous sinus thrombosis and the role of thrombolysis in
such acute cases 1s well established. However, most cases of PTS with ve-
nous sinus obstruction will not have thrombosis as their primary pathol-
ogy. In these cases of course there will be no effect of thrombolytic therapy.

Venous Sinus Angioplasty

Balloon angioplasty of venous sinus obstructions would be the ideal treat-
ment for patients with venous sinus obstruction as the need for implanting
a stent would be avoided. However, the results of venous sinus angioplasty
have been disappointing due to a high rate of recurrence. Karahalios et al.
[78] attempted angioplasty in 2 patients with sigmoid sinus stenosis and 1
patient with jugular bulb stenosis. While in 2 patients the stenosis initially
improved, one patient developed restenosis in one year and another experi-
enced no resolution despite a good hemodynamic result. In their report of
PTS syndrome secondary to venous sinus stenosis after suboccipital cra-
niotomy or translabyrinthine craniectomy, Keiper et al. [80] described a
case of post-operative stenosis in a dominant sinus with a pressure gradient
of 24 mmHg on manometry. Repeated balloon angioplasty reduced that
gradient to 14 mmHg although the patient remained symptomatic. An
attempt to place a stent across the stenosis was unsuccessful although
the details of why this was were not provided. Kollar ez al [88] utilized
angioplasty for bilateral transverse sinus lesions in a patient who had been
symptomatic for 3 years. One lesion was consistent with a large arachnoid
granulation. Symptomatic improvement was found post-procedure but she
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experienced a recurrence of symptoms after 3 months and underwent sur-
gical therapy. There are two reasons why recurrence of stenosis might oc-
cur after venous sinus angioplasty. First, the situation is not akin to per-
forming angioplasty of stenosing arterial plaques instead the obstructing
lesions, whether enlarged arachnoid granulations or venous sinus strictures,
appear to have elastic properties and reconstitute their shape. Second, if the
stenosis is secondary to raised CSF pressure then the cause of the obstruc-
tion has not been addressed. Due to these reasons, we do not recommend
venous sinus angioplasty in the treatment of venous sinus obstruction sec-
ondary to PTS.

Venous Sinus Stenting

The first report of deployment of stents in the transverse/sigmoid sinuses is
attributed to Marks et al. [108]. The first of two cases was a 25 year-old
woman with disabling right sided tinnitus but no evidence of PTS. There
were bilateral transverse sinus stenoses and the right was dominant. There
was a 20 mmHg pressure gradient across the stenosis which was abolished,
along with the tinnitus, after deployment of a stent. The second case was
an 8 year-old boy with episodic ischemic symptoms and absence of a deep
venous drainage who also demonstrated bilateral sigmoid sinus stenoses
with a 14 mmHg pressure gradient. The right sided stenosis, which was
resistant to angioplasty, was successfully stented. However his episodic
symptoms remained.

Hunt ez al. [68] reported two cases of papilloedema secondary to what
was reported to be venous sinus thrombosis. In both cases patients devel-
oped right sided venous sinus thrombosis. The first patient had systemic
lupus erythematosis and the second had undergone a right radical neck dis-
section. In both cases left sided focal venous obstruction was also demon-
strated; one patient in the sigmoid sinus and one in the transverse sinus.
Thombolysis was not followed by clinical improvement in either case.
Therefore the left sided focal stenosis was stented in both cases with good
effect and resolution of papilloedema. Detail regarding the anatomical ar-
rangement of the cerebral venous system in these cases was not provided.

The first reported case of venous sinus stenting for PTS was that of
Higgins et al. from Cambridge [65]. This 30 year-old obese woman (30.1
kg/m?) with a 22 month history of typical PTS refractory to medical ther-
apy was shown to have bilateral transverse sinus stenoses on MRV and
venography that were associated with 18 mmHg pressure gradients on
manometry. A stent was deployed across the right sided stenosis with dra-
matic clinical improvement. CSF pressure fell from 20.6 to 13.7 mmHg
while intracranial compliance was normalised from 3.6 mL to 16.7 mL.
She remained well although with persisting mild residual headache at
1 year.
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After that initial report two other single case reports were also pub-
lished. The Sydney Group reported the case of a woman with a previous
diagnosis of PTS who had presented with CSF rhinorrhoea and striking
radiological evidence of raised pressure [128]. Following a craniotomy
and repair of the anterior cranial fossa defect, a large subgaleal collection
developed that required shunting. Venography and manometry demon-
strated a filling defect in the right transverse sinus that was associated
with a pressure gradient of 14 mmHg and a SSS pressure of 22 mmHg.
The left transverse sinus was hypoplastic. Deployment of a stent reduced
the gradient to 1 mmHg and subsequently the LP shunt was removed.
Ogungbo et al. [125] reported a case of typical PTS in a 37 year old
woman. CSF pressure was 40 cm CSF and an MRV showed a focal ob-
struction in the right transverse sinus which was dominant; the left trans-
verse sinus was hypoplastic. There was a pressure gradient of 25 mmHg
with a proximal venous pressure of 40 mmHg. Deployment of a stent
across the lesion re-established normal venous flow, complete resolution
of clinical symptoms with a reduction in CSF pressure to 26 cm CSF.

The Sydney Group reported 4 patients with PTS treated with stent
placement of a series of 9 consecutive patients investigated with DRCV
and manometry [130]. One of those stented was the subject of the earlier
case report [128]. Of the other 3 patients who underwent venous sinus
stenting, clinical improvement was seen in all. The first patient, an obese
17 year old girl had bilateral transverse sinus obstruction on DRCV with
associated pressure gradients of 23 and 25 mmHg. Stenting of the left side
resulted in a dramatic reduction in CSF pressure (35 to 11 mmHg) and res-
olution of headache. Unfortunately despite these changes vision acuity did
not improve due to optic atrophy. A 27 year old thin male had typical PTS
with bilateral papilloedema. Again there were bilateral transverse sinus
obstructions that appeared intrinsic in nature. A review of the MR scan
revealed symmetrical lesions in the transverse sinuses that at the time we
suggested might represent fat but they may also represent large arachnoid
granulations. Stenting resulted in a reduction in CSF pressure and resolu-
tion of papilloedema and headache. After a period of 18 months there was
some recurrence of headache although less than previously but vision and
fundi remained normal. The third patient was another obese young woman
(27 years). Bilateral transverse sinus obstructions with 25 mmHg pressure
gradients were demonstrated. These obstructions had the appearance of
large arachnoid granulations. The right lesion was stented with restoration
of normal CSF pressure and clinical resolution. Apart from a short period
of mild left-sided headaches which resolved she remains well. Of the other
5 patients, one had bilateral transverse sinus obstructions with moderate
gradients; in this case we opted for a ventriculo-peritoneal shunt. The other
four, all of which had chronic PTS and had undergone numerous other



Venous Obstruction and Pseudotumor Cerebri Syndrome 151

Fig. 9. Venous sinus obstruction treated with a venous sinus stent

treatments did not demonstrate morphological or functional transverse
sinus obstructions.

More recently, a series of 12 patients with PTS treated with venous si-
nus stenting was reported from Cambridge by Higgins et al. [63]. All had
headache and some form of visual disturbance prior to stenting. The dura-
tion of symptoms ranged from several months to 12 years and 5 patients
had undergone surgical intervention (at least 10 months prior) for their
PTS. All 12 patients had significant pressure gradients across obstructions
of the transverse sinuses. After stenting of the transverse sinuses 5 patients
were asymptomatic, 2 were improved but with residual headache and 5
were unchanged. There were apparently no predictors of clinical improve-
ment after stenting in these patients. Papilloedema was present in 8 cases
prior to stenting and follow-up was available in 7 cases; it resolved in 4,
improved in another and in the 2 cases where there was no change papil-
loedema had been chronic.

The Sydney Group has have now had experience in 8 cases of stenting
in eight cases of PTS (Fig. 9). In 7 cases there is long term follow-up avail-
able. Headache has improved in all cases. Pain over the region of the stent
has been reported in all but one cases and generally resolves over a period
of days to weeks with simple analgesia. In 2 cases there was return of a
mild headache. This was slightly difference in nature in certainly much
less severe than their previous PTS headache. In one case, a second con-
tralateral venous sinus stent was deployed (vide infra) with some improve-
ment. Vision improved in 6 of 7 patients. In one patient, optic atrophy
developed despite a reduction in CSF pressure. In some cases improvement
of vision was dramatic changing in one case from light perception only
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to almost normal vision within weeks. One patient also had resolution of
bilateral sixth nerve palsies. Papilloedema was present in all patients prior
to stenting and resolved in all. There was one case of recurrence after stent-
ing in which the first procedure produced immediate and dramatic clinical
improvement and the patient returned a few months later with her previous
symptoms. Venous sinus obstruction was again noted and treated with dra-
matic clinical improvement once more (vide infra).

The longest published follow-up of the Cambridge series of patients
was 26 months with a mean of 14.1 months. In no series has stenosis of
the stent due to endothelial proliferation or venous sinus thrombosis been
observed during long term follow-up. Of the patients published in the orig-
inal series from Sydney, the longest follow-up is 30 months with a mean of
22 +/— 8.5 months. However, we are cognisant of the longer follow-up that
is required. We inform all patients and their families of the unknown long-
term performance of venous sinus stents. It is obviously important that
patients treated in the Sydney and Cambridge groups to be followed over
an extended period of time in order to assess these issues.

In cases with bilateral transverse venous sinus stenosis where stenting
of one side has either not resulted in clinical improvement or the patient
is improved but not asymptomatic presents the therapeutic dilemma of
whether to stent the contralateral side. In the Cambridge series [63] 2
patients received bilateral transverse sinus stents. The first patient, who
improved after an initial stent, improved further after a contralateral trans-
verse sinus stent but was still not asymptomatic. In the second patient, no
improvement was demonstrated after the initial stent and a partial but non-
sustained improvement was evident after a contralateral stent. The 27 year-
old male of the previous series from Sydney [130] also underwent bilateral
transverse sinus stenting (Fig. 10). Initially he had bilateral transverse sinus
stensoses with pressure gradients of 13 mmHg across each. The right trans-
verse sinus was successfully stented. Although there was resolution of pap-
illoedema, improvement in headache and he had returned to work, some
headache remained. CSF pressure had fallen to 11 mmHg on last lumbar
puncture. Stenting of the contralateral sinus resulted in marginal improve-
ment in headache and he remains well at 7 months. It is difficult to argue
that stenting of the contralateral venous sinus will produce further clinical
improvement if there is free communication of the transverse sinuses at the
torcular. However, in cases where the transverse sinuses appear to drain
the deep and superficial cerebral venous systems independently and venog-
raphy with manometry demonstrates that there is a persistent stenosis with
a pressure gradient, stenting the second transverse sinus may be useful.

Complications of venous sinus stenting have been few in the cases
reported so far. Higgins et al. [63] performed venograms on some patients
in the immediate post-stent period due to concern about stent patency.
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Fig. 10. A case of bilateral transverse sinus stenting. (A) Lateral DRCV demonstrating

stented right transverse sinus with normal calibre and an obstruction of the left trans-

verse sinus. (B) AP view of left transverse sinus with filling defect. (C) Lateral DRCV

demonstrating that the left transverse sinus has also now been stented. (D) Plain film
showing the bilateral transverse sinus stents in situ

Although all stents were patent, probable intraluminal thrombi were
observed in 2 patients and were successfully treated with thrombolytic ther-
apy. Transient hearing loss ipsilateral to the side of stenting was observed
in both the patients from Sydney (2 patients) and Cambridge (2 patients).
Hearing returned to normal within a few days. Higgins et al [63] also
reported one patient who complained of unsteadiness temporarily.

There was one life-threatening complication of venous sinus stenting —
an acute subdural haematoma on a previously unpublished case from
Sydney. This patient presented with severe global headache, gross papil-
loedema, bilateral sixth nerve palsies and marked visual loss with light per-
ception only. CSF pressure was >64 cmCSF. She underwent optic nerve
sheath fenestration and had an external ventricular drain inserted to con-
trol her CSF pressure. Venography and manometry were performed and
demonstrated the bilateral transverse sinus stenoses in the typical location
with large pressure gradients. During the venogram the CSF pressure was
noted to rise and blood was noted in the external ventricular drain. The
right transverse sinus was stented successfully and CT scan immediately af-
ter the procedure demonstrated a left acute subdural haematoma. The pa-
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tient was immediately taken to the operating theatre for evacuation of the
subdural. The bone flap was left out. The brain did not swell and she made
recovered rapidly with improvement of her vision to normal and resolution
of her sixth nerve palsies. The bone flap was replaced and she remains well
without headache, visual disturbance or papilloedema at 12 months follow-
up. The cause of the subdural was probably the inadvertent puncture of a
draining vein by a guide-wire during venography of the contralateral trans-
verse sinus rather than the stenting per se. Indeed, in this case, the stent
may well have been life-saving.

The Sydney Group has had one case of re-stenosis after venous sinus
stenting. A 23 year-old woman was referred with severe headache, bilateral
papilloedema and a CSF pressure of 23 mmHg. DRCV with manometry
was performed via a right femoral vein puncture. Extremely high venous
pressures were demonstrated in the SSS that fluctuated between 45/30 (38)
mmHg to 70/45 (56) mmHg. The pressure at the torcular was 69/41 (50)
mmHg. Both transverse sinuses had tight obstructions. On the right side
this was localized to its anterior portion with pressures of 66/42 (54)
mmHg falling to 16/12/(13) below the obstruction. On the left the stenosis
was more diffuse with proximal pressures of 62/41 (50) mmHg decreasing
to 18/14 (12) mmHg. After a discussion with the patient, informed consent
was obtained and the patient was returned to the angiography suite. Under
general anaesthesia, a 10 x 30 mm and a 8 x 20 mm Wall stent were placed
in the right transverse and sigmoid sinuses (Fig. 11). The pressure gradient
was reduced but not completely obliterated. The pressure proximal to the
stent was 41/26 (32) and was 20/17 (18) mmHg distal to the stent. The pa-
tient was recovered and returned to the neurosurgical high dependency unit
on heparin and oral antiplatelet medications. Post-procedure the patient
was improved. Her headache resolved and she reported that her vision
had also improved. However she complained of muffled hearing. This
resolved after several days. The LP was repeated under fluoroscopy and
this demonstrated CSF pressure to be reduced 13 cm CSF (10 mmHg).
She was discharged home under ophthalmological surveillance and on anti-
platelet medication.

However, she experienced recurrence of her symptoms less than 2
months later with headache and visual disturbance. Papilloedema had
returned. DRCV with manometry was performed under general anaesthe-
sia. Mean venous pressure in the SSS was 41 mmHg. The stenosis in the
left transverse sinus was again seen. On the right side, the stent appeared
to be patent. However, there had been some minor collapse of the stent
along with the development of a stenosis at the proximal edge of the stent.
Mean venous pressure above the stent was 37 mmHg which fell to 24
mmHg inside and 12 mmHg distal to the stent. Another overlapping stent
was therefore deployed across the stenosis. This abolished the pressure
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Fig. 11. Right transverse sinus of a 23
year-old woman with PTS. The venous
sinus pressures were extremely high. (A)
There was a tight stenosis of the right
transverse sinus. (B) Deployment of the
first stent was unsuccessful as it slipped
into the sigmoid sinus. (C) A second
stent was deployed across the point of
stenosis. The sinus stricture prevented
further expansion of the stent

gradient across the right transverse sinus. Mean venous pressure in the SSS
was 17 mmHg compared to 15 mmHg in the right sigmoid sinus. Post-pro-
cedure, there was again remarkable clinical improvement. Her headache
had resolved. There was some minor hearing disturbance which again re-
solved. Since then papilloedema had improved. She has now remained well
for 12 months (Fig. 12). In the series of Higgins et al. [63], 2 patients re-
quired overlapping stents in a sinus to produce satisfactory reduction of the
pressure gradient. We now recommend the use of balloon expandable stents
rather than self expanding stents as these can be placed more precisely and
with far less chance of stent migration and better initial expansion.
Paediatric PTS may also be related to venous sinus obstruction. In
Sydney venography with manometry has been performed in 2 paediatric
patients with PTS (both 9 years of age). In the first patient who had been
treated first diagnosed at 3 years of age had undergone many suffered
recurrent headaches and visual disturbance despite acetazolamide and had
been controlled with repeated lumbar punctures. However there had been a
slow worsening of symptoms and MRV demonstrated a dominant right
transverse sinus with a hypoplastic left transverse sinus. There was a steno-
sis of the right transverse sinus at the junctions of the middle and distal
thirds. Venography and manometry confirmed the stenosis and pressure
gradient. A venous sinus stent was deployed across the stenosis with reso-
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Fig. 12. Second procedure for recurrent PTS symptoms. (A) The stenosis of the right

transverse sinus had recurred just proximal to the stents. (B) A third transverse sinus

stent was deployed with dramatic resolution of symptoms and she remains well at 12
months

lution of the pressure gradient (Fig. 13). He remains well in early follow-
up. A second patient did not have any pressure gradients although venous
pressures were systemically high. He was subsequently treated with a
lumbo-peritoneal shunt. In most cases of paediatric PTS there is spontane-
ous resolution and therefore medical treatment should always be trialled
first. However there is a small group of patients that may require further
treatment. In older children venous sinus stenting should be considered.

Technical Considerations

Once a patient is considered for venous sinus stenting, they are commenced
on aspirin and clopidigrel several days before the procedure. Clopidigrel is
omitted in children. The procedure is always performed under general an-
aesthesia. This is because the dura that constitutes the venous sinuses is
sensitive to stretch and patients would not tolerated deployment of the
stent if awake. A venogram is first performed to define the point of stenosis
and the venous sinus pressures are checked. The diameter and the length of
sinus to be stented are checked against a reference and appropriate stent is
chosen. The stents used are uncovered stents and we prefer the slightly
stiffer balloon expandable stents over self expanding stents for the reasons
listed above.
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Fig. 13. A case of a 9 year-old boy with
a large dominant right transverse sinus.
(A) Lateral DRCV demonstrating the
significant right transverse sinus obstruc-
tion. There was a gradient of 11 mmHg
across the obstruction. (B) Image during
stent deployment. (C) Lateral DRCV of
right transverse sinus with the stent fully
deployed showing abolition of stenosis

We prefer to deploy the stent via a sheath in the right femoral vein. It
may be difficult to guide the stent through the jugular foramen and sigmoid
sinus due to the tight curvature and stiffness of the catheter. Alternatively,
the jugular vein may be used. Another group have deployed venous sinus
stents into the transverse sinus via a frontal burr-hole over the SSS in order
to overcome this problem (Prof. Peter Reilly, Adelaide, Australia; personal
communication). Once the stent is situated over the point of stenosis the
balloon is inflated and the stent is deployed. Several inflations of the bal-
loon may be necessary in order to achieve the desired result. Care must be
taken when withdrawing the delivery device as it may catch the edge of the
stent, particularly with self expanding stents, and pull it along the sinus dis-
tally. Once the stent is deployed venography is performed to assess the po-
sition of the stent and resolution of the stenosis. Venous sinus pressures are
also recorded to ensure that the pressure gradient has resolved.

At the present time it is our practice to recover the patient and have
them observed in the neurosurgical high-dependency unit overnight. Hepa-
rin is either allowed to wear off or is continued for 24 hours. Aspirin is con-
tinued for at least six months. In adults, clopidigrel is given for one month.

Related Disorders
Dural AV Fistulas

The relationship between venous sinus stenosis and dural arteriovenous
fistulae remains unresolved. There are several reports of dural AV fistulae
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developing in association with transverse or sigmoid obstruction [1, 87,
106]. Although most case reports attribute the venous obstruction to
thrombosis, there have been no case reports in which thrombosis has been
clearly demonstrated. Kollar ez al.’s [87] report of a dural AV fistula asso-
ciated with a heterotopic brain nodule suggests that the pathology of ve-
nous obstruction causing PTS and dural AV fistula may have significant
overlap. Stenting of the venous sinus has been used in an attempt to treat
dural AV fistulas. There is one case report of a stent being deployed in the
occipital sinus of a 13 year-old boy [106]. This patient had chronic venous
thromboses at multiple sites associated with multiple dural AV fistulae.
These were treated endovascularly with embolisation and a stent was sub-
sequently deployed in the occipital sinus to re-establish cranial venous out-
flow. The stent was demonstrated to be radiologically patent at 3 months
and the patient remained clinically well at 1 year. However, the author is
aware of three unpublished cases that were stented in three different inter-
national centres all of which were associated with rapid restenosis of the
stent and in at least one case, a poor outcome. The question of aetiology
in these cases remains unanswered however venous sinus stenting must be
used with great caution in cases of dural AV fistulae. One suggestion is that
restenosis may be a reaction of the sinuses to continued high pressure in-
flow from feeding arteries.

Other Headache Disorders

Recently attention has also been given to the condition of idiopathic intra-
cranial hypertension without papilloedema. These patients are character-
ised by chronic headache. Fundoscopy is normal and there is an absence
of visual symptoms. Mathew et al. [114] performed lumbar punctures on
85 patients with chronic daily headache. Twelve of these patients had
raised CSF pressure and responded to treatment with acetazolamide and
frusemide. Quattrone et al. [136] examined patients with chronic daily
headaches of at least six months. No patient had papilloedema. Of 114
consecutive patients 9.6% of patients had venous sinus abnormalities which
consisted of marked irregular or absent flow in the distal portion of one or
both transverse sinuses. While the authors considered these abnormalities
to represent venous sinus thrombosis, the true nature of these flow gaps
was not ascertained. A control group of 28 subjects had no flow gaps in
the transverse sinuses on MRYV. In contrast, Wang et al. [179] reported on
25 consecutive patients diagnosed with idiopathic intracranial hypertension
without papilloedema. Pulsatile tinnitus (odds ratio 13) and obesity (odds
ratio 4.4) in patients with chronic daily headaches were significant predic-
tors of idiopathic intracranial hypertension without papilloedema. How-
ever, of the 6 patients that underwent MR venography none demonstrated
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venous sinus occlusion. The more vexed question of prevalence of venous
sinus obstruction in patients with chronic daily headache remains to be
addressed.

Conclusions

Venous sinus obstruction in PTS is a more common factor in the pathogen-
esis of the condition than previously recognised. Venous sinus obstruction
usually occurs around the junction of the middle and distal thirds of the
transverse sinus and is often bilaterally symmetrical. Venous obstruction
may be primary, that is, it is the underlying aetiological factor of PTS.
Venous sinus obstruction may also be secondary to raised CSF pressure.
The latter may exacerbate problems with intracranial compliance and
raised CSF pressure. Venous sinus obstruction does not only occur in thin
patients but occurs across the spectrum of PTS patients including young
overweight females.

In the investigation of PTS, the index of suspicion for venous sinus
obstruction should be high. Examinations should not only exclude throm-
botic obstruction but should also focus on detecting venous sinus ob-
struction, especially in the region of the transverse and sigmoid sinuses.
Static MR and contrast-enhanced MR venography are the most useful
non-invasive investigations for this purpose and should be performed
in all patients with PTS. Patients with PTS should preferably undergo
DRCYV with manometry. This should be performed in all patients who are
considered for non-medical therapy whether or not an obstruction has been
demonstrated on MR imaging. Venography with manometry will also di-
agnose systemic venous hypertension.

Treatment for cases of PTS with venous sinus obstruction should be
medical initially. In cases where clinical PTS and raised CSF pressure per-
sist or if vision is threatened, consideration should be given to other treat-
ments. Figure 14 provides a useful scheme for the interpretation of veno-
graphic and manometric studied and may be used as a guide to therapy.
Venous sinus stenting should be considered as a first-line option in cases
of venous sinus obstruction with associated pressure gradients, especially
where the obstruction appears to intrinsic. For patients with extrinsic com-
pression, venous sinus stenting may still be effective, especially in the in-
stance of disordered feedback loops and should be considered as a viable
treatment alternative to other forms of surgical management including
CSF shunting.
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Abstract

Vesico-urethral dysfunction is a major problem in daily medical practice
due to its psychological disturbances, its social costs and its high impact on
quality of life. Recently, sacral neuromodulation, namely the electrical
stimulation of the sacral nerves, appears to have become an alternative for
radical bladder surgery particularly in cases of idiopathic bladder over-
activity. The mechanism of action is only partially understood but it seems
to involve a modulation in the spinal cord due to stimulation of inhibitory
interneurons.

Temporary sacral nerve stimulation is the first step. It comprises the
temporary application of neuromodulation as a diagnostic test to deter-
mine the best location for the implant and to control the integrity of the
sacral root. If test stimulation is successful, a permanent device is implanted.
This procedure is safe in experienced hands.

So-called idiopathic bladder overactivity still the major indication for
this technique. Patients not likely to benefit from the procedure were those
with complete or almost complete spinal lesions, but incomplete spinal
lesions seemed to be a potential indication. This technique is now also
indicated in the case of idiopathic chronic retention and chronic pelvic
pain syndrome.

When selection is performed, more than three-quarters of the patients
showed a clinically significant response with 50% or more reduction in the
frequency of incontinent episodes, but the results vary according to the
author’s mode of evaluation. From the economic point of view, the initial
investment in the device is amortized in the mid-term by savings related to
lower urinary tract dysfunction.

Finally, this technique requires an attentive follow-up and adjustments
to the electric parameters so as to optimize the equilibrium between the
neurological systems.

Keywords: Bladder neurogenic; electric stimulation therapy; voiding dysfunction;
urinary urge incontinence; urinary retention.

Introduction

Vesico-urethral dysfunction is a major problem in daily medical practice
due to its psychological disturbances, its social costs and its high impact on
quality of life. A complex neuroanatomic network governs the relation-
ships between the spinal, pons and supra-pons centers, and the vegetative
and somatic systems. Despite this complexity, the consequence of these
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relationships is always the same, i.e. retention and emptying of the bladder
to ensure continence and micturition and to protect the upper urinary
tract. To restore its function, surgical techniques intervening in the pe-
ripheral or central nervous systems have always played an important role.
Recently, sacral neuromodulation, namely the electrical stimulation of the
sacral nerves, appears to have become an alternative for radical bladder
surgery particularly in cases of idiopathic bladder overactivity. The mech-
anism of action is only partially understood but it seems to involve a
modulation in the spinal cord due to stimulation of inhibitory interneur-
ons. This technique is also indicated in the case of idiopathic chronic re-
tention and chronic pelvic pain syndrome.

Anatomy and Physiology of the Lower Urinary Tract

The lower urinary tract has two main functions: storage and periodic elimi-
nation of urine. These two functions are regulated by a complex neural
control system involving a central pathway located in the spinal cord, pons
and brain and as well as the peripheral autonomic and somatic neural
pathways. This control system functions like a switching circuit to main-
tain a reciprocal relationship between the bladder and outlet components
of the lower urinary tract. Because of these complex neural regulations, the
central nervous system control of the lower urinary tract is susceptible to a
variety of neurologic disorders which, among a wide range of non-invasive
therapeutic modalities, may be improved by sacral neuromodulation.

The storage and periodic elimination of urine are dependent on the
reciprocal activity of two functional units in the lower urinary tract: a
reservoir, the bladder and an outlet represented by the bladder neck and
the smooth and striated sphincter muscles of the urethra. During urine
storage, the bladder outlet is closed and the bladder smooth muscle is
quiescent, allowing intravesical pressure to remain low over a wide range
of bladder volumes. During voluntary voiding, the initial event is a relax-
ation of the pelvic floor and striated urethral muscles, followed by a detrusor
muscle contraction and opening of the bladder neck. This activity is medi-
ated by three sets of peripheral nerves: parasympathetic (pelvic), sympa-
thetic (hypogastric) and somatic (pudendal) nerves (Fig. 1). These nerves
also contain afferent axons terminating in the lower urinary tract which are
involved in initiating micturition.

Spinal Levels
Efferent Pathway

The parasympathetic efferent pathway is the main excitatory input to the
bladder. Parasympathetic preganglionic axons originate in the intermedio-
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Fig. 1. Anatomy and physiology of the lower urinary tract

lateral column of the S2 to S4 spinal cord and terminate in the post-
ganglionic neurons in the bladder wall and in the pelvic plexus [98]. The
main neurotransmitter released by the parasympathetic postganglionic
nerve terminals is acetylcholine. Acetylcholine can act on different subtypes
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of detrusor muscarinic receptors, among which the M3 are most important
for mediating evoked smooth-muscle contractions neurally in the bladder
[40].

The sympathetic preganglionic neurons are located within the inter-
mediolateral cell column of the T11 to L2 spinal cord. They make synaptic
connections with postganglionic neurons in the inferior mesenteric gan-
glionic neurons in the paravertebral ganglia and pelvic ganglia. Sympathetic
postganglionic terminals release norepinephrine which acts on alpha-1 ves-
ical and urethral receptors and beta-2 adrenergic detrusor receptors. The
effect of norepinephrine on the former is a contraction of the bladder base
and urethral smooth muscle. Norepinephrine, via an action of the Beta 2
receptors, can also relax the bladder body.

Somatic afferent pathways that originate from the motoneurons in the
Onuf nucleus of the anterior horn of the S2 to S4 spinal cord innervate the
external striated urethral sphincter muscle and the pelvic floor muscula-
ture. Somatic nerve terminals release acetylcholine, which acts on nicotinic
receptors to induce a muscle contraction. The striated urethral sphincter
also receives noradrenergic input from the sympathetic nerves. The com-
bined activation of the sympathetic and somatic pathways elevates bladder
outlet resistance and contributes to urinary continence. The striated sphinc-
ter (via the pudendal nerve) is the unique element of voluntary continence
and micturition.

Afferent Pathway

Sensory information regarding bladder fullness is conveyed to the spinal
cord via afferent axons in the pelvic and hypogastric nerves, which possess
neuronal somata in the dorsal root ganglia at the S2 to S4 and T11 to
L2 spinal segmental levels. Afferent fibers passing in the pelvic nerve
carry impulses from tension receptors in the bladder wall to neurons in
the dorsal horn of the spinal cord. These are mainly small myelinated
(Ao fibers) [49, 110] and unmyelinated (C fibers) axons [28]. In several
mammalian species including the human, the normal micturition reflex
is mainly mediated by AJ fibers afferents that respond to bladder dis-
tension [91]. The C fibers, which have a high mechanical threshold, are
usually unresponsive to bladder distension and are thus called silent
C-fibers, but many of them do respond to chemical, noxious or cold stim-
uli [58, 74].

Spinal Centers

The sacral micturition center involves laminae VI, VII and X. The innter-
neurones participate in local control of elementary programs via para-
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sympathetic and somatic pathways [73]. The C fibers project to the dorsal
horn and via a polysynaptic reflex [48] with medullar interneurones [140]
to form the «C reflex» of Bradley [28].

Pontine Centers

Among the sub-encephalic centers involved in micturitional control (Fig.
1), the most important are localized at the pontine level [10, 16]. This
part of the tegmentum receives afferent pathways from collateral spino-
thalamic (from dorsal horn, laminae I and IV) to form the spino-ponto-
spinal reflex or the «A reflex» of Bradley [28]. Two pontine centers have
been characterized in mammalians [98]. The first is localized in the medial
part of the dorsolateral pontine tegmentum, and is thus called the M-
region or Pontine Micturitional Center (PMC) [121]. The PMC projects to
the sacral intermediolateral cell column, in which are localized the para-
sympathetic center connected to the bladder motoneurons and to the sacral
intermedioventral cell column. The PMC is involved in the voiding phase
via both these projections. The excitatory PMC projection to bladder
motoneurons is responsible for an increase in bladder pressure during
micturition. The relaxation of the striated uretral sphincter during mictur-
ition is due to excitatory projection to inhibitory interneurones in the spinal
dorsal gray commissure.

The second pontine center, located more ventrally and more laterally
in the pontine tegmentum than the PMC, is involved in the storage of
urine during continence. During the storage phase, this L-center or Pon-
tine Storage Center (PSC) acts by direct excitatory projection to the ure-
thral sphincter in the nucleus of Onuf [85].

Suprapontine Controls

Several other central structures located in the forebrain and the cerebral
cortex have been thought to be involved in lower urinary tract control. At
the mesencephalic level, the periaqueductal gray (PAG) is considered as
the main center involved in micturitional control. The PAG is thought to
act as a central sensorimotor integrative relay of the micturition reflex, via
the reception of sensory information concerning bladder fullness and the
direct projection to the PMC [15].

In the forebrain, the most documented structure is the pre-optic area of
the hypothalamus, which is thought to play a role in the initiation of the
voiding phase via direct projection to the PMC. In addition, the anterior
cingulated gyrus, amygdala, bed nucleus of the stria terminalis and septal
nuclei are susceptible, when excited, to elicit bladder contraction [16]. The
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superomedial part of the precentral gyrus and the superolateral part of the
precentral gyrus seem to be involved in voluntary control on the pelvic
floors and in abdominal straining, respectively. Finally, the exact role of
the cerebellum is not fully understood, but both afferent and efferent con-
tributions to the micturitional reflex have been proposed [122].

Reflex Mechanisms Controlling Micturition
Storage Reflexes

The bladder functions as a low pressure reservoir during urine storage
due to the combined effect of the visco-elasticity of the bladder wall and
the quiescence of the parasympathetic pathway to the bladder. Continence
during bladder filling is reinforced by the activation of a sacral-to-
thoracolumbar intersegmental spinal reflex pathway, initiated by afferent
fibers linked to a bladder tension receptor, which triggers firing in sym-
pathetic pathways to the bladder, thus mediating an inhibition of blad-
der activity and a contraction of the bladder neck and proximal urethra.
Simultaneously, the activation of pudendal motoneurons during bladder
filling induces a contraction of the striated sphincter muscle, which in turn
contributes to urinary continence.

In addition to these spinal continence reflexes, a supraspinal urine stor-
age center located in the dorsolateral pons is involved in continence via
descending inputs activating the pudendal motoneurons to increase ure-
thral resistance (Fig. 1).

Voiding Reflexes

When bladder volumes reach the micturition threshold, intense afferent
activity originating in the bladder mechanoceptors triggers the mictur-
ition reflex, which consists of spino-bulbo-spinal reflex pathways passing
through the pontine micturition center. Activation of the pontine mictur-
ition center induces both a firing in the sacral parasympathetic pathways
leading to bladder contraction and secondarily to inhibition of the sympa-
thetic and somatic pathways relaxing urethral and bladder outflow. Before
reaching the pontine micturition center, afferent inputs from the spinal
cord pass through an integrative relay center in the periacqueductal gray.
This center functions as an “on-off”” switch activated by afferent activity
derived from bladder mechanoceptors, and it also receives inhibitory and
excitatory inputs from the brain regions (Fig. 1).

Voiding is also facilitated by an urethrovesical reflex initiated by the
stimulation of urethral afferents triggered by urine flow in the urethra,
thereby enhancing bladder contractions.
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The suppression of the striated urethral sphincter activity during mic-
turition is mainly due to a direct pontine micturition center projection to
sacral inhibitory interneurons in the dorsal gray commissure, also known
as the intermediomedial cell column. These inhibitory dorsal gray com-
missure interneurons in turn inhibit sphincter motoneurons in Onuf’s nu-
cleus during micturition.

Historical Evolution of Functional Surgery in
Lower Urinary Tract Dysfunction

Spinal Cord Stimulation

It was Budge who in 1858 opened up the concept of “micturition reflex”
by stimulating the nervous system. Thanks to technical improvements
made by Oersted in 1820 and especially Faraday in 1821, he was able to
activate bladder contractions using an electrical stimulation in the sacral
part of the spinal cord [130]. Over a century later in 1972, Friedman [64]
performed selective bladder stimulation in animal models by implanting
bipolar electrodes in the spinal cord. The preganglionic parasympathetic
fibers that innervate the detrusor muscle emerge from the ventro-intermedial
column of the sacral spinal cord, while the somatic efferent fibers that
innervate the urethral sphincter come from the Onuf nucleus (anterior horn
of 3rd and 4th sacral segments). The different localization of these two
groups of motor neurons allowed selective bladder stimulation. Encour-
aged by these results, Grimes [69] operated five spinal cord injured patients
by implanting two bipolar electrodes 2.5 mm deep at the level of S2. Four
patients were then able to urinate by stimulation. Then Grimes and Nas-
hold [68] analyzed a group of 10 patients: the clinical result was dramati-
cally different depending on the position of the electrodes. Furthermore,
low selectivity of this stimulation remains a major problem of this tech-
nique, which does not systematically avoid simultaneous contraction of the
striated sphincter of the bladder. Sedan [134] made similar observations.
Some are now re-assessing this abandoned technique, because it makes it
possible to stimulate electively the motor neurons of the detrusor muscle,
thus inducing efficient micturition without the need to perform a posterior
rhizotomy [67, 167].

Intravesical Stimulation

In 1878, Saxtorph introduced the concept of direct stimulation of the
bladder wall (and its nerve terminals) to induce a detrusor contraction and
to activate urination in patients suffering from urinary retention [130]. In
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1954, however, McGuire noted that the results differ depending on the
position or the volume of the electrodes, as well as on the characteristics of
stimulation [130]. From 1959, Boyce and Lathem [25] continued these
efforts, as did Bradley who designed an implant system used initially in
dog and then in human [27]. However, this technique was abandoned due
to lack of encouraging results. Recently, Jiang and Linstrom [93] showed
that intravesical stimulation could be used to activate a neurogenic blad-
der, especially in spina bifida patients.

Pelvic Nerve Stimulation

In 1957, Ingersoll [88] performed unilateral stimulation of a pelvic nerve.
This technique, known as the Burgele-Ichim-Demetrescu technique [96], is
theoretically possible and a few patients gained benefit from these implants
(electro-stimulated micturition). However, the complexity in approaching
the pelvic nerves and their fragility make this technique difficult. For some
authors, it does not solve the problem of the simultaneous contraction of
the detrusor and the sphincter produced by recurrent circuits, unless the
pudendal nerves have been cut [12]. Mention should also be made of the
less productive efforts of Hald in 1967 who tried to stimulate the detrusor
muscle selectively through the pelvic nerve fibers [130].

Stimulation of Pelvic Floor Muscles

In 1963 Caldwell [130] performed the first stimulator implantation in a
pelvic sphincter to treat urinary incontinence. However, it was observed
shortly afterward that transrectal stimulation and transvaginal stimulation
in women gave the same results. At present, the mechanism of these stim-
ulations is known: the stimulated pudendal afferents activate the sympa-
thetic inhibitor neurons, which in turn inhibit the central parasympathetic
neurons, thereby reducing bladder hyperactivity [108].

Stimulation of Sacral Nerve Roots

Since 1971, it has been demonstrated in monkey and then in human beings
that direct stimulation of the anterior sacral roots allows bladder empty-
ing. The electrodes can be placed in the extra- or intradural space. Strong
electrical stimulations cause simultaneous contraction of the detrusor and
the striated sphincter of the urethra. However, due to its smooth muscle,
detrusor contraction lasts longer than striated sphincter contraction, which
relaxes intermittently, letting urine flow and thus protecting the upper uri-
nary tract. GB Brindley pioneered the technique of adding a posterior
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rhizotomy, thereby improving bladder capacity and reducing bladder
hyperreflexia. This is still the only technique for restoring bladder function,
retention (continence) and emptying (micturition). It is especially useful for
patients suffering from a complete spinal cord lesion who are not able to
empty their bladder by conventional methods [30, 31, 32, 33, 158, 159].

Sacral Nerve Deafferentation

The goal of this process is to suppress the vesico-medullary reflex, which is
responsible for bladder hyperreflexia (or overactivity), a condition closely
related to incontinence. The principle of sacral deafferentation was intro-
duced a century ago to reduce spasticity [46]. Some C fibers are responsible
for maintaining this ‘“‘short” reflex (vesico-medullary) [169]. Posterior rhi-
zotomy can be performed at the level of the conus medullaris [126], intra-
durally in the lumbar region [158, 159], and in the radiculo-medullary
junction (DREZotomy) [118, 145]. This type of destructive surgery must
be utilized only in the case of complete sensitivo-motor function loss.
Owing to the severe side effects of sacral alcoholization, this technique
should not be recommended [115]. Sacral nerve thermocoagulation in the
foramens, thus sectioning the thermosensitive C fibers but respecting the
other sensitive and motor fibers, could be a less invasive alternative to
treat bladder hyperreflexia, but it should be repetitive [102]. Recently,
techniques involving denervation by intravesical instillation of some C fi-
ber specific neurotoxins (capsaicin, resiniferatoxin) have been approved
[52, 62].

Sacral Neuromodulation

In 1981, Tanagho and Schmidt in California attempted a procedure in
paraplegic patients similar to Brindley’s protocol, i.e. extradural stimula-
tion of the sacral roots to induce a detrusor contraction, followed by pos-
terior rhizotomy to eliminate bladder sphincter hyperactivity. Subsequently,
they limited their work by using percutaneous puncture to stimulate the
root of S3 without lesioning. In fact, they obtained an adverse effect, i.e.
the inhibition of contraction [154]. This is how the term of sacral neuro-
modulation was coined: an electrical stimulation of the sacral roots was
found to modify the pathologic behavior of a hyperactive bladder. The
princeps articles reported an improvement in bladder hyperactivity in
patients suffering from spinal cord lesions, but the method soon showed its
efficacy in the treatment of idiopathic bladder hyperactivity, without any
obvious neurological lesion. Thereafter, urologists widely used this tech-
nique instead of radical bladder surgery, thus allowing conservative treat-
ment of some incontinent patients. Since 1997, the FDA has approved the



188 J. R. VIGNES et al.

utilization of this technique in urge incontinence, and since 1999 in cases of
chronic retention. Recently the technique has proved efficient in some types
of pelvic pain and fecal incontinence.

Methods and Techniques for Sacral Nerve Stimulation
Sacral Anatomy [107, 111]

The sacrum is normally composed of five modified vertebrae which are
fused together. It is a triangular bone mass extending from the inferior
vertebral column and containing the sacral and coccygeal nerves.

Posterior Sacrum

The skin in the sacral region is usually thick, and the subcutaneous tissue
varies in thickness according to the habitus of the individual. It tends to be
thinner than that found in the adjacent gluteal and lumbar regions. Situ-
ated deep below the superficial fascia are two layers of fibrous connective
tissue (the thoracolumbar fascia and the tendon of the erector spinae
muscle group of the deep back muscles). Deeper still are to be found a few
muscle fibers of the erector spinae muscle group and many fibers of the
inferior portion of the multifidus muscle layer. The left- and right-sided
muscle groups are situated in a depression, whose medial and lateral walls
are formed by the median sacral crest (spinous process) and the lateral
sacral crest, respectively. The thickness of the tendon-muscle mass is ap-
proximately two centimeters in the region of the second sacral foramen,
one centimeter near the third foramen, and 5 centimeters near the fourth
foramen. Deep below the muscle mass, there is the periosteum covering
the posterior surface of the bone. Components of the sacroiliac, sacrotu-
berous and sacrospinous ligaments are situated superiorly and laterally.

The dorsal surface of the sacrum is convex and irregular, with ridges
and grooves. In the mid-line, there is the median sacral crest, consisting of
three or four tubercles (rudimentary spinous process). At the inferior pole,
the sacral hiatus is due to the failure of the fusion of the laminae of the
fifth sacral vertebra. Laterally, the sacral crest just lateral to the sacral
grooves comprises a row of four small tubercles representing the fusion of
the articular processes. It forms the medial aspect of the posterior fora-
mina. The lateral foramina correspond to the fusion of the transverse
processes and are the site of insertion of the gluteus maximus muscle. The
dorsal sacral foramina transmit the small dorsal rami of the sacral spinal
nerves from the sacral canal to the deep back muscle compartment. The
foramina are closed by a thin membrane. Small bony projections may be
formed on the medial aspects of the foramina and are associated with
muscle attachment points.
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Sacral Foramen

The posterior foraminae become smaller from top to bottom. They appear
to be equidistant in the vertical plane from the midline. Within the sacral
foramina, there is abundant adipose tissue, particularly at the level of the
third and fourth posterior foramina enclosing the nerve roots. Each nerve
root follows an oblique course from top to bottom and from internally to
externally. Each nerve root contains afferent and efferent parts of the so-
matic and parasympathic branches. A thin branch of each sacral root joins
the skin surface and provides the buttock with topographic sensitivity. A
foraminal arterial branch is always present lateral to the ventral nerve
root, close to the inferolateral edge of each posterior sacral foramen. A
veinous plexus is generally observed near the midline. The second foramen
is nearly half filled by its nerve root along with its ganglion, which par-
tially plugs the foramen. The third and fourth nerve roots occupy a rela-
tively smaller proportion of their respective foramina.

The sacral foramina can be considered as a cylindrical space into
which the sacral neuromodulation electrode is introduced. The upper sa-
crum tends to more curved than its lower part, especially in males. Needles
can be inserted into the foramina as far as the anterior part of the foramen
in order to reach the sacral root, at a wide range of angles in both the
vertical and horizontal planes. For the third sacral cylinder, the angle is
approximately 60 to 70 degrees to the posterior surface of the sacrum.

Anterior Sacrum

The ventral surface is concave in the vertical plan. There are four trans-
verse lines on the surface which represent the original division of the bone
into five separate vertebral bodies. Immediately anterior to the bone of
the sacrum in the midline, there is the periosteum and continuation of the
anterior longitudinal ligament. The piriformis muscle is attached to the
sloping surfaces of the anterior foramina. Then, a layer contains portions
of the pelvic nerve, components of the hypogastric plexuses, and blood
vessels before the posterior pelvic viscera (rectum and lower sigmoid
colon).

Localization of Sacral Foramen
Anatomical Landmarks

There are few methods to locate the posterior foramen. Usually, this de-
pends on the positions of the posterior superior iliac spine, coccygeal tip,
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Fig. 2. Anatomical landmarks of S3 foramen

and midline. There are three sets of landmarks to confirm location of the
S3 foramen, which is the elective foramen for neuromodulation.

— The S3 foramen is found by palpating the upper edge of the greater
sciatic notch, 2 cm just lateral to the sacrum [thon, wju, 1991].

— Another technique [111] estimates the location of the S3 foramina
approximately 2 cm from the midline, and 9 cm above the sacrococcygeal
junction cephalad from the tip of the coccyx, identified by a knuckle-like
protuberance at the apex of the sacrum (equidistant between apex of the
sacrum and coccyx). However, this technique is sometimes difficult, espe-
cially in obese patients.

— The sacral crest, the region where the sacrum approaches the hori-
zontal plane, corresponds to S4. From this point, the sacral spine curves
downward to S3, which is located 2 cm above the S4 landmark.
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Radiological Landmarks

The use of fluoroscopy is certainly the best approach for a quick and ef-
fective electrode placement, especially in overweight patients. Even though
the sacral foramina may not be visualized fluoroscopically, interrelation-
ships between fluoroscopically identifiable landmarks may be used to de-
duce their location. On anteroposterior radiographs of the pelvis, the inter-
rupted line across the inferior aspect of the sacroiliac joint corresponds
with the S3 foramen. On lateral views of the sacrum, the S3 foramen cor-
responds to the midpoint between the base of the sacrum and the tip of the
COCCYX.

Surgical Approach

Electrodes are generally placed in the third sacral foramen (S3). The elec-
trode leads are subsequently attached to an implantable pulse generator.
Patients undergoing sacral nerve stimulation must complete three phases
of therapy.

Phase 1 or the “acute phase” involves a percutaneous test stimulation
where a temporary electrode is placed in the S3 foramen and connected to
an external pulse generator.
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Phase 2 or the “sub-chronic phase” follows on from the acute phase. It
involves monitoring and adjusting the external pulse generator to identify
the optimal comfort level of stimulation and to evaluate therapy.

Phases 1 and 2 are dependent on an external generator and are con-
sidered as peripheral nerve evaluation (PNE).

During phase 3 or the ‘“‘chronic phase”, a permanent device is
implanted.

Peripheral Nerve Evaluation

Temporary sacral nerve stimulation is the first step. It comprises the tem-
porary application of neuromodulation as a diagnostic test to determine
the best location for the implant and to control the integrity of the sacral
root. This stage is important and may generate a number of technical
difficulties [7]. Operators should always follow the manufacturer’s in-
structions.

Preoperative Considerations:

The physician can verify electrode placement with anatomical or radio-
logical landmarks (# chapter), and by analyzing motor or sensitive re-
sponses. There is considerable disagreement whether PNE can be per-
formed outside of a hospital setting, with or without fluoroscopy, and with
or without muscle responses [142]. However, neurologic patients may de-
velop severe dysautonomia during electric sacral nerve stimulation [135,
136].

Material:

The testing hardware consists of a needle, test lead, test stimulator, inter-
connect cabling and a ground pad. A 20-gauge foramen needle with a
beveled tip is used to gain access to the sacral nerve for placing the test
stimulation lead. The stainless steel needle is depth-marked along its length
(9 or 12 cm) and electrically isolated along its central part. The portion
near the hub is exposed to allow connection to the test stimulator. By
stimulating through the unisolated tip of the needle, the physician can
determine the correct sacral nerve stimulation site for the test stimula-
tion lead. For PNE, the test lead is a fluoro-polymer-coated, coiled, 11-
stranded straight wire. An exposed metal tip at the distal end serves as an
electrode. The lead contains its own stylet, which is removed once the cor-
rect position has been found. The external test stimulator is used both for
patient screening and for intraoperative usage in determining lead place-
ment thresholds. This provides output characteristics that are similar to
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those of the implantable neurostimulator and can be operated in either
monopolar or bipolar modes. Amplitude control is accessible to the patient
when it is being used as a screening device. The physician can set amplitude
limits to ensure patient safety and the validity of the test. Finally, the
ground pad (stuck to the patient’s skin) provides the positive polarity in the
electrical circuit during the test stimulation and the evaluation.

Surgery:

Anatomical orientation is much easier in a prone position. The patient
must be comfortable, and a local anesthesia is administered to infiltrate the
skin and subcutaneous tissues (particularly the periosteum).

Once the needle is in place, it is possible to determine nerve responses.
Variations in neural anatomy may induce S3 motor responses whereas
stimulation is given at S2 or S4. Consequently, the levels must be defined
functionally as well as anatomically. In general, two levels of sacral nerve
sites are tested to locate the optimum response. In most patients, stimula-
tion of the S3 sacral nerve yields optimal results.

Typical S3 responses include the following: contraction of the levator
ani muscles, causing a “bellows” contraction of the perineum (deepening
and flattening of the buttock groove); plantar flexion of the big toe (and
sometimes other toes) due to sciatic nerve stimulation and paresthesia in
the rectum, perineum, scrotum or vagina.

Stimulation of S2 causes the following: rotation of the leg or hip,
plantar flexion of the entire foot, contraction of the calf, contraction of the
superficial pelvic floor, and a pulling sensation in the genital area and in
the leg.

Stimulation of S4 causes activation of the posterior levator ani muscles,
no motor response in the lower extremities, and pulling sensations in the
rectum only.

The lead is then threaded through the needle cannula, and the foramen
needle and lead stylet are removed. When the electrode is in place, the
appropriate response is reconfirmed and the lead is coiled under the skin.
Anterior/posterior and cross-table lateral X-rays of the sacral region pro-
vide documentation of the lead’s position. This X-ray can serve as a ref-
erence for positioning during the implantation phase.

Duration of the “Sub-Chronic Phase”:

As in the standard test stimulation procedure, the equipment is set up for 3
to 7 days of evaluation. At the end of the evaluation, the percutaneous
lead extension is removed. If test stimulation is successful, a permanent
device is implanted.
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Implantation of Neurostimulator

The original technique for implanting a long-term sacral neuromodulator
was described by Schmidt et al [132]. The manufacturer’s recommenda-
tions should be followed.

Implant Equipment:

Initially, neurostimulators were used for pain control (Itrel I1I®, MED-
TRONIC). Then a specific neurostimulator (InterStim®, MEDTRONIC)
was developed with the same technology. The chronic lead has four elec-
trodes and a larger stimulation zone than the temporary test stimulation
lead. Control equipment are used to adjust stimulation parameters (gen-
erally amplitude at 0.1 volts, rate at 10 to 14 pulses per second (Hz), and
pulse width at 210 microseconds).

“Classic Surgery”:

The patient is given a general anesthetic without long-acting muscle
relaxants, which could block the motor responses needed to verify the
effects of stimulation. During the implant procedure, the sacral region,
buttocks and feet should also be visible to allow observation of motor
responses. The patient is positioned facedown with slight hip flexion. Prior
to incising, some surgeons provide a local anesthetic to prevent postoper-
ative pain.

To implant and anchor the lead, the sacral foramen must first be
located and fluoroscopy is recommended at the beginning of the procedure
to help lead placement. Then a 5 cm midline or paramedial incision over
the selected foramen is made. The skin and adipose tissue are dissected
down to the glistening, white, fibrous lumbodorsal fascia. The fascia is
then divided approximately 1.5 cm lateral from the midline, parallel to the
spine over the appropriate foramen. The distal end of the lead is inserted
into the foramen. Beginning at the distal tip of the lead, the four electrodes
are numbered from zero to three; the numbered connector contacts corre-
spond to these electrodes. Each of the four metal contacts should be tested
and the lead repositioned to obtain the desired response. The optimal
nerve responses are identified, the distal end of the lead is anchored to the
lumbodorsal fascia and the lead is connected to the extension. The neuro-
stimulator is placed in a subcutaneous pocket in the upper buttock. The
neurostimulator may also be placed in a pocket in the abdomen (particu-
larly in very thin patients). Postoperatively, the lead and neurostimulator
placements are usually documented with X-rays.



Sacral Neuromodulation 195

Minimally Invasive Surgery:

Recently, Spinelli [148] reported a new technique of sacral nerve stimula-
tion, characterized by a percutaneous approach to the sacral nerves re-
sulting in minimal invasiveness of the procedure and the ability to have the
patient awake during electrode placement. Under local anesthesia, it is
possible to place a definitive quadripolar lead during the percutaneous
test, which could reduce the risk of an inconclusive stimulation response. If
test stimulation is successful, the pulse generator can be implanted under
local anesthesia. Nevertheless, long-term evaluation of this technique is
mandatory.

Unilateral or Bilateral Stimulation?

Since the original technique described by Tanagho and Schmidt, the uni-
lateral sacral foramen electrode has been the gold standard for sacral neu-
romodulation [165]. Indeed, bilateral is not superior to unilateral sacral
neuromodulation [127]. In rare cases, bilateral chronic sacral neuromod-
ulation may prove necessary [84] particularly when unilateral percutaneous
nerve evaluation fails [127].

It seems that bilateral stimulation does not increase the excitatory re-
sponse but increases bladder inhibition at a lower stimulation intensity.
Some authors have reported success with bilateral stimulation but the risk
of complications is increased [84] and life of the device is significantly
shorter.

Clinical Application of Sacral Neuromodulation
Indications

Neuromodulation of the sacral nerves is a therapeutic option for voiding
dysfunction in patients who do not respond to the common non-invasive
therapies and in whom disturbance in reflex coordination between the
bladder, sphincter and pelvic floor is suspected. The rationale for using
electrical stimulation techniques for the treatment of such voiding dys-
function is that this stimulation turns the neurological control mechanism
back towards a more functional status. The main indications are urge in-
continence, OAB syndrome, urinary retention and chronic pelvic pain.
OAB syndrome, which is also called urge syndrome or urgency-
frequency syndrome, is characterized by urgency, with or without urge in-
continence, usually with increased daytime frequency and nocturia, in the
absence of local or metabolic factors explaining these symptoms [4]. In
patients suffering from an OAB, sacral neuromodulation is an appealing
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therapeutic modality for symptoms refractory to conventional pharmaco-
therapy, and is relevant for both neurologic and non-neurologic causes.

In patients suffering from chronic urinary retention, sacral neuromod-
ulation should be reserved for functional urinary retention without evi-
dence of mechanical obstruction. Various indications such as Fowler’s
syndrome, spastic pelvic floor syndrome and bladder hypo/acontractility
have been proposed.

Pelvic pain syndrome is the occurrence of persistent or recurrent epi-
sodic pelvic pain associated with symptoms suggestive of lower urinary
tract, sexual, bowel or gynecological dysfunction, without any infection or
other obvious pathology [4]. Chronic pelvic pain is defined as pain of a
minimum of 6 months duration that is not related to any identifiable cause
or etiology [125]. In patients suffering from chronic pelvic pain, sacral
neuromodulation could be indicated when the symptoms are refractory to
conventional pharmacotherapy after exclusion of obvious local pathologi-
cal conditions.

Evaluation

Before the implantation of a neuromodulatory device, each patient should
undergo a minimal investigation performed to confirm the pertinence of
the indication, exclude any contraindications and to have baseline values.

The work-up for treatment by sacral neuromodulation must include
careful assessment of past history with special emphasis on drugs influ-
encing bladder function. A physical examination may be given to assess
neurologic status, togther with a perineal examination with urodynamic
investigation to assess bladder and sphincter function. To rule out any
other lower urinary tract pathological conditions, urine culture can be per-
formed to exclude urinary tract infection. Cytology and cystoscopy are
helpful in ruling out carcinoma cystitis, and when indicated, imaging of the
upper tract may be performed. It is recommended to perform MRI of the
entire spinal cord to screen for neurologic diseases such as multiple sclero-
sis, a neoplasm, syringomyela, lipoma, etc.

For treatment of incontinence, the primary outcome measure should
include a voiding diary recording the number of episodes of incontinence
and micturition during a specified time. Recording the mean number of
pads used per 24 hours may be helpful. For some authors, the quantifica-
tion of the amount of urine lost during the pad test is also recommended
[14]. Patient assessment of the severity of the symptoms can be recorded by
a validated urinary incontinence outcome score, such as the Urogital Dis-
tress Inventory, the Bristol Female Lower Urinary Tract Symptoms or the
Incontinence Impact Questionnaire [89, 90, 141, 168]. Many scores, such
as the Short-form-36 (SF-36) and Beck Depression Inventory (BDI), may
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be used to evaluate the repercussion of the incontinence on quality of
life [163]. Even if there is no systematic correlation between severity of
clinical OAB symptoms and urodynamic parameters of detrusor over-
activity, most authors recommended the use of cystometrograms to eval-
uate the responsiveness to sacral neuromodulation. The maximum cysto-
metric capacity (volume at which the patient feels he/she can no longer
delay micturition), the reflex volume (volume at which the first uninhibited
contraction of the detrusor occurs), the sensation of bladder filling and
the degree of bladder compliance (relationship between change in bladder
volume and change in detrusor pressure) may reflect the extent of bladder
activity.

In the treatment of urinary retention, the primary outcome measure
should be the post-void residual urine [14]. Most authors recommended
evaluating the mean voided volume and the mean number of intermit-
tent catheterizations per 24 hours. Urodynamically, it seems reasonable to
evaluate the urine flow with pressure flow studies (measuring the relation-
ship between pressure in the bladder and urine during bladder emptying)
or, at least by recording flow rate and voiding time, to assess bladder con-
tractility during cystometry.

For painful bladder syndromes, the primary outcome measure should
ideally be based on a validated pain assessment instrument. In addition,
patients considered candidates for implantation may have benefited from
psychological screening [14].

Pediatric Setting

There are some specific etiologies of urinary dysfunction in children,
such as neurogenic bladder (myelomeningocele, occult spinal dysraphism,
sacral agenesis, tethered cord syndrome, cord lipoma, cerebral palsy), non-
neurogenic bladder (anatomic bladder exstrophy), functional bladder (en-
uresis, urinary infection), and non-neurogenic neurogenic bladder (Hin-
man syndrome). Various electric stimulation modalities are possible in
children.

Intravesical electrical stimulation (IVES) is used to treat underactive
detrusor, idiopathic or neurogenic in children. IVES is given by a catheter
electrode in the bladder (cathode) with the anode attached to the supra-
pubic abdominal skin or the thoracic region. Continuous stimulation from
20 to 100 Hz is delivered (pulses = 0.2 to 10 ms, intensity from 0.1 to 64
mA). Sessions are 60 to 90 min daily over a period of 3 weeks to 3 months.
For Gladh et al. [65], the frequency of urinary tract infections and incon-
tinence decreased significantly and long-term normalization of voiding was
obtained for 83% children with idiopathic problems and 40% with neuro-
genic problems. Another study [18] showed an absence of improvement in
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patients with myelomeningocele. This kind of stimulation is proposed as
an alternative to clean intermittent catheterization.

Transcutaneous stimulation may be attempted to treat urinary urgency
and incontinence in children. Current is delivered via skin electrodes for
a short duration daily on a home treatment basis. Surface electrodes are
placed at the level of the sacral root S3. Stimulation of 2 Hz is applied
from 1 to 2 hours every day. For non-neurological bladder dysfunction,
dryness improved in 73.3% of children, with a significant increase in mean
voided volume [82]. 68% responded after 1 month of trial therapy with an
increase in bladder capacity, decrease in urgency, and decrease in inconti-
nence and/or better sensitivity. In the series of Hoebeke et al, 56% of
children were cured after 1 year. In a randomized controlled trial, no dif-
ference was found between the active spina bifida group and the placebo
group [112].

Sacral neuromodulation was applied in children at the beginning of the
nineties [153]. Contrary to adults, there has been no large randomized
prospective study. Recently, a prospective randomized study [75] reported
results of sacral neuromodulation in 42 patients (spina bifida in 38 cases)
from 5 to 19 years old (mean age 11.9 years). Patients were compared
(clinical examination, voiding diary, urodynamic evaluation) every three
months for a minimal period of 12 months. Despite the improvement
noted in implanted patients, the difference was not significant between the
two groups. A multicenter study now seems to be necessary to increase the
number of patients. The integrity of the nerves (even incomplete) is also a
predictive factor of success.

The Overactive Bladder
Definition

Until the most recent definition of the International Continence Society
(ICS), the term of bladder overactivity referred to urodynamic status. The
bladder was considered as overactive when objectively shown to contract,
spontaneously or on stimulation, during the filling phase of a cystometro-
gram while the patient is attempting to inhibit micturition [2]. Further-
more, in the first standardization report, the threshold of 15cmH20 was
necessary to conclude that an uninhibited bladder was related to detrusor
overactivity [11]. The definition currently endorsed by the ICS is that of
a symptom syndrome suggestive of lower urinary tract dysfunction char-
acterized by urgency, with or without urge incontinence, usually with
increased daytime frequency and nocturia, in the absence of local or met-
abolic factors explaining these symptoms [2]. This overactive bladder
syndrome can also be described as urge syndrome or urgency-frequency
syndrome.
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Diagnosis of Overactive Bladder

Clinical Parameters

The major role of cystometry in the diagnosis of overactive bladder (OAB)
has recently been dissipated since overactive bladder is now taken to be
a medical condition referring to the symptoms of frequency and urgency,
with or without urge incontinence [2]. Thus the diagnosis of the OAB
symptom complex is based upon the subjective perception of lower urinary
tract dysfunction. However, as emphasized above, the OAB is a complex
of symptoms that can be diagnosed as such only when there is no proven
urinary tract infection or other obvious pathology.

Urgency is the complaint of a sudden compelling desire to pass urine
that is difficult to defer [2]. Increased daytime frequency, or pollakiuria, is
the complaint of voiding too often during the day [2]. Nocturia is having
to get up one or more times at night to void [2]. Urge incontinence is
characterized by a strong desire to void coupled with an involuntary loss
of urine [2]. Since asking patients to record micturition and symptoms for
a period of days provides invaluable information, measurement of lower
urinary tract symptoms is based on a bladder diary. The bladder diary
records the times of micturition and voided volumes, episodes of inconti-
nence, pad usage and other information such as fluid intake, the degree
of urgency and the degree of incontinence [2]. Validated questionnaires
may also be useful for recording symptoms, their frequency, severity and
bother, and the impact on quality of life [89, 168, 141].

Urodynamic Parameters [60]

Even if urodynamic testing is not yet required to define an OAB syn-
drome, it is often suggestive of urodynamically demonstrable detrusor
overactivity. Detrusor overactivity is the urodynamic observation of in-
voluntary detrusor contractions, whatever their amplitude, during the fill-
ing phase, which may be spontaneous or induced (Fig. 4).

The main interest of cystometry in patients suffering from OAB syn-
drome is to improve the diagnostic evaluation both by defining the un-
derlying pathophysiology and by indicating treatment. However, there are
controversial data concerning the correlation between OAB symptoms and
urodynamic findings. Indeed, most authors do not recommend a filling
and voiding study in the first-line treatment of OAB, but only in pre-
viously failed and complicated cases of OAB and prior invasive therapy.

Classification of Overactive Bladder

In some cases, detrusor overactivity may be further classified according
to cause. Three main distinguishable types of detrusor overactivity are
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Fig. 4. Urodynamical characteristics of detrusor overactivity

usually considered [119]. The first is neurogenic detrusor overactivity (for-
merly detrusor hyperreflexia) in which there is a relevant neurological
condition. Secondly, there is idiopathic detrusor overactivity (formerly
detrusor instability) in which there is no defined cause. Finally, detrusor
instability is related to bladder outlet obstruction or other conditions ir-
relevant for defining neurological causes.

Etiology

The different forms of overactivity may result from neurogenic or myo-
genic causes, or a combination of the two. These neurogenic and myogenic
defects could be due to a wide variety of pathogenic conditions, which
may be classified in 6 principal subtypes [119, 149].

1) Neurologic illness or injury, most commonly traumatic or medical
spinal cord injury, demyelinating disease including multiple sclerosis, supra-
spinal disease such as stroke, Parkinson disease, tumor, degenerative dis-
ease or dementia. The neurogenic mechanism of OAB may be related to
various changes in both peripheral and central neural pathways, such as
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a decreased peripheral or central inhibitory control, an enhancement of
excitatory transmission in the micturition reflex pathway, an increased
primary afferent input from the lower urinary tract, the emergence of
bladder reflexes that are resistant to central inhibition, or some combina-
tion of these factors [50].

2) Bladder outlet obstruction, which alters sensory and motor aspects
of micturitional reflexes and points to an abnormal activity pattern of the
detrusor cells characterized by a spontancous mechanical activity, a hy-
persensitivity to acetylcholine with depressed responses to intrinsic nerve
stimulation and increased sensitivity to direct electrical stimulation [Brad-
ing 1997].

3) A hypersensitivity-induced overactivity due to the emergence of a
aberrant voiding reflex mediated by unmyelinated capsaicin-sensitive C-
afferents, which may be caused by neurogenic disease or factors not yet
fully understood [109, 50].

4) Urethral weakness due to smooth sphincter deficiency and pelvic
relaxation in middle-aged and elderly women [56].

5) Detrusor hyperactivity and impaired contractility in elderly patients
[123].

6) So-called idiopathic bladder overactivity, which has no defined cause
but may be due to an unknown combination of some of the above-
mentioned factors [57, 124].

Results of Sacral Neuromodulation

To date, effectiveness has been assessed by objective and subjective mea-
sures. In evaluating the effectiveness of sacral nerve stimulation, results are
frequently discussed according to urge incontinence chronic urinary reten-
tion, and chronic pelvic pain.

However, subjective measures are difficult to implement because the
definition tends to vary from what actual improvement occurs in patients.

Urge Incontinence

In a multicenter randomized controlled trial, Schmidt ez al [131] observed
at six months after sacral nerve stimulator implantation in 34 patients
followed up. Approximately three-quarters of the patients showed a clini-
cally significant response with 50% reduction in the frequency of inconti-
nent episodes. There was an improvement from the baseline average of 9.7
mean leaks per day to 2.6 per day after 6 months of treatment. Efficacy
was defined as a clinical effect greater than 50% reduction in symptomes.
At 18 months, 84% were clinically successful in eliminating heavy leaking
episodes, 76% were successful in eliminating or reducing (by 50%) the
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number of pads and 47% were completely dry. In contrast, patients in the
control group experienced either no improvement or worsening symptoms.
Similar results were reported in a randomized controlled trial [164] with a
significant decline in leakage episodes (improvement by 88%) and pad use
(improvement by 90%) compared with baseline. Finally, 56% of patients
were completely dry. Another prospective randomized multicentric study
[79] showed a significant reduction in the number of daily voids from 16.9
to 9.3 at 6 months follow-up, and 56% of patients demonstrated a reduc-
tion of 50% or more in the number of voids.

Some case series studies report the change in the average number of
incontinence episodes post-implantation compared to baseline and at 30
months the daily frequency of leaking episodes had significantly reduced
from 10.9 to 4.2 [22]. Results from the Italian national register [147] show
a decrease in mean incontinence episodes from 5.4 to 1.1 at 12 months
follow up. Similar results were obtained with a reduction in leaking epi-
sodes from 6.4 to 2.0 per day at 24 months in a case series of 44 patients
[1].

The reduction in pad consumption (mean reduction from 4.8 to 2.2
pads) was found to be statistically significant in some studies [19, 23, 165].
In a multicenter investigation [92], the number of pads used daily dropped
significantly from 7.1 to 3.8 per day (p < 0.0001): 33% of patients were
dry and 28% experienced a greater than 50% improvement in pad use. At
least 61% of patients have excellent or good results.

Generally speaking, on urodynamic assessment, bladder capacity is
found to increase statistically from baseline measures [84, 165]. Voided
volume has also been found to increase [71, 84].

In the case of urge incontinence, the objective measures reported in the
literature are not usually adapted to assessing the number of episodes of
micturition, whereas pollakiuria is a major symptom impacting on quality
of life.

Chronic Urinary Retention

In a multicenter randomized controlled trial, Grunewald et al [72] ob-
served that 69% of patients with chronic idiopathic urinary retention
achieved complete micturition without catheterization (versus 9% without
electric stimulation). The number of catheterizations decreased > 50% in
83% patients (versus 9% without electric stimulation). Another prospec-
tive, randomized multicenter study [94] investigated the efficacy of sacral
neuromodulation in patients with chronic non obstructive urinary reten-
tion. Compared to the control group, implanted patients had statistically
and clinically significant reductions in catheter volume per catheteriza-
tion. 69% of patients eliminated catheterization at 6 months and 14% of
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patients had a 50% or greater reduction in catheter volume per catheter-
ization. 83% of patients achieved sucessful results at 6 and 18 months
compared to 9% of the control group.

In a case study, Elabbady et al. [56] reported a significant percentage
increase in voided volume from 15% to 71% among seven patients. Gru-
newald et al. [71] and Hohenfellner et al. [84] reported significant increases
in voided volume (respectively 490 and 334 ml). Decreases in mean resid-
ual volumes of 455 and 334 ml respectively were noted by the same
authors. For Spinelli ez al. [147] stimulation can decrease average residual
volume from 227 to 108 ml; in their series, 50% of patients stopped cath-
eterization and 13% needed it only once daily. In other studies, bladder
capacity was not found to change significantly from baseline to post-
implantation [56, 84, 139]. Reported success rates vary from 52% [156] to
82% [71] but there is no consensus regarding the definition of success.

Pain

Although frequent, chronic pelvic pain syndrome probably receives little
attention from clinicians. It is a diagnostic and therapeutic challenge and is
often related to psychological and psychosomatic disorders. Theoretically,
neurogenic inflammation is responsible for neurogenic pain, as in a com-
plex regional pain syndrome [13]. Trauma may also induce pain (fracture,
nerve damage). Compared to dorsal column or peripheral nerve stimula-
tions, some authors propose sacral nerve stimulation for the treatment of
chronic pelvic pain syndrome. To date, few results have been reported for
this technique but it is feasible. Aboseif et al [1] analyzed a group of 41
patients with chronic pelvic pain associated with other voiding symptoms:
stimulation decreased the severity of pain from 5.8 to 3.7 on their scale.

Long-Term Effectiveness

The results seem stable over time. Some authors [22] report a reduction in
the benefit at 5 years. However, long-term studies are lacking and until
now, there have not been any studies with control groups. In a multi-
centrer, prospective study, Siegel e/ al. [143] demonstrate that after three
years, 56% of 41 urge incontinent patients showed greater than 50% re-
duction in leaking episodes per day with 32% of patients being completely
dry. After two years, 34% of urgency-frequency patients showed greater
than 50% reduction in voids per day, including 21% of patients who
attained a normal range of voiding frequency. After 1.5 years, 70% of 42
patients with urinary retention showed greater than 50% reduction in
catheter volume per catheterization, including 58% of patients who elimi-
nated use of catheterization.



204 J. R. VIGNES et al.

Impact on Quality of Life

When the SF-36 and BDI scales are administered, no significant improve-
ment in quality of life is demonstrated but these scales are not powerful
in the setting of urinary handicap. However, patients seemed satisfied by
their device in one study, probably due to the decrease in the number
of incontinence episodes [36]. Approximately two-thirds were satisfied by
their implant. Elsewhere, quality of life results were superior for implanted
patients on some components [131].

Results for Neurogenic Bladder

The first publications showed an improvement in bladder hyperactivity
among spinal cord lesion patients [63, 154]. Bosch and Groen [20] showed
that treatment of refractory urge incontinence by chronic S3 nerve stimu-
lation was feasible in selected multiple sclerosis patients. The fact that no
irreversible changes to the bladder or nerves occur is an advantage of this
treatment option over destructive alternatives. However, the unpredictable
evolution of the disease and particularly cognitive alterations are con-
treindicated in case of rapid evolution. In a case series, Chartier-Kastler et
al. [41] reported 9 women with spinal diseases (including vascular myelitis,
multiple sclerosis and traumatic spinal cord injury) undergoing neuro-
modulation. All patients reported an improvement of 75% in their visual
analog scale at last follow-up (mean follow-up 43 months). In another case
series, Hohenfellner ez al. [83] evaluated patients with neurogenic bladder
(complete or incomplete spinal cord lesions, inflammatory neuronal reac-
tion, borreliosis, lumbar herniated disk). Patients not likely to benefit from
the procedure were those with complete or almost complete spinal lesions,
but incomplete spinal lesions seemed to be a potential indication [23, 83].

Predictive Factors for Sacral Neuromodulation

Percutaneous nerve evaluation gives an accurate identification of suitable
candidates [8]. Generally, authors consider an improvement of more than
50% in voiding parameters for definitive implantation and PNE is positive
in 40% of patients with neurogenic and idiopathic etiologies [128]. On the
other hand, a negative PNE did not reliably predict the therapeutic effi-
cacy of the implanted system in a recent study and 25% of patients needed
more than one PNE [164]. In fact, the higher the patient’s age, the greater
the number of test failures; moreover, longer lasting complaints result in a
higher risk of a negative test [128]. Patients with neurogenic bladder dys-
function had a four-fold higher probability of negative test results com-
pared with patients having no obvious neurologic problems. Patients with
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urinary retention have a higher probability of having a negative test result
compared with patients with urge incontinence. Urodynamic studies dur-
ing test stimulation do not have any predictive influence.

Complications of Sacral Neuromodulation
Complications of Peripheral Nerve Evaluation (PNE)

Siegel er al. [143] noted 18.2% of adverse effects in 914 test stimulation
procedures. The most common adverse events are lead migration from
11.8% [143] to 18.6% [143], technical problems (2.6%) and pain (2.1%).
One surgical intervention (0.1%) was required to remove a test lead elec-
trode that became dislodged during lead removal. Local infection and
subcutaneous hematoma are rare [143].

Complications of Sacral Nerve Neuromodulation

For chronic sacral neuromodulation, complication rates range from 22 to
43% [19, 53, 138, 156] and re-operation rates from 6 to 50% [56, 99, 138,
156]. However, many studies do not discuss the complications arising from
stimulation implants [21, 71, 156].

A prospective study was performed by the manufacturer Medtronic
(Minneapolis, MN, USA) including 14 North American and 9 European
centers [95]. Of the 633 patients enrolled in this study, 250 had been
implanted with the sacral nerve stimulator system by the end of the
reporting period, representing 6506 months of device experience. Of the
250 implanted patients, 157 (62.8%) experienced a total of 368 adverse
events associated with the device for use of stimulation therapy. Of the
reported 368 events, 56 (15.2%) required no intervention, 151 (41%)
required non-surgical intervention and 161 (43.8%) required surgical in-
tervention. Overall, 89.4% (329) events were fully resolved. In the 250
implanted patients, post-implant adverse events associated with the devices
or use of stimulation were pain at the internal pulse generator site (14.2%),
new pain (10.8%), suspected lead migration (9.1%), infection (7%), pain at
lead site (5.5%), transient electric shock (5.6%), suspected device problem
(2.2%), adverse change in bowel function (3%), technical problems (3.9%),
persistent skin irritation (0.8%), change in menstrual cycle (0.9%), sus-
pected nerve injury (0.4%), device rejection (0.4%) and others (14.1%).

Pain

Pain is a frequent adverse event occurring in 4% [22] to 29% [164] of
patients. Little is known about the severity and treatment of pain related
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to device implantation. Frequently, no distinction is made between post-
operative pain, pain associated with the device, referred pain, pain related
to stimulation, neuropathic pain and psychological pain. In one study,
placement in the upper buttock reduced the rate of revision surgery but
not pain [95]. The symptoms of pain should always be thoroughly ana-
lyzed in order to treat it.

Infection

Any infection should always be detected and treated early. Removing the
device either temporarily or definitively may prove necessary. Despite be-
ing a common complication of all implantable devices, few studies refer
to this adverse event. No information is available in the literature con-
cerning the etiology, severity or timing of infection. Mention has been
made of skin irritation requiring device explantation [131]. Compared to
the Brindley technique (sacral anterior root stimulation with posterior
rhizotomy) which has a maximum 2.4 infection % rate [158], the mean
of 6.1% related to sacral neuromodulation [143] appears to be too high.
Progress in prevention and device modification is required.

Problem of Nerve Injury

To date, there have been no reports of permanent injury or nerve damage
[131]. Sometimes nerve injury is suspected [143] and there is a potential
risk.

The configuration of the electrode itself (incorrect fit to the nerve),
surgical trauma, pressure caused by post-surgical edema, excessive scar
formation and tension on the electrode cables are all potential contributors
to neural damage [120]. The peripheral nerve may be affected adversely by
chronic constriction and compression [103]. However, these risks are less
important in the case of epineural electrodes than in intraneural ones [105].
In animal studies, excessive or prolonged stimulation may cause early
axonal degeneration [114]. The risk of injury is also affected by the dura-
tion of continuous stimulation [5]. It is well known that needle insertion
into the sacral foramen can result in damage to nerve root and vessels
[107]. Because these structures are more likely to be found on the medial
aspect of the foramen, injury can be minimized by using a more lateral
foramen entry. Increasing the angle of needle entry in the vertical plan can
increase the risk of injury to the vessels (venous plexus), and therefore that
of hematoma and fibrosis [77]. The S2 foramen is nearly half filled by its
nerve root and ganglion, which increases the likelihood of penetration
during needle placement. On the other hand, the S3 and S4 foramina are
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filled mostly with fat and their nerve occupies a relatively smaller portion
of the foramen [107]. It has been observed that the therapeutic efficacy of
the implant sometimes becomes limited over time, and the potential for-
mation of fibrosis between the electrode and target nerve has been sug-
gested [83].

Technical Problems and Device-Related Complications

Bosch et al. [22] described difficulties in maintaining proper electrode posi-
tioning, breakage of the lead, fracture of the extension cable, electrode
dislocation or malpositioning, early failure of pulse generator, contact lead
point dysfunction and seroma around the generator site. However, device-
related complications appear to be the most frequent. The following com-
plications have been reported in patients undergoing sacral nerve stimula-
tion for urinary urge incontinence:

— Device complications such as pain at the implant site [22], device
rejection [143], early pulse generator failure [147], stimulation-dependent
pain in leg or buttock [22] and current-related problems.

— Lead complications such as disturbed toe flexion, lead migration [22,
147], adverse changes in elimination function e.g. bowel (diarrhea) and
urinary system [143], suspected nerve injury [143], lead site pain [143], tran-
sient electric shock [143] and fracture of the extension cable [22] or lead
[147].

— Wound complications such as partial wound dehiscence of the sacral
incision [22], hematoma [147], infection [147] or skin irritation [143].

Surgical Revision

More than one third of patients go to surgical revision [143], mostly for
repositioning of the lead or the extension. Tempory removal with subse-
quent reimplantation is normally the result of infection or chronic pelvic
pain. Repositioning of the internal pulse generator is performed to relieve
pain at the site, or because the battery is dead. Permanent removal is to
the result of infection, chronic intractable pain, or because the device has
not proved satisfactory. Surgical revision does not appear to affect the
overall degree of patient satisfaction [143], and it seems to decline with
time [131].

Conclusion

Although relatively frequent, complications have until now received in-
sufficient attention. Many patients require re-intervention to reposition or
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remove the device due to displacement, breakage or migration. However,
the procedure is safe in experienced hands.

Therapeutic Alternatives and Developping Treatments in Refractory Urge
Incontinence and Idiopathic Bladder Overactivity

Medical Therapeutics

Conservative therapies such as pelvic floor exercises, bladder retraining,
electrical stimulation of the pelvic floor and pharmacotherapy involving
anticholinergics, antispasmodics and tricyclic antidepressants are primary
discussed. The use of pelvic floor muscle training with or without biofeed-
back for overactive bladder is suggested to inhibit detrusor muscle con-
traction by voluntary contraction of the pelvic floor at the same time, and
to prevent sudden falls in urethral pressure by change in pelvic floor mus-
cle morphology, position and neuromuscular function [17]. Some promis-
ing results have been reported, and these treatments are widely used, but
there is still a need for high quality randomized trials on the effect of pelvic
floor exercises on the inhibition of detrusor contraction. Detrusor over-
activity current pharmacological treatment involve use of muscarinic re-
ceptor antagonists, but their therapeutic activity is limited by side effects
resulting in the non continuance of treatment in a significant number of
patients. More selective muscarinic antagonists (M3 receptor subtype) as
dariferacin and vancamine or percutaneous treatment (oxybutinin patches)
may reduce side effects of these treatments. The development of new drugs
can proceed by targeting alternative pathways affecting detrusor over-
activity [100]. Intravesical agents appear to be attractive alternatives to
oral medication [62]. Vanilloids drugs as Capsaicin and resiniferatoxin
have showed some promising results. Capsaicin-sensitive bladder affer-
ents do contribute to hyperactivity of the bladder in neurogenic and non-
neurogenic detrusor overactivity [43, 152]. Capsaicin is a specific neuro-
toxin that desensitizes C-fibres afferent neurons which may be responsible
for the signals that trigger detrusor overactivity. Resiniferatoxin is a less
pugent agent which desensitizes as capsaicin afferent C-fibres but fail to
depolarize nerves and may show less local side effects such as pain asso-
ciated with capsaicin. The role of alcoholic vehicle in acute pain and irri-
tation associated with capsaicin has to be clarified [166], as the duration of
effects which have been reported to be shorter after resiniferatoxin intra-
vesical application [45, 104]. Efficacy of vanilloids has been shown not only
in patients with detrusor hyperreflexia due to spinal cord disease [52], but
also patients with bladder hypersensitivity and idiopathic detrusor insta-
bility [45, 51, 97, 144]. Botulinum toxin interacts with components of
the presynaptic membrane of cholinergic nerves and inhibits the vesicular
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release of acetylcholine producing long lasting neuronal blockade. The
effects of toxin lasts for up to 9 months and further injections may be
required.

Surgical Alternatives

The other treatments available are more invasive and often irreversible
surgical procedures. Surgical therapy should only be considered when all
conservative methods have failed. Endoscopic approaches have been used
in urgency incontinence [162]. Overdistension of the bladder is thought to
reduce bladder distension by causing degeneration of unmyelinated C af-
ferent small sensory fibers. This technique requires anaesthesia and have
some complications including hematuria, urinary retention and bladder
perforation in 5% to 10% [146]. Although effective in short term manage-
ment, this procedure is usually temporary in symptomatic control. Bladder
myectomy (autoaugmentation) has beeen proposed as an alternative to
enterocystoplasty. Detrusor myectomy involves incising and removing the
bladder muscle to allow bladder mucosa to form a pseudodiverticulum.
Detrusor myectomy for treatment of refractory urge incontinence due to
detrusor overactivity in both sexes has been reported to be successful in a
small number of patients [106, 151]. These data need to be confirmed in
larger group and on a long term experience. Enterocystoplasty results are
similar, good results vary from 58% to 88%, with an average of 77% [80].
The goal of enterocystoplasty is to create a low-pressure, large capacity
reservoir with low-filling pressure, which protects the upper tract from
pressure related reflux and infection, as well as providing urinary conti-
nence. The most frequently used bowel segment is ileum followed by sig-
moid colon. It is generally agreed that it is best to de-tubularize the intes-
tine into a sphere to reduce disrupt peristaltic contractions and increase
capacity of the bladder [29, 77, 106, 113]. A minimum of 10% of patients
requires intermittent catheterization for bladder emptying. This procedure
has a significant complication rate and should be evaluated carefully when
applying. Urinary tract infection and mucus production which can cause
either catheter or voiding obstruction are significant long term problems.
Electrolyte abnormalities such as hyperchloremic acidosis are reported.
Perforation has been reported in 2—6% of patients in the long term and
surgical revision rates range from 15 to 36% [61, 80]. Urinary diversion
is rarely needed but may be useful in patients with intractable detrusor
instability with a very small reservoir. It may be use to treat pelvic pain
that may be associated. However, it represents a last step interven-
tion in the surgical management of incontinence resultant from detrusor
overactivity.

The best surgical procedure for detrusor overactivity is still to be elu-
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cidated. Furthermore, the future of surgical treatment will depend on new
developments in non-surgical therapy.

Perspectives in Electric Stimulation

Nonimplanted stimulators have been used for bladder inhibition. There is
good evidence that the use of vaginal electrical stimulators can reduce the
occurrence of symptoms of overactive bladder in about half of the patients
treated [34]. Unfortunately, precise treatment protocols and patients selec-
tion remain unresolved as many different protocols and stimulators were
used. Pudendal nerve stimulation positively impacts cystometric parameters
in a significant number of patients with refractory detrusor instability. It
may provide efficacious treatment for patients suffering from the symptoms
of urgency-frequency and urge incontinence associated with overactive
bladder syndrome [160]. Implantable microstimulator weighting less than 1
gram is now available. Electronics, rechargeable battery and stimulating
electrode are integrated into a single implantable device. Implantation at
Alcock’s canal is performed using minimally-invasive procedure with local
anaesthesia and an approach similar to the well-established transperineal
pudendal block [35]. Patient sit on a custom cushion for approximately
20 minutes a day to recharge the microstimulator through radio waves.
Treating clinician use bidirectional telemetry to program the neurostim-
ulator and to retrieve information about the patient’s use of the device.
Patient use the remote control to stimulate or to turn the microstimulator
on and off. Long term efficacy of this device need to be confirmed in larger
group clinical trials.

Posterior tibial nerve electrical stimulation to inhibit detrusor activity
have been used with success by Mc Guire et al. [116]. More recently, in-
termittent posterior tibial nerve stimulation was re-introduced as a treat-
ment of patients presenting bladder overactivity [9]. A needle is inserted to
allow 12 weekly outpatient treatment sessions, each lasting for 30 minutes.
In this study a positive response was seen at 12 weeks follow-up in 60% of
patients with a significant decrease in leakage episodes, number of pads
used, voiding frequency and nocturia. Tolerance was excellent. Posterior
tibial nerve stimulation may be technically less demanding and probably
more cost-effective for management of lower urinary tract dysfunction.
Percutaneous tibial nerve stimulation showed short term clinical efficacy in
leakages, quality of life and significant cystometric data improvements in
neurologic and non-neurologic patients suffering with detrusor overactivity
[6, 157]. Further studies are needed to show if posterior tibial nerve stim-
ulation may be use as a minimally invasive test to select candidates for
definitive S3 neuromodulation or may constitute for some patients a long
term therapeutic issue.



Sacral Neuromodulation 211

Cost of Sacral Neuromodulation
General Issues in Urge Incontinence Costs

Urinary incontinence and urinary retention are a costly illness that affect
personal resources, medical treatment and quality of life. The overall
prevalence of overactive bladder is similar between men (16.0%) and
women (16.9%), but sex specific prevalence differed substantially by se-
verity of symptomes [150]. Anatomic differences increase the frequency of
urge incontinence linked to bladder overactivity among women compared
with men. In women, prevalence of urge incontinence increase with age
from 2.0% to 8.9%, and in men from 0.3% to 19%. Moreover, symptome
occurrence is later in age in men. United States most recent estimates of
the annual direct costs of incontinence in all ages are approximately $16
billion:$11 billion in community and $5 billion in nursing home (1994
dollars) [59]. These costs estimate increased by 250% over 10 years [86],
greater than can be accounted by medical inflation. Data from the Na-
tional Overactive Bladder Evaluation (NOBLE) survey in the United
States had shown that the estimated total economic cost of overactive
bladder was $12.02 billion in 2000, with $9.17 and $2.85 billion incurred in
the community and institutions, respectively. NOBLE program in the US
surveyed approximately 5,000 adults. The average cost per community-
dwelling person with overactive bladder was $267 per year [87]. A pro-
spective population study in US suggested that total urinary incontinence
expense is as high as $16.3 billion, with 78% of cost issued from women
and 22% from men. Overall surgical cost of incontinence (all techniques)
represent 4 years of pads and care. Similar findings were shown in several
non USA studies issued from European and Autralian studies [86]. Apart
from the cost to the health system there is also the burden to the patient
and his/her family [76]. Urinary incontinence may also affect individual’s
lost work time or interfere with job performance and productivity. Em-
barrassment, shame, need to change clothing altered social interactions,
loss of self esteem, depression are frequent. Given the large number of
patients (mainly younger women) and the relatively high prevalence of in-
continence, future efforts to objectively quantify such impact is needed.

Expected Cost per Patient of Sacral Nerve Stimulator Implant Treatment

The initial expense of the therapy, especially measured over the 7-10 year
life of any neurostimulator should be considered in relation to the poten-
tial savings to the healthcare system and to the effect on the patient’s
quality of life. Abrams et al. [3] examine the benefit-risk profile of neuro-
modulation in treating refractory urge incontinence and other voiding
disorders. They feel that both efficacy and safety have improved beyond
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the earlier studies as the development of new percutaneous technology and
the minimally invasive placement of leads have improved the technique.

No studies of the cost-effectiveness of sacral nerve stimulator implant
treatment were found in the literature, but some economic data looking
at direct costs up to 12th month post implantation are available. Cost of
equipment (percutaneous nerve evaluation and sacral nerve stimulator) is
approximately of 9000€ per patient. It may be higher if bilateral stimula-
tion is chosen. Surgery and re-surgery costs have been evaluated nearly to
8000€ in Australian review [117]. Oral anticholinergic treatment cost is
much lower (200€ per year) but neuromodulation is usually used in re-
fractory cases to these therapies. Reduction of pads and laundry for urge
incontinence and catheterization for urinary retention is the main factor
of cost reduction [131]. Unfortunately, studies have showed significant
consummation variability of these equipments and some may have over-
estimated this data [86]. Over six months, sacral nerve stimulator implant
treatment has an estimated cost per patient initiated to treatment with
percutaneous sacral nerve evaluation of approximately 18 700€. These costs
include medical treatment and re-operations arising from complications,
for both indications (incontinence, urinary retention) [117].

Capellano et al. [37] reported economical and social impact of sacral
nerve modulation therapy in 62 patients with lower urinary tract dysfunc-
tion. These patients were enrolled in the economic session of the Italian
Sacral Nerve Modulation Registry from February 2000 to September
2002. 41 were incontinent patients (61% female) and 21 were affected by
chronic urinary retention (71% female). A quarterly based analysis com-
paring the baseline data to the last follow-up (12th month) was performed.
Visits to the general practitioner decreased from 1.1 to 0.05 (p < 0.01),
visits to the urologist did not change significantly from baseline (1.5 to
1.2). Diagnostic tests decreased from 2 to 0.8 (p < 0.01). In the use of pads
a major change was observed from a daily use of 2.1 (three months ex-
penses per patient of €120.96) to 0.5 (three months expenses per patient of
€28.8) (p = 0.08); and for urinary retention the use of catheters decreased
from 1.1 baseline (three months expenses per patient of €178.2) to 0.1 at 12
months (three months expenses per patient of €16.2) (p = 0.09). Costs
of drug consumption decreased significantly (p < 0.05) from €47.24 to
€10.53. This study suggests that sacral nerve modulation therapy is effi-
cient to improve the economic management of patients with lower urinary
tract dysfunction. Furthermore, the reduction in the use of pads and
catheters has also a positive effect on quality of life and patients’ social
interaction [36].

It has been suggested that the implant may last for up to five years.
Over the long term the total cost saving in incontinence products is likely
to increase if the device continues to be effective, but further revision sur-
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gery may also be required. Optimal treatment can be define at the end of a
fine tuning process which could take several months, during which spe-
cialist visits decrease progressively, allowing some cost reduction. A longer
follow-up is therefore requested in order to evaluate long term costs after
implant therapy is stabilized.

Conclusion

The technique of sacral neuromodulation is available in neuro-urologic
situations in which there is an imbalance between the neurological systems
which regulate retention and micturition. It is generally used to treat ves-
ical overactivity with pollakiuria, which disturbs patients’ quality of life.
The need to urinate can even trigger urinary or fecal leakage. When the
pharmacological arsenal has been tried to no avail, sacral neuromodula-
tion remains an alternative to urologic interventions of the bladder. Neu-
rogenic and idiopathic overactive bladder must be differentiated, and it is
essential to considerer psychological factors affecting the patient. Urologic
etiologies are a contra-indication for sacral neuromodulation. The major
indication is bladder overactivity, followed by idiopathic chronic retention
and chronic pelvic pains. Sacral neuromodulation is a mini-invasive tech-
nique but requires methodological rigor and a preliminary percutaneous
test. When selection is performed, more than three-quarters of the patients
showed a clinically significant response, but the results vary according to
the author’s mode of evaluation. From the economic point of view, the
initial investment in the device is amortized in the mid-term by savings
related to lower urinary tract dysfunction. Finally, this technique requires
an attentive follow-up and adjustments to the electric parameters so as to
optimize the equilibrium between the neurological systems.
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Abstract

Pain therapy is an important aspect of medical practice for patients of
all ages, to optimize care, to obtain an adequate quality of life and to
improve their general conditions. Pain is among the most prevalent symp-
toms experienced by patients undergoing surgery. The success of post-
operative pain therapy depends on the ability of the clinician to assess
the presenting problems, identify and evaluate pain syndromes and for-
mulate a plan for comprehensive continuing care. The prevalence of acute
pain has led to the need to develop techniques for the assessment and
management of this symptom in order to focus the attention on an in-
terdisciplinary therapeutic approach (including pharmacologic, cognitive-
behavioral, psychologic and physical treatment) and on the timing of dif-
ferent interventions (pre and postoperative). In this chapter we describe
the principal therapeutic approaches to control pain in post-operative
patients, such as non-opioid, opioid and adjuvant analgesics with particu-
lar attention in paediatric age. Moreover we report the principal scales
to assess the pain intensity in the post-operative period. The need of a
multidisciplinatory team and of a pre and postoperative pain management
program represents an important goal in order to obtain effective pain re-
lief and optimize pediatric care and rapid recovery. The introduction of a
perioperative team service will improve the approach to pain management
programs and it is considered the most important challenge for future.

Keywords: Pain; pain assessment; analgesics drugs; patient controlled analgesia;
childhood.

Introduction

Pain is among the most prevalent symptoms experienced by patients un-
dergoing surgery. The success of postoperative pain therapy depends on
the ability of the clinician to assess the presenting problems, identify and
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evaluate pain syndromes and formulate a plan for comprehensive con-
tinuing care. This requires familiarity with a range of therapeutic options
and an approach to optimise medical care that is responsive to the chang-
ing needs of the patient. The formulation of an effective therapeutic strat-
egy for the management of post-operative pain is predicated on a com-
prehensive assessment of the patient. The assessment should clarify the
characteristics of the pain and its impact on function and psychological
well-being, identify the pain syndrome and infer the putative mechanisms
that may underlie the pain. In addition, the assessment should evaluate
both the nature and extent of the underlying disease and identify concur-
rent problems that are contributing, or may soon contribute, to patient or
family distress. The particular therapeutic strategy that evolves from this
information depends on the goals of care. These goals are diverse, but can
generally be grouped into two broad categories:

1. optimizing comfort

2. maximising function

The relative priority of these goals provides an essential context for thera-
peutic decision making. The therapeutic strategy should address a pri-
oritized problem list that best serves both the current goals of the patient
and the anticipated problems that would benefit from advanced planning.
Most postoperative patients can attain satisfactory relief of pain through
an approach that incorporates primary treatments, systemic analgesic
therapy and, at times, other non-invasive techniques (such as psychological
or rehabilitative interventions). Some patients whose pain is refractory to
this approach benefit from invasive anaesthetic or other treatments. Such
patients should have access to specialists in pain management, who can
provide additional expertise in addressing these complex problems. Differ-
ently from the adult patients in paediatric age it is more difficult to assess
and treat efficaciously the pain and postoperative pain in childhood have
been undertreated or not treated. In some areas this practice still exists and
is a likely reflection of persistence of myths related to the infant’s ability to
perceive pain. Such myths include the lack of ability to perceive pain, re-
member painful experiences and other reasons (Box 1). Recent evidences
have documented the deleterious physiologic effects of pain and the bene-
ficial results of efficacious postoperative analgesia both in adult patients
and in children. Due to the increasing prevalence of both acute and chronic
pain in the paediatric age new techniques for pain management have been
developed. In 2001, the American Academy of Paediatrics and the Ameri-
can Pain Society issued a statement to ensure human and competent treat-
ment of pain and suffering in all children and adolescents in order to focus
the attention on an interdisciplinary therapeutic approach, including phar-
macologic, cognitive-behavioural, psychologic and physical treatments
(Box 2) [1]. There is a growing awareness of the effects of unrelieved pain
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Box 1. Reasons for the inadequate management of acute pain in children

— Idea that pain is merely asymptom and not harmful in itself

— Mistaken impression that analgesia makes accurate diagnosis difficult or
impossible

— Fear of the potential for addiction to opioids

— Concerns about respiratory depression and other opioid-related side
effects

— Lack of understanding of the pharmacokinetic of analgesic drugs

— Prescriptions for opioids which include the use of inappropriate doses

— Thinking that opioids must not be given more often than 4 hourly

— Patient’s difficulties in communicating their need for analgesia

Box 2. Clinical practice and acute pain: guidelines and major goals

Guidelines

— A collaborative, interdisciplinary approach to pain control, including all
members of the healthcare team

— Assessment and frequent reassessment of the patient’s pain

— Use both drug and non-drug therapies to control and/or prevent pain

Major goals

— Reduce the incidence and severity of patient’s postoperative pain

— Educate patients about the need to communicate regarding unrelieved
pain, so they can receive prompt evaluation and effective treatment

— Enhance patient comfort and satisfaction

— Contribute to fewer postoperative complications and shorter stays after
surgical procedures

in children and the need to provide effective pain relief, especially with re-
gard to acute pain. Some principles can be extended to all forms of acute
pain, but some of them are particularly decisive in postoperative pain
management both in adults and in children (Box 3) [2]. Several studies
documented that in children undertreatment after surgery is more common
than in adults leading to unnecessary distress and suffering for children and
their families [3]. The need of a multidisciplinary team and of a pre and
post-operative pain management program represent an important goal in
order to obtain effective pain relief and optimize medical care and rapid
recovery after post-operative procedures. The introduction of a perioper-
ative team service and the utilization of pain management programs will
represent an important challenge for the future.
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Box 3. Priciples of safe and effective acute post-operative pain management

— Adverse physiological and psychological effects result from unrelieved
severe pain

— Proper assessment and pain control require patient involvement

— Pain is best treated early, because established, severe pain is more
difficult to treat

— While it is not possible to completely alleviate all pain in the
postoperative period, it should be possible to reduce pain to a tolerable
or comfortable level

— Postoperative analgesia should be planned preoperatively, with
consideration given to the type of surgery, perioperative use of
analgesics and regional anaesthetic techniques

— Frequent assessment of pain intensity and charting of analgesia

— Adequate education of all involved in pain management, including the
patient

— Formal programmes, protocols and guidelines covering acute pain
management

Acute Pain Assessment in Paediatric Age

The pain experience includes physiological, sensory, affective, behavioural,
cognitive and sociocultural components. While in adults is more easy to
assess the pain simptoms, in children pain assessment should consider age,
cognitive level and the presence of eventual disability, type of pain and the
situation in which pain is occurring. McGrath on the subject of assessment
of pain in children states: “Measurement of pain should be distinguished
from the assessment of pain. Measurement refers to the application of a
specific metric to a specific element of pain, usually the intensity of pain.
Assessment is a much broader endeavor that includes the measurement of
various elements that impact on the pain experience” [4]. Despite this
consideration, there are some commonly used methods of measurement of
pain that have been proved to be reliable. Observational and behavioural
measures consider child’s reaction to pain. Self-report measures rely on the
child’s description of his experience of pain. Biological measures consider
some physiologic parameters that may be modified by the presence of
pain, such as heart and respiratory rates, blood pressure, etc. [5]. In infants
and non-verbal children, self-report measures are unavailable, but behav-
ioural indices (motor responses, vocalization, facial expressions, crying and
complex behavioural responses such as the sleep-wake patterns) can be eas-
ily evaluated to assess pain. Different behavioural scales have been validated
by several studies that enrolled infants and neonates [6, 7]. Behavioural
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ITEM BEHAVIOR SCORE DEFINITION

Cry No cry 1 Child is nol crying
Moaning 2 Child is moaning or quietly vocalizing,silent cry
Crying 2 Child is crying, but tha cry is gentla or whimperning
Scream 3 Child is in a full-lunged cry,sobbing may be scored with/whilout complasnt
Facial Composed 1 Neutral facial expression
Grimace 2 Score only if negative facial expression
Smiling 0 Score only if definte positive facial expression
(Child verbal None 1 Child not talking
Other complgints 1 Child complaints, but not about pain
Pain compiaints 2 Child complaints about pain
Both complaints 2 Child complaints about pain and aboul other
things
Positive ] Child makes any posilive statement or Lalks about other things without complaint
Body Neutral 1 Baody (not limbs) is at rest; torso is inactive
Shitting H Body is is in motion in a shifting or serpenting fashion
Tense 2 Body is arched or rigid
Shivering 2 Body is shuddering or shaking i
Upright 2 Child is in & vertical or upright position
Restrained 2 Body is restrained
Touch Not touching 1 Child is not touching or grabbbing at wound
Reach 2 Child is reaching for but not touching wound
Touch 2 Child is gently touching wound or wound area
Grab 2 Child is grabbing vigorously at wound
Restralned 2 Child's arms are restrained
Legs Neutral 1 Legs may be in any position but are relaxed
Squirming/ 2 Definitive uneasy or restless movements in the legs or striking oul with feels
kicking
Drawn up/tensed 2 Legs tensed and/or pulled wp tightly to body and kept there
Standing 2 Standing, crouching, or kneeling
Restrained 2 Child's legs are being held down

Fig. 1. CHEOPS Score. CHEOPS pain score: SUM (points for all 6 parameters),
Minimum score: 4 (min pain); Maximum score: 13 (max pain)

parameters, even if non-specific, may be usefully associated to physiologic
parameters such as heart rate, cardiac rate, arterial blood pressure, trans-
cutaneous oxygenation and palmar sweating [8—10]. The Children’s Hos-
pital of Estern Ontario Pain Scale (CHEOPS) is one of the commonest
scales used for postoperative pain management (Fig. 1) [11]. Parents who
are able to assess behavioural changes related to discomfort or pain may
help differentiate pain from anxiety or stress due to other causes [12, 13].
Children aged 3 to 7 years are increasingly able to describe pain charac-
teristics. Observational scales as well as self-report scales represent useful
tools to assess pain in this period of life. Composite measures of pain have
been developed combining behavioural and biological items, such as the
Objective Pain Scale and the Comfort Scale (Figs. 2, 3). The Objective
Pain Scale is used to assess both physiologic parameters and behavioural
changes in children that may be modified by the presence of pain or dis-
comfort after procedures and/or postoperative interventions [14, 15]. The
Comfort Scale is used to assess the level of sedation and distress in the
paediatric intensive care unit, but recent studies have validated this mea-
surement method also in procedural and postoperative pain [16, 17]. Self-
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Parameter Finding Points
Systolic blood pressure increase < 20% of preoperative blood 0
pressure
increase 20-30% of preoperative blood 1
pressure
increase > 30% of preoperative blood 2
pressure
Crying not crying 0
responds to age appropriate nurturing 1

(tender loving care)

does not respond to nurturing 2
Movements no movements relaxed 0
restless moving about in bed constantly 1
thrashing (moving wildly) 2
rigid (stiff) 2
Agitation asleep or calm 0
can be comforted to lessent the agitation 1
(mild)
Cannot be comforted (hysterical) 2
Complains of pain Asleep 0
states no pain 0
Cannot localize 1
localizes pain 2

Fig. 2. Objective Pain Scale (OPS). Minimum score: 0; Maximum score: 10, Maxi-
mum score if too young to complain of pain: 8, The higher the score the greater the
degree of pain

report measures of pain represent the gold standard in older children who
can describe the subjective pain experience [18, 19]. These methods include
different strategies such as routine and direct questioning, verbal and non
verbal methods (i.e. pictorial scales) and self rating scales. Visual Analogue
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ALLERTNESS Time

Deeply asleep

Lightly asleep

Drowsy

Fully Awake and alert

N |[W|N|[—

Hyper-alert

CALMNESS/AGITATION

Calm

Slightly anxious

Anxious

Very anxious

(VNN KUSTY O3 I

Panicky

RESPIRATORY RESPONSE

No coughing and no spontaneous respiration

Spontaneous respiration with little or no response to ventilation

Occasional cough or resistance to ventilator

Actively breathes against ventilator or coughs regularly

NN —

Fights ventilator; coughing or choking

PHYSICAL MOVEMENT

No movement

Occasional, Slight movement

Frequent, Slight movement

Vigorous movement limited to extremities

DW=

Vigorous movement including torso and head

BLOOD PRESSURE (MAP) BASELINE

Blood pressure below baseline

Blood pressure consistently at baseline

Infrequent elevations of 15% or more (1-3)

Frequent elevations of 15% or more (more than 3)

DN B |W N —

Sustained elevation > 15%

HEART RATE BASELINE

Heart rate below baseline

Heart rate consistently at baseline

Infrequent elevations of 15% or more above baseline (1-3) during 3
observation period

Frequent elevations of 15% or more above baseline (more than 3) 4

Sustained elevation > 15% 5

MUSCLE TONE

Muscles totally relaxed; no muscle tone

Reduced muscle tone

Normal muscle tone

Increased muscle tone and flexion of fingers and toes

(V) G RUSY ] S

Extreme muscle rigidity and flexion of fingers and toes

FACIAL TENSION

Facial muscles totally relaxed

Facial muscle tone normal; no facial muscle tension evident

Tension evident in some Facial muscles

Tension evident throughout Facial muscles

DA —

Facial muscles contorted and grimacing

Fig. 3. The Comfort Scale
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Adapted from: McCafery M. Beeba A Pain; Clinical Manual for Nersing Pracice. SL Louis, MD. CV Mosby Co. 1989,
Used with permissicn. May de dupbcated and used in cinical pracice,

This scale incorporates a visual analogue scale, a descriptive word
scale and a colour scale all in one tool

™~ - -—
® ) (o6) (B8 (@) (€
\:-/ b —~ = ' Py :
— naaaa - Y VY
o 1 4 3 q 5

Fig. 4. Visual Analogue Scale (VAS) and Facial Pain Scale

Scale (VAS) and Facial Pain Scale are two of the commonest self rating
scales to assess pain intensity in children (Fig. 4) [20, 21]. In the VAS
children rate the intensity of pain on a 10 cm line anchored at one end by
a label such as “no pain” and at the other end “‘severe pain”. The scores
are obtained by measuring the distance between the “no pain” and the
patient’s mark, usually in millimetres. The VAS has many advantages: it is
simple and quick to score, avoids imprecise descriptive terms and provides
many measuring points. Disadvantages are represented by the need of
concentration and coordination, which can be difficult post-operatively or
in children with neurological disorders. Self reported measures require a
cognitive and linguistic development related to the capacity to answer to
different questions. They are reliable to monitor pain relief in every single
patient, while are less specific and effective if utilized to compare different
patients. Self reported measures include categorical scales that use words
(from four to five) to describe the magnitude of pain. However, in specific
categories of patients, they are not useful. Faces scales represent another
form of self reported measures: faces express different amounts of distress.
The Facial Pain Scale is the commonest used in young children who may
have difficulty with more cognitively demanding instruments. The original
scale was composed by seven faces without an absolute meaning, but re-
lated to children’s experience [20]. Different versions exist, based anyway
on the same measurement principle [21, 22]. In figure 4 we report one
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of them more used in the clinical practice. The Oucher Scale is a variant of
the faces scale and is designed to measure pain intensity in children aged 3—
12 years [23]. Adequate paediatric pain assessment can improve comfort
in ill children and avoids pain undertreatment in several cases. Pain should
be measured routinely with appropriated tools related to age and disease.
Simple pain measurement methods would improve not only pain relief in
children, but would also decrease nurses and health professional workload
and create a common language and an adequate communication among
the medical and nurse staffs [24].

Specific Aspects of Post-Operative Pain

The perception of acute and post-operative pain is a complex interaction
that involves sensory, emotional, and behavioural factors. The role of
psychological factors must always be considered to be an important com-
ponent in the perception and expression of post-operative pain. The bio-
logical processes involved in our perception of acute pain are no longer
viewed as a simple “hard-wired” system with a pure stimulus-response re-
lationship. Trauma to any part of the body, and nerve damage in partic-
ular, can lead to changes within other regions of the nervous system, which
influence subsequent responses to sensory input. There is increasing rec-
ognition that long-term changes occur within the peripheral and central
nervous system following noxious input. This plasticity of the nervous
system then alters the body’s response to further peripheral sensory input.
Based on these mechanisms pain relief in postoperative patients represents
an important therapeutical aspect, leading to significant physiological
benefit. Surgical trauma are associated with an injury response or “in-
flammatory response”. Part of the inflammatory response is the release of
intracellular contents from damaged cells and inflammatory cells such as
macrophages, lymphocytes and mast cells. Nociceptive stimulation also
results in a neurogenic inflammatory response with the release of substance
P, neurokinin A and calcitonin gene-related peptide (CGRP) from the pe-
ripheral terminals of nociceptive afferent fibres. Release of these peptides
results in a changed excitability of sensory and sympathetic nerve fibers,
vasodilatation, and extravasation of plasma proteins. These interactions
result in the release of several inflammatory mediators such as potassium,
serotonin, bradykinin, substance P, histamine, cytokines, nitric oxide and
products from the cyclooxygenase and lipooxygenase pathways of arach-
idonic acid. These chemicals then act to sensitize high-threshold noci-
ceptors which results in the phenomenon of peripheral sensitisation [5].
Following sensitization, low-intensity mechanical and thermal stimuli
which would not normally cause pain are now perceived as painful. This
zone of “‘primary hyperalgesia” surrounding the site of injury is caused by
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peripheral changes and is a feature that is commonly observed following
surgery and other forms of trauma. Following injury, there is an increased
responsiveness to normally innocuous mechanichal stimuli (allodynia) in a
zone of ‘“‘secondary hyperalgesia™ in uninjured tissue surronding the site of
injury. These changes are believed to be a result of processes that occur in
the dorsal horn of the spinal cord following injury. This is the phenome-
non of central sensitisation [5]. Several changes have been noted to occur
in the dorsal horn with central sensitisation. Firstly, there is an expansion
in receptive field size so that a spinal neuron will respond to stimuli that
would normally be outside the region that respond to nociceptive stimuli.
Secondly, there is an increase in the magnitude and duration of the re-
sponse to stimuli that are above threshold in strength. Lastly, there is
a reduction in threshold so that stimuli that are not normally noxious
activate neurons that normally transmit nociceptive informations. These
changes may be important both in acute pain states such as post-operative
pain and in the development of chronic pain syndromes. Transmission of
nociceptive information is subject to modulation at several levels of the
neuraxis including the dorsal horn. Afferent impulses arriving in the dorsal
horn initiate inhibitory mechanisms which limit the effect of subsequent
impulses. Inhibition occurs through the effect of local inhibitory interneur-
ons and descending pathways from the brain. In the dorsal horn incoming
nociceptive messages are modulated by endogenous and exogenous agents
that act on opiod, alpha-adreno-, GABA, and glycine receptors located
at pre- and post-synaptic sites. Opioids are widely used and generally effi-
cacious in the management of post-operative pain. Opioid receptors are
found both pre- and postsynaptically in the dorsal horn, although the
majority are located presynaptically. Activation of presynaptic opioid
receptors results in a reduction in the release of neurotransmitters from
the nociceptive primary afferent. Activation of alpha-adrenoceptors in the
spinal cord has an analgesic effect either by endogenous release of nora-
drenaline by descending pathways from the brain stem or by exogenous
spinal administration of agents such as clonidine. There are a number
of alpha-adrenoceptor subtypes and the development of selective alpha-
adrenoceptor subtype agonists has the potential to provide effective new
analgesic agents with reduced side effects. Both GABA and glycine are
involved in inhibition of nociceptive input, and loss of their inhibitory
action can result in features of neuropathic pain. Descending inhibition
involves the action of endogenous opiod peptides as well as other neuro-
transmitters, including serotonin, noradrenaline and GABA. Many of the
traditional strategies available in acute and post-operative pain manage-
ment such as the use of opioids and non-opiod drug administration, such as
NSAIDs, act via these inhibitory mechanisms. Opioids have traditionally
been viewed as centrally acting drugs. However, there is now evidence for
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the action of endogenous opioids on peripheral sites following tissue dam-
age. Opioid receptors are transported toward the central terminal in the
dorsal horn and toward the periphery. These peripheral receptors then be-
come active following local tissue damage. This occurs with unmasking of
opioid receptors and the arrival of immunocompetent cells that possess
opioid receptors and have the ability to synthesize opioid peptides. This has
led to an interest in the peripheral administration of opioids following
surgery or topical administration of morphine. NSAIDs are commonly
used for peripheral analgesia and one of their actions is a reduction in the
inflammatory response. Agents such as aspirin and other NSAIDs provide
their anti-inflammatory action by blocking the cyclooxigenase pathway.
Cyclooxigenase exists in two forms, COX1 and COX2. While COX1 is al-
ways present in tissues, including the gastric mucosa, COX2 is induced by
inflammation. This presents an opportunity for the development of agents
that have a selective anti-inflammatory effect without gastric side effects.
Selective COX2 inhibitor drugs (e.g. rofecoxib, celecoxib) that may offer
analgesia with less gastrointestinal toxicity than NSAIDs have been devel-
oped. Besides the peripheral action of NSAIDs, there is increasing evidence
that they exert their analgesic effect through central mechanisms [5]. The
discovery of the changes associated with the phenomenon of peripheral and
central sensitization has led to attempts to prevent these changes occurring.
It was hoped that steps which would reduce or abolish noxious imput
to the spinal cord during a painful event such as surgery would reduce or
minimize spinal cord changes and thereby lead to reduced pain post-
operatively. This concept has led to an increasing interest in the use of
pre-emptive analgesia. Preemptive analgesia is based on the administra-
tion of an analgesic such as opioids and NSAIDs before a painful stim-
ulus generates, so as to prevent the subsequent rebound mechanism [26].
Opioids and NSAIDs have been used alone or in combination and have
been administered locally, epidurally, intrathecally or sistemically. Sev-
eral studies have purported to show that pre-emptive analgesia results in
reduced pain, decreased analgesic requirements, improved morbidity and
decreased hospital stay [27-30]. However, pre-emptive analgesia may also
be important in reducing the incidence and prevention of chronic pain
states but further studies are necessary to address this important question.
Improvement of post-operative pain control can be achieved by better ed-
ucation for all staff concerned postoperative pain relief and by making the
assessment and recording of pain levels part of the routine management of
each patient. The best strategy is to reduce or eliminate pain and discom-
fort with a minimum of side effects. A multidisciplinary acute pain service
can ensure an adequate pain assessment and relief using different tools in
order to reduce post-operative course with earlier discharge from hospital
(Box 4) [31, 32].
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Box 4. Organizational aspects of an anaesthesiology-based postoperative
pain programme

1. Education

— Anaesthetists

— Surgeons

— Nurses

— Patients and families

2. Areas of regular administrative activity

— Mainteinance of clear lines of communication
— Evaluation of equipment (e.g. pumps)

— Economic issues

— Continuous quality improvement

— Pain management-related research

3. Collaboration with nursing services

— Nursing policies and procedures

— Nurses in-service and continuing education
— Definition of roles in patient care

— Continuous quality improvement

— Research activities

4. Elements of documentation

— Preprinted orders

— Procedures

— Protocols

— Bedside pain management flow sheets
— Daily consultation notes

— Educational packages

Post-Operative Pain Management

There is evidence that patients benefit from the use of multimodal, or bal-
anced, analgesia after surgery. NSAIDs, paracetamol, local anaesthetics,
adjuvant drugs, and opioids are employed in combination to improve pain
relief (Table 1). Multimodal analgesia employs a variety of drugs, given by
different routes, to achieve analgesia, with a reduction in the incidence and
severity of side effects. NSAIDs contribute significantly to multimodal an-
algesia and postoperative recovery of the patient by minimizing opioid side
effects including the inevitable opioid-induced gastrointestinal stasis that
delays the resumption of normal enteral nutrition after surgery. However,
the effect on morbidity and mortality has been disappointing in some
studies, demonstrating that very good pain control is not automatically
associated with an improvement in outcome. Recent studies have suggested
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Table 1. Scientific Evidence for Pharmacological Interventions to Manage Post-
operative Pain in Adult Patients

Intervention Level of Comments
evidence

NSAIDs

Oral (alone) I Effective for mild to moderate pain. Relatively
contraindicated in patients with renal disease
and risk or actual coagulopathy. Risk of
coagulopathy, gastrointestinal bleeding and
other risk factors should be carefully sought

Oral (adjunct I Potentiating effect resulting in opioid sparing.

to opioid) Caution as above
Parenteral I Effective for moderate to severe pain. Useful
(Ketorolac) where opioids contraindicated or to produce

“opioid sparing”, especially to minimize
respiratory depression, sedation, and
gastrointestinal stasis. Best used as part of a
multimodal analgesia regimen

Opioids

Oral v As effective as parenteral in appropriate doses.
Use as soon as oral medication tolerated.

Route of choice

Intramuscular I Has been the standard parenteral route, but
injections painful and absorption unreliable.
Hence, avoid this route when possible.

Subcutaneous I Preferable to intramuscular because of patient
comfort and a reduced risk of needlestick
injury

Intravenous I Parenteral route of choice after major surgery.
Suitable for titrated bolus or continuous
administration. Significant risk of respiratory
depression with inappropriate dosing

PCA (systemic) I Intravenous or subcutaneous routes

Epidural and
intrathecal

recommended. Good steady level of
analgesia. Popular with patients but requires
special infusion pumps and staff education.

When suitable, provides good analgesia. Risk of
respiratory depression (as with opioids by
other routes), but (as with opioids by other
routes), but sometimes delayed in onset.
Requires careful monitoring. Use of infusion
pumps requires additional equipment and
staff education. Expensive if infusion pumps
are employed
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Table 1. (Continued)

Intervention Level of Comments
evidence

Local anaesthetics
Epidural and I Indications in particular settings. Effective
intrathecal regional analgesia. May blunt “‘stress
response’” and aid recovery. Opioid sparing.
Addition of opioid to local anaesthetic may
improve analgesia. Risks of hypotension,
weakness, numbness. Requires careful
monitoring. Use of infusion pumps requires
additional equipment and staff education.
Expensive if infusion pumps are employed
Peripheral I Plexus block, peripheral nerve block and
nerve block infiltration. Effective regional analgesia.
Opioid sparing

that the use of multimodal analgesia after major surgery may improve re-
covery and thus reduce costs of hospital stay. Several authors have pro-
posed that the “pain-free state” should be employed as a fundamental
component of an aggressive regimen of postoperative mobilization and
early oral feeding in a process of acute rehabilitation after surgery. Multi-
modal analgesia employing NSAIDs to minimize opioid requirements has
the particular advantage over unimodal systemic opioid administration. In
addition, by using non-opioid drugs as part of a balanced analgesic plan,
the patient can return to normal enteral nutrition much more quickly
by avoiding the undesiderable opioid problems of gastrointestinal stasis,
nausea and vomiting. The best approach to post-operative pain therapy
is based on pharmacologic protocols, using all drugs involved in post-
operative pain relief (Table 1). In fact, a correct use of drugs for pain
should control symptoms and achieve a good outcome. As the World
Health Organization guidelines support there are two main goals to con-
sider [25]: Pain therapy must be assessed “By the Patient” and “By the
Ladder”.

By the Patient

Different factors may alter the amount of pain suffered by the individual
patient. The general conditions, the patient himself, his disease and psy-
chological factors are important factors to consider in order to start an
adequate pain management (Box 5a, 5b). Severe pain can cause a number
of changes in an individual behaviour, including increased self absorption
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Box 5.

IS

. Psychological factors affecting pain response
— Cultural differences

— Cognitive appraisal

— Fear and anxiety

— Neuroticism and extroversion

— Perceived control of events

— Coping style

— Attention/distraction

b. Psychological methods for reducing pain
— Placebo and expectation

— Psychological support

— Sensory information

— Relaxation training

Cognitive coping strategies

and withdrawal from interpersonal contact. Fear and anxiety are the ma-
jor emotional concomitants of acute pain and are especially pronounced
when associated with fear of death. Severe acute pain that remains unre-
lieved for days may lead to depression and helplessness as a result of
patients experiencing a loss of control over their environment. It is now
generally agreed that unrelieved severe acute pain exacerbates premorbid
tendencies for anxiety, hostility, depression, or preoccupation with health.
In a few cases, the inability to cope with pain may create an acute psy-
chotic reaction. However, acute pain is one of the important factors con-
tributing to the development of delirium in intensive care units. For all
these reasons psychological approaches are an integral part of the medical
care of the patient with pain (Box 5b). All patients can benefit from psy-
chological assessment and support and some are good candidates for spe-
cific psychological therapy. Cognitive-behavioural interventions can help
some patients decrease the perception of distress engendered by the pain
through the development of new coping skills and the modification of
thoughts, feelings and behaviours. Relaxation methods may be able to re-
duce muscular tension and emotional arousal or enhance pain tolerance.
Other approaches reduce anticipatory anxiety that may lead to avoidant
behaviours or lessen the distress associated with the pain. Approaches
that give patients more control are likely to be successful in reducing
anxiety and decreasing the requirement for pain and medication. Patient-
controlled analgesia (PCA) is a highly successful example (see below).
Successful implementation of these approaches in the postoperative patients
requires a cognitively intact patient and a dedicated, well-trained clinician.
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By the Ladder

Analgesic pharmacotherapy is the mainstay of postoperative pain man-
agement. Although concurrent use of other interventions is valuable in
many patients and essential in some, analgesic drugs are needed in almost
every case. The guiding principle of analgesic management is the individ-
ualization of therapy. Through a process of repeated evaluations, drug se-
lection and administration is individualized so that a favourable balance
between pain relief and adverse pharmacological effects is achieved and
maintained (Table 1). An expert committee convened by the World Health
Organization (WHO) has proposed a useful approach to drug selection for
acute and chronic pain states, which has become known as the ‘analgesic
ladder’ (World Health Organization 1986) (Fig. 5). The World Federa-
tion of Societies of Anaesthesiologist (WFSA) has been developed to treat
acute and post-operative pain. Initially, pain can be expected to be severe
and may need strong analgesics in combination with local anaesthetic
blocks and peripherally acting drugs to be controlled (Fig. 6). When com-
bined with appropriate dosing guidelines, this approach is capable of pro-
viding adequate pain relief to patients. Emphasizing that pain intensity
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Fig. 5. WHO guidelines for pain therapy
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Strong opioids

by injecton,
local anaesthesia |Opioids by mouth

(as pain decreases)

Aspirin and

NSAIDs

Fig. 6. WFSA analgesic ladder

should be the prime consideration in analgesic selection, the approach
advocates three basic steps:

Step 1

Patients with mild to moderate post-operative-related pain should be
treated with a non-opioid analgesic, which should becombined with an
adjuvant drug if a specific indication exists. For example, a patient with
mild to moderate arm pain caused by fracture may benefit when a tricyclic
antidepressant is added to acetaminophen.

Step 2

Patients who are relatively opioid naive and present with moderate to
severe pain, or who fail to achieve adequate relief after a trial of a non-
opioid analgesic, should be treated with an opioid conventionally used to
treat pain of this intensity. This treatment is typically accomplished by us-
ing a combination product containing a non-opioid (e.g. aspirin or acet-
aminophen) and an opioid (such as codeine, oxycodone or propoxyphene).
This drug can also be co-administered with an adjuvant analgesic.

Step 3

Patients who present with severe pain or fail to achieve adequate relief
following appropriate administration of drugs on the second rung of the
‘analgesic ladder’ should receive an opioid agonist conventionally used for
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pain of this intensity. This drug may also be combined with a non-opioid
analgesic or an adjuvant drug. Recently, the evidence of the long-term ef-
ficacy of this approach has been the subject of criticism. Nonetheless, the
approach remains widely used and has been strongly endorsed.
Based on clinical convention, analgesic drugs can be divided into three
groups:
1. the non-opioid analgesics
2. the opioid analgesics
3. the adjuvant analgesics (which are drugs with other primary indications
that can be effective analgesics in specific circumstances).

Non-Opioid Analgesics

The non-opioid analgesics acetylsalicylic acid, acetaminophen and the
nonsteroidal anti-inflammatory drugs (NSAIDs) constitute a heteroge-
neous group of compounds that differ in chemical structure but share
many pharmacological actions (Table 2). These drugs are useful alone for
mild to moderate pain (step 1 of the analgesic ladder) and provide ad-
ditive analgesia when combined with opioid drugs in the treatment of more
severe pain [33-42]. Acetylsalicylic acid is a potent inhibitor of cyclo-
oxygenases which is used frequently in medical care. Acetylsalicylic acid
may be used as solution or as salt for very fast absorption, distribution, and
pain relief. The inevitable irritation of the gastric mucosa may be accept-
able in otherwise healthy patients. Acetylsalicylic acid should not be used
in pregnant women (bleeding, closure of ductus arteriosus) or children be-
fore puberty (Reye’s syndrome). Acetaminophen (or paracetamol) is a
specific drug with characteristics similar to NSAIDs. Paracetamol has an-
algesic and antipyretic properties and is devoid of the side effects typical of
the NSAIDs [33, 34]. The administration of paracetamol in children and
infants for postoperative pain after minor surgery is a well established and
safe treatment option, if appropriately used. However, if paracetamol
is dosed according to traditional recommendations (about 2 mg/kg body
weight) frequently a sufficient analgesic effect cannot be achieved immedi-
ately after painful interventions [38]. Recently, a higher initial dose (40 mg/
kg body weight) was suggested for effective postoperative pain control [44].
Current recommendations also involve appropriate timing and route of
administration of paracetamol to be most effective under different clinical
circumstances. The rectal route of administration is unreliable for eliciting
an analgesic effect and the oral route is to be prefer. The risk for liver tox-
icity appears to be very low if the daily paracetamol dose does not exceed
90 mg/kg body weight in healthy children and if specific risk factors of the
individual patient are always considered [44]. The NSAIDs can be catego-
rized into four different groups:
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Table 2. Non-Opioid Analgesics

Chemical class Generic name

Non-acidic Acetaminophen
Nabumetone
Nemuselide
Meloxicam
Acidic
Salicylates Aspirin
Diflunisal
Choline magnesium trisalycilate
Salsalate
Proprionic acids Ibuprofen
Naproxen
Fenoprofen
Ketoprofen
Flurbiprofen
Oxaprosin
Acetic acids Indomethacin
Tolmetin
Sulindac
Diclofenac
Ketorolac
Oxicams Piroxicam
Fenamates Mefenamic acid
Mecolofenamic acid

a. NSAIDs with low potency and short elimination halflife
b. NSAIDs with high potency and short elimination halflife
c. NSAIDs with intermediate potency and elimination halflife
d. NSAIDs with high potency and long elimination halflife

a. NSAIDs With Low Potency and Short Elimination Halflife

The prototype of this group is ibuprofen. The bioavailability of ibuprofen
is complete; the elimination is always fast even in patients with severe im-
pairment of the liver or kidney function. Ibuprofen is used in single doses
between 200 mg and 0.8 g. Ibuprofen (at low doses) appears particularly
useful for treatment of acute and post-operative pain. It may also be
used in chronic rheumatic diseases. Ibuprofen is also used as a pure S-
enantiomer and this enantiomer is a direct COX-inhibitor. It has not been
proven whether the use of the pure S-enantiomer offers any benefit.
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b. NSAIDs With High Potency and Short Elimination Halflife

The drugs of this group are standard in the therapy of rheumatic pain. The
most widely used compound is diclofenac, which is less active on COX1
than on COX2. This is taken as a reason for the low incidence of gastro-
intestinal side effects. The limitations of diclofenac result from the usual
galenic formulation consisting of a monolythic acid-resistant encapsulation.
This may cause retarded absorption of the active ingredient. Moreover,
diclofenac encounters first-pass metabolism, which limits oral bioavail-
ability (about 50%). The higher incidents of liver toxicity with diclofenac
may result from first-pass metabolization. This group contains important
drugs such as indometacin and ketoprofen. All of them show high oral
bioavailability and good effectiveness in post-operative pain relief,

¢. NSAIDs With Intermediate Potency and Elimination Halflife

This group of drugs is intermediate in potency and speed of elimination.
Some forms of migraine and post-operative pain appear as adequate indi-
cations for diflunisal and naproxen.

d. NSAIDs With High Potency and Long Elimination Halflife

The fourth group consists of the oxicam drugs (meloxicam, piroxicam, and
tenoxicam). These compounds owe their slow elimination to slow metab-
olization together with a high degree of enterohepatic circulation. The long
half-life (days) does not make these oxicam drugs of first choice for acute
and post-operative pain. Their main indications is inflammatory pain likely
to persist for days (i.e. bone metastases). The high potency and long per-
sistence in the body may be the reason for the higher incidence of serious
adverse effects in the gastrointestinal tract and the kidney.

Unlike opioid analgesics, the non-opioid analgesics have a ‘ceiling’ ef-
fect for analgesia and produce neither tolerance nor physical dependence.
Some of these agents, like acetylsalicylic acid and the NSAIDs, inhibit the
enzyme cyclo-oxygenase and consequently block the biosynthesis of pros-
taglandins, inflammatory mediators known to sensitize peripheral noci-
ceptors [43—45]. A central mechanism is also likely and appears to predom-
inate in acetaminophen analgesia, because its action on PGE2 synthesis. The
safe administration of the non-opioid analgesics requires familiarity with
their potential adverse effects. Acetylsalicylic acid and the other NSAIDs
have a broad spectrum of potential toxicity. Bleeding diathesis due to
inhibition of platelet aggregation, gastroduodenopathy (including peptic
ulcer disease) and renal impairment are the most common [46-50]. Less
common adverse effects include confusion, precipitation of cardiac failure
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and exacerbation of hypertension. Particular caution is required in the ad-
ministration of these agents to patients at increased risk of adverse effects,
including the elderly and those with blood clotting disorders, predilection
to peptic ulceration, impaired renal function and concurrent corticosteroid
therapy [51-55]. Of the NSAIDs, the drugs that are relatively selective
cyclo-oxygenase-2 inhibitors (e.g. nabumetone, nemuselide and melox-
icam) and those that are non-acetylated salicylates (choline magnesium
trisalicylate and salsalate) are preferred in patients who have a predilection
to peptic ulceration or bleeding; these drugs have less effect on platelet ag-
gregation and no effect on bleeding time at the usual clinical doses. The
development of NSAIDs that are fully selective cyclo-oxygenase-2 inhib-
itors may provide additional agents with favourable safety profiles that
may be preferred in the treatment of the medically frail. Acetaminophen
rarely produces gastrointestinal toxicity and there are no adverse effects on
platelet function; hepatic toxicity is possible, however, and patients with
chronic alcoholism and liver disease can develop severe hepatotoxicity
at the usual therapeutic doses. The optimal administration of non-opioid
analgesics requires an understanding of their clinical pharmacology. There
is no certain knowledge of the minimal effective analgesic dose, ceiling dose
or toxic dose for any individual patient with post-operative pain. These
doses may be higher or lower than the usual dose ranges recommended for
the drug involved. These observations support an approach to the admin-
istration of NSAIDs that incorporates both low initial doses and dose ti-
tration. Through a process of gradual dose escalation, it may be possible
to identify the ceiling dose and reduce the risk of significant toxicity [56].
Several days are needed to evaluate the efficacy of a dose when NSAIDs
are used in the treatment of grossly inflammatory lesions, such as arthritis.
Since failure with one NSAID can be followed by success with another,
sequential trials of several NSAIDs may be useful to identify a drug with
a favourable balance between analgesia and side effects [57—60]. Table 3
shows the most commonly NSAIDs used in adults and in children for
postoperative pain relief.

Opioid Analgesics

Postoperative pain of moderate or greater intensity should generally be
treated with a systemically administered opioid analgesic [1, 5]. The need
for analgesia largely depends on the magnitude of the surgical trauma.
Generally, the greater the magnitude of surgery, the greater the post-
operative discomfort. Major surgery typically requires more aggressive and
complex pain management techniques to achieve optimal analgesia. Major
surgery usually requires postoperative pain therapy with opioids associated
with other drugs, such as oral or parenteral NSAIDs and local anaes-
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thetics, administered by different ways (wound infiltration, peripheral nerve
block, epidural or iv). Opioids should be used in a multimodal balanced
analgesia approach that minimizes opioid requirement and the degree of
their side effects [70, 71]. Optimal use of opioid analgesics requires a sound
understanding of the general principles of opioid pharmacology, the phar-
macological characteristics of each of the commonly used drugs and prin-
ciples of administration. Fear of potential side effects has limited their use
in many countries; this cultural phenomenon seems now to be overcame by
the effective opioid titration with the use of incremental doses and a careful
monitoring of side effects: this has largely increased their use both in adult
patients and especially in children [68, 72]. The mechanism of action of
opioid analgesics depends on the interaction of these molecules with spe-
cific receptors to which they bind and their intrinsic activity at that receptor
[5]. The receptors have a pharmacologic nomenclature: x (1 and 2), 9, x. All
opioids exert their effects by activating one or more of these receptors.
Analgesia involves activation of mu; receptors in the brain and kappa
receptors in the spinal cord. Mu, receptors are involved in respiratory de-
pression and intestinal constipation. The contribution of delta receptors to
analgesia in unclear, and may be more closely related to euphoria. The
actions of opioids on receptors can vary depending on the location within
the body. For example, a particular opioid may act as an antagonist at the
kappa receptors in the brain, but as an agonist at the same type of receptors
in the large intestines. Activation of Mu;, Mu,, and delta receptors close
potassium channels, while kappa receptors are linked to calcium channels.
Humans that have become tolerant to activation of one receptor type are
not necessarily tolerant to the others.

Opioid Classification

Based on their interactions with the various receptor subtypes, opioid com-
pounds can be divided into agonist, partial agonist, and mixed agonist-
antagonist drugs (Table 4). The pure agonist drugs (Table 5) are most
commonly used in clinical pain management, both in adult patients and in
children (Table 6). The mixed agonist-antagonist opioids (pentazocine,
nalbuphine, butorphanol and dezocine) and the partial agonist opioids
(buprenorphine) play a minor role in the management of post-operative
pain because of the existence of a ceiling effect for analgesia, the potential
for precipitation of withdrawal in patients physically dependent to opioid
agonists and, in some cases, the problem of dose-dependent psychotomi-
metic side effects that exceed those of pure agonist drugs. The pure agonist
opioid drugs appear to have no ceiling effect for analgesia. As the dose
is raised, analgesic effects increase until either analgesia is achieved or the
patient loses consciousness. This increase in effect occurs as a log-linear
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Table 4. Opioid Classification

Agonists Partial agonists Mixed agonist/antagonists

Morphine Buprenorphine Pentazocine
Codeine Butorphanol
Oxycodone Nalbuphine
Hydrocodone Dezocine
Dihydrocodeine

Heroin

Oxymorphone

Meperidine

Levorphanol

Hydromorphone

Methadone

Fentanyl

Sufentanil

Alfentanil

Propoxyphene

function: dose increments on a logarithmic scale yield linear increases in
analgesia. In practice, it is the appearance of adverse effects, including con-
fusion, sedation, nausea, vomiting or respiratory depression, that imposes a
limit on the useful dose. The overall efficacy of any drug in a specific pa-
tient will be determined by the balance between analgesia and side effects
that occurs during dose escalation.

‘Weak’ Versus ‘Strong’ Opioids

The division of opioid agonists into ‘weak’ versus ‘strong’ opioids was in-
corporated into the original ‘analgesic ladder’ proposed by the WHO. This
distinction was not based on a fundamental difference in the pharmacol-
ogy of the pure agonist opioids, but rather reflected the customary manner
in which these drugs were used. This explains the observation that some
opioids that were customarily used for moderate pain (step 2 of the anal-
gesic ladder), such as oxycodone, are also used for severe pain in selected
patients. Indeed, the controlled-release formulation of oxycodone is now
widely used in the management of severe pain. Conversely, low-dose for-
mulations of controlled-release morphine are suitable for the management
of pain of moderate severity. Weak opioids are indicated in mild to mod-
erate pain, usually associated to other drugs such as paracetamol. A weak
opioid should be added to, not substituted for, a non opioid and it’s im-
portant not to “kangaroo” from weak opioid to weak opioid. If a weak
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Table 6. Opioids Commonly Used for Postoperative Pain Relief in Children

Drug Iv/sc starting dose Oral starting Notes
dose
Codeine — 0.5-1 mg/kg Nausea, vomiting
every 3—4 hr
Idromorphone Bolus: 0.015 mg/kg 0.06 mg/kg Nausea, vomiting,
every 2—4 hr every 3—4 hr urinary retention
Drip: 0.006 mg/kg/hr
Morphine Bolus: 0.05-0.1 mg/kg 0.15-0.3 mg/kg Nausea, vomiting,
every 2—4 hr every 4 hr urinary retention,
Drip: 0.03 mg/kg/hr pruritus
Fentanyl Bolus: 0.5-1 y/kg — Nausea, vomiting,
every 1-2 hr urinary retention,
Drip: 0.5-3.0 y/kg/hr pruritus, respiratory
depression
Remifentanyl  Bolus: 0.1-0.5 y/kg — Nausea, vomiting,
every 1 h urinary retention,
Drip: 0.1-0.25 y/kg/ pruritus, respiratory
min depression
Sufentanyl Bolus: 0.2 y/kg — Respiratory
every 1 h depression,
Drip: 0.1-0.5 y/kg/ haemodynamic
min alterations

opioid is inadequate when given regularly, the right step is to change to
strong opioids.

Factors in Opioid Selection

The factors that influence opioid selection in post-operative pain states in-
clude pain intensity and the presence of co-existing disease.

Pain Intensity

Patients with moderate pain are conventionally treated with a combination
product containing acetaminophen or aspirin plus codeine, dihydrocodeine,
hydrocodone, oxycodone and propoxyphene. The doses of these combina-
tion products can be increased until the customary maximum dose of the
non-opioid co-analgesic is attained (e.g. 4000 mg acetaminophen). Beyond
this dose, the opioid contained in the combination product could be in-
creased as a single agent or the patient could be switched to an opioid con-
ventionally used for severe pain. New opioid formulations may improve
the convenience of drug administration for patients with moderate pain.
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These include controlled-release formulations of codeine, dihydrocodeine,
oxycodone and tramadol. In some countries controlled-release morphine is
available as a 10 mg tablet, which may also be used to treat moderate pain
in the opioid-naive patient. The opioid drugs available to treat severe pain
vary from country to country. Many countries provide clinicians with nu-
merous options. In the United States, for example, patients who present
with severe pain can be treated with morphine, hydromorphone, oxy-
codone, oxymorphone, fentanyl, methadone or levorphanol. As discussed
previously, the agonist-antagonist opioids (e.g. pentazocine) are not pre-
ferred in the management of post-operative pain. Similarly the pharmaco-
logical characteristics of meperidine limit its role in the postoperative
patients because its important side effects as tremulousness, multifocal
myoclonus and, occasionally, seizures. Selective toxicity of meperidine can
also occur following administration to patients receiving monoamine OXi-
dase inhibitors. This combination may produce a syndrome characterized
by hyperpyrexia, muscle rigidity and seizures, which may occasionally be
fatal. The pathophysiology of this syndrome is related to excess availability
of serotonin at the SHT” receptor in the central nervous system. Some
patients will require sequential trials of several different opioids before a
drug which is effective and well tolerated is identified. The frequency with
which this strategy is needed is unknown, but it is estimated to be in the
range of 15-30% of patients. The existence of different degrees of incom-
plete crosstolerance to various opioid effects (analgesia and side effects)
may explain the utility of these sequential trials. To date, there are no data
to suggest a specific order for opioid rotation. It is strongly recommended
that clinicians be familiar with at least three opioid drugs used in the
management of severe pain and have the ability to calculate appropriate
starting doses using equianalgesic dosing data (Table 5).

Co-Existing Disease

Pharmacokinetic studies of meperidine, pentazocine and propoxyphene
have revealed that liver disease may decrease the clearance and increase
the bioavailability and half-lives of these drugs. These changes may even-
tuate in plasma concentrations higher than normal. Although mild or
moderate hepatic impairment has only minor impact on morphine clear-
ance, advanced discase may be associated with reduced elimination.
Patients with renal impairment may accumulate the active metabolites of
propoxyphene (norpropoxyphene), meperidine (normeperidine) and mor-
phine (morphine-6-glucuronide). In the setting of renal failure or unstable
renal function, titration of these drugs requires caution and close mon-
itoring. If adverse effects appear, a switch to an alternative opioid is often
recommended.
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Selecting the Appropriate Route of Systemic Opioid Administration

Opioids should be administered by the least invasive and safest route ca-
pable of providing adequate analgesia.

Non-Invasive Routes

The oral route of opioid administration is the preferred approach in routine
practice. Alternative routes are necessary for patients who have impaired
swallowing or gastrointestinal dysfunction, those who require a very rapid
onset of analgesia and those who are unable to manage either the logistics
or side effects associated with the oral route. For highly tolerant patients,
the inability to prescribe a manageable oral opioid programme due to an
excessive number of tablets or volume of oral solution may be an indica-
tion for the use of a non-oral route. For patients who do not require very
high opioid doses, non-invasive alternatives to the oral route of opioid ad-
ministration include the rectal, transdermal and sublingual routes. Rectal
suppositories containing oxycodone, hydromorphone, oxymorphone and
morphine have been formulated and controlled-release morphine tablets
can also be administered per rectum. The potency of opioids administered
rectally is believed to approximate oral administration. Fentanyl is the only
opioid available as a transdermal preparation. The fentanyl transdermal
system consists of a drug reservoir that is separated from the skin by a co-
polymer membrane that controls the rate of drug delivery to the skin sur-
face such that the drug is released into the skin at a nearly constant amount
per unit time. There is some interindividual variability in fentanyl bio-
availability by this route and this phenomenon, combined with large
differences in elimination pharmacokinetics, necessitates dose titration in
most cases. Transdermal patches capable of delivering 25, 50, 75 and
100 pg/h are available. Multiple patches may be used simultaneously for
patients who require higher doses. At the present time, the limitations of
the transdermal delivery system include its cost and the requirement for
an alternative short-acting opioid for breakthrough pain. Sublingual ab-
sorption of any opioid could potentially yield clinical benefit, but bio-
availability is very poor with drugs that are not highly lipophilic and the
likelihood of an adequate response is consequently low. Sublingual bupre-
norphine, a relatively lipophilic partial agonist, can provide adequate relief
of mild to moderate postoperative pain. Both fentanyl and methadone are
relatively well absorbed through the buccal mucosa and sublingual ad-
ministration of an injectable formulation is occasionally performed in
the relatively opioid-naive patient who transiently loses the option of oral
dosing. Overall, however, the sublingual route has limited value due to the
lack of formulations, poor absorption of most drugs and the inability to
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deliver high doses or prevent swallowing of the dose. An oral transmucosal
formulation of fentanyl, which incorporates the drug into a candy base, is
under evaluation. Studies in cancer patients suggested that it is useful and
that it can provide rapid and very effective relief of breakthrough pain.

Invasive Routes

For patients undergoing a trial of systemic drug administration, a paren-
teral route must be considered when the oral route is precluded or there is
need for rapid onset of analgesia, or a more convenient regimen. Repeated
parenteral bolus injections, which may be administered by the intravenous

(IV), intramuscular (IM) or subcutaneous (SC) routes, may be useful in

some patients but are often compromised by the occurrence of prominent

‘bolus’ effects (toxicity at peak concentration and/or pain breakthrough at

the trough). Repetitive IM injections are a common practice, but they are

painful and offer no pharmacokinetic advantage; their use is not recom-
mended. Repeated bolus doses without repeated skin punctures can be
accomplished through the use of an indwelling IV or SC infusion device.

To deliver repeated SC injections, a 27-gauge infusion device (a ‘butterfly’)

can be left under the skin for up to a week. Intravenous bolus adminis-

tration provides the most rapid onset and shortest duration of action.

Time to peak effect correlates with the lipid solubility of the opioid and

ranges from 2-5 minutes for methadone to 15-30 minutes for morphine

and hydromorphone. This approach is commonly applied in two settings:

1. to provide parenteral opioids to patients who already have venous ac-
cess and are unable to tolerate oral opioids;

2. to treat very severe pain, for which IV doses can be repeated at an in-
terval as brief as that determined by the time to peak effect, if neces-
sary, until adequate relief is achieved.

Continuous parenteral infusions are useful for many patients who cannot

be maintained on oral opioids. Long-term infusions may be administered

IV or SC. In practice, the major indication for continuous infusion occurs

among patients who are unable to swallow or absorb opioids. Continuous

infusion is also used in some patients whose high opioid requirement ren-
ders oral treatment impractical. Continuous SC infusion is often used for
ambulatory postoperative patients. A range of pumps is available, which
vary in complexity, cost and ability to provide patient-controlled ‘rescue
doses’ as an adjunct to a continuous basal infusion. Opioids suitable for
continuous SC infusion must be soluble, well absorbed and non-irritant.

Experience has been reported with heroin, hydromorphone, oxymorphone,

morphine and fentanyl. Methadone appears to be relatively irritating and

is not recommended. To maintain the comfort of an infusion site, the SC
infusion rate should not exceed 5 cc/hr. Patients who require high doses
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may benefit from the use of concentrated solutions. In selected cases, con-
centrated opioid solutions can be compounded specifically for continuous
SC infusion. Subcutaneous infusion, like repeated SC bolus injections, can
usually be administered using a 27-gauge ‘butter-fly’ needle. The infracla-
vicular and anterior chest sites provide the greatest freedom of movement
for patients, but other sites may be used. A single infusion site can usually
be maintained for 5-7 days. Occasional patients develop focal erythematous
swelling at the site of injection; this appears to be a common complication
with methadone and has also been described with morphine and hydro-
morphone. Continuous SC delivery of drug combinations may be indicated
when nausea, anxiety or agitation accompanies pain. An antiemetic, neu-
roleptic or anxiolytic may be combined with an opioid, provided that it is
non-irritant, miscible and stable in combined solution. Experience has been
reported with metoclopromide, haloperidol, scopolamine, cyclizine, metho-
trimeprazine, chlorpromazine and midazolam. In some circumstances,
continuous IV infusion may be the most appropriate way of delivering
an opioid. The need for very large doses, or treatment with methadone,
may suggest the utility of this approach. If continuous IV infusion is to
be continued on a long-term basis, a permanent central venous port is
recommended.

Scheduling of Opioid Administration

The schedule of opioid administration should be individualized to optimize
the balance between patient comfort and convenience. ‘Around the clock’
dosing and ‘as needed’ s dosing both have a place in clinical practice.

‘Around the Clock’ Dosing

Patients with severe post-operative pain generally benefit from scheduled
‘around the clock’ dosing, which can provide the patient with continuous
relief by preventing the pain from recurring. Clinical vigilance is required,
however, when this approach is used in patients with no previous opioid
exposure and when administering drugs that have long half-lives (metha-
done or levorphanol) or produce metabolites with long half-lives (e.g.
morphine-6-glucuronide and norpropoxyphene). In the latter situations,
delayed toxicity may develop as plasma drug (or metabolite) concentra-
tions rise toward steady state levels. Most patients who receive an ‘around
the clock’ opioid regimen should also be provided a so-called ‘rescue dose’,
which is a supplemental dose offered on an ‘as needed’ basis to treat pain
that breaks through the regular schedule. The frequency with which the
rescue dose can be offered depends on the route of administration and the
time to peak effect for the particular drug. Oral rescue doses are usually
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offered up to every 1-2 hours and parenteral doses can be offered as fre-
quently as every 15-30 minutes. The integration of ‘around the clock’
dosing with ‘rescue doses’ provides a method for safe and rational stepwise
dose escalation, which is applicable to all routes of opioid administration.
Patients who require more than 4-6 rescue doses per day should gener-
ally undergo escalation of the baseline dose. The quantity of the rescue
medication consumed can be used to guide the dose increment. Controlled-
release preparations of opioids can lessen the inconvenience associated with
the use of ‘around the clock’ administration of drugs with a short duration
of action. Currently, controlled-release formulations are available for ad-
ministration by the oral, transdermal and rectal routes. The largest experi-
ence has been reported with oral controlled-release morphine preparations
with 8—12 hours’ duration of effect. Other controlled-release formulations
include once-daily morphine preparations, controlled-release morphine
suppositories and liquid suspension, transdermal fentanyl, and controlled-
release tablets of oxycodone, hydromorphone, codeine and dihydrocodeine.
Clinical experience suggests that controlled-release formulations should not
be used to rapidly titrate the dose in patients with severe pain. The time
required to approach steady-state plasma concentration after dosing is ini-
tiated or changed (at least 24 hours) may complicate efforts to rapidly
identify the appropriate dose. Repeat-dose adjustments for patients with
severe pain are performed more efficiently with short-acting preparations,
which may be changed to a controlled-release preparation when the effec-
tive ‘around the clock’ dose is identified.

‘As Needed’ Dosing

In some situations, opioid administration on an ‘as needed’ basis, without
an ‘around the clock’ dosing regimen, may be beneficial. In the opioid-
naive patient, ‘as needed’ dosing may provide additional safety during the
initiation of opioid therapy, particularly when rapid dose escalation is
needed or therapy with a long half-life opioid such as methadone or levor-
phanol is begun. ‘As needed’ dosing may also be appropriate for patients
who have rapidly decreasing analgesic requirement or intermittent pain
separated by pain-free intervals.

Patient-Controlled Analgesia

Patient-controlled analgesia (PCA) generally refers to a technique of
parenteral drug administration in which the patient controls an infusion
device that delivers a bolus of analgesic drug ‘on demand’ according to
parameters set by the physician. Use of a PCA device allows the patient to
overcome variations in both pharmacokinetic and pharmacodynamic fac-
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tors by carefully titrating the rate of opioid administration to meet indi-
vidual analgesic needs. Although is should be recognized that the use of
oral ‘rescue doses’ is, in fact, a form of PCA, the term is not commonly
applied to this situation. Long-term PCA in postoperative patients is most
commonly accomplished via the intravenous route using an ambulatory
infusion device. In most cases, PCA is added to a basal infusion rate and
acts essentially as a rescue dose. Rare patients have benefited from PCA
alone to manage episodic pain characterized by an onset so rapid that an
oral dose could not provide sufficiently prompt relief. Long-term intrave-
nous PCA can be used for patients who require doses that cannot be
comfortably tolerated via the subcutaneous route or in those who develop
local reactions to subcutaneous infusion. PCA has also been applied to
spinally administered opioids and non-opioid approaches such as nitrous
oxide. In pediatric age PCA is recommended for children of 8 years or
more, without disabilities, in whom moderate to severe pain is anticipated
for 24 hours or more. Most children over the age of 7 years understand the
PCA concept, and sometimes even younger children can learn to use PCA,
but some may not have the cognitive or emotional resources to use it. In
children as young as 5 or 6 years PCA has also been used, however pain
relief is not always satisfactory because of poor patient understanding. In
these patients Nurse or Parent Controlled Analgesia (NCA/PCA) repre-
sent a more suitable modality of drug administration. As continuous in-
fusion, PCA allows a steady analgesic serum concentrations with safety
and efficacy in pain control (Fig. 7) [90]. The use of a background infusion
of opioids in PCA therapy is controversial. It might provide better anal-
gesic during sleep but this is not strongly supported by literature. However
it may increase the occurrence of adverse effects such as nausea and re-
spiratory depression [87, 88]. Morphine is the most common drug used in
PCA, followed by Fentanyl and Hydromorphone [88-91]. The selection of
opioid used in PCA is perhaps critical than the appropriate selection of
parameters such as bolus dose, lockout and background infusion rate
(Table 7) [91]. PCA dosage regimens must be individualized on the basis
of pain intensity and monitoring pain parameters must be age appro-
priate. Monitoring involves measurements of respiratory rate, level of
sedation and oxygen saturation. Efficacy of PCA therapy is assessed by
self-reporting, visual analogue scales, faces pain scales and usage pattern.
The effectiveness of analgesic techniques may be limited by the incidence
and severity of adverse effects; potential adverse effects of PCA therapy,
including respiratory depression, nausea, vomiting, and pruritus, can be
prevented or controlled by the use of adjuvant drugs and by careful titra-
tion. The patient should be instructed in the use of PCA prior to coming to
operating room or even in the anaesthetic room before induction. Clini-
cians must become aware on age-related and developmental differences in



258 A. CHIARETTI and A. LANGER

100 | A
10 i A
=
£
)
£ 1
20481216202428
g 100]|B
N
Q
[7)]
10

A AAAMMAAMARAAMAAMAMAMAARAN

0 4 8 12 16 20 24 28
Time (h)

Fig. 7. Opioids plasma concentration following bolus or PCA administration. (A)
bolus infusion; (B) PCA administration

Table 7. PCA protocol with morphine

PCA protocol Purpose Initial dose recomandations
(Morphine)
Loading dose Obtain immediate 0.05 to 0.1 mg/kg
pain control max 10 mg

Background infusion =~ To mantain pain control ~ 0.01 to 0.02 mg/kg/hr
(basal rate)

Interval dose A bolus interval dose to 0.01 to 0.02 mg/kg
(PCA dose) tritate pain control by
the patient himself
Lockout To prevent overdose 6—15 minutes

4 hours maximum To prevent overdose 0.25 to 0.35 mg/kg
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the pharmacokinetic, pharmacodynamic and monitoring parameters for
the patients with PCA therapy. To date, safety and efficacy of PCA also in
paediatric patients has been established and a role of this procedure has
been proposed in postoperative pain management as well as burns, oncol-
ogy and palliative care.

Management of Opioid Adverse Effects

Successful opioid therapy requires that the benefits of analgesia clearly
outweigh treatment-related adverse effects. This implies that a detailed
understanding of adverse opioid effects and the strategies used to prevent
and manage them are essential skills for all involved in postoperative pain
management. The pathophysiological mechanisms contributing to adverse
opioid effects are incompletely understood. The appearance of these effects
depends on a number of factors, including patient age, extent of disease,
concurrent organ dysfunction, prior opioid exposure, the route of drug
administration, and the adverse drug interactions. The potential for addi-
tive side effects and serious toxicity from drug combinations must be rec-
ognized. The sedative effect of an opioid may add to that produced by
numerous other centrally acting drugs, such as anxiolytics, neuroleptics
and antidepressants. Likewise, drugs with anticholinergic effects probably
worsen the constipatory effects of opioids. As noted previously, a severe
adverse reaction, including excitation, hyperpyrexia, convulsions and death,
has been reported after the administration of meperidine to patients treated
with a monoamine oxidase inhibitor. The most frequent side effects of
opioid drugs are represented by respiratory depression, nausea and vomit-
ing, urinary retention, and physical dependence.

Respiratory Depression

Respiratory depression is potentially the most serious adverse effect of
opioid therapy. Although these drugs may impair all phases of respiratory
activity (rate, minute volume and tidal exchange), a compensatory increase
in respiratory rate may obscure the degree of respiratory effect. This phe-
nomenon explains the observation that patients who appear to have nor-
mal respiration during opioid therapy may be predisposed to respiratory
compromise if any pulmonary insult occurs. Clinically significant respira-
tory depression is always accompanied by other signs of central nervous
system depression, including somnolence and mental clouding. Respira-
tory compromise accompanied by tachypnoea and anxiety is never a pri-
mary opioid event. With repeated opioid administration, tolerance appears
to develop rapidly to the respiratory depressant effects of the opioid drugs.
As a result, opioid analgesics can be used in the management of post-
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operative pain without significant risk of respiratory depression. Indeed,
clinically important respiratory depression is a very rare event in the post-
operative patient whose opioid dose has been titrated against pain. When
respiratory depression occurs in such patients, alternative explanations (e.g.
pneumonia or pulmonary embolism) should be sought. Opioid-induced re-
spiratory depression can occur, however, if pain is suddenly eliminated
(such as may occur following neurolytic procedures) and the opioid dose is
not reduced. This latter observation suggests that patients whose respira-
tory function is well compensated following repeated opioid administration
do not entirely lack opioid effect on respiration, but rather have respiratory
function that reflects a balance between ongoing opioid effects and factors
that increase the respiratory drive, including pain, anxiety and alertness.
When respiratory depression occurs in patients on opioid therapy, admin-
istration of the specific opioid antagonist naloxone usually improves ven-
tilation. Naloxone is a potent pure semisynthetic opioid antagonist and it is
used to reduce the effects of opioids and treat opioid overdoses. It has a
high affinity for morphine receptors sites and reverses the effect of opioid
analgesics by displacement. The degree of displacement is dose related [5].
When respiratory depression is observed, an initial dose of naloxone 2-4
ug/kg should be given and repeated to a total of 10 pug/kg. Duration of
action of naloxone is shorter than the most opioids and a continuous infu-
sion may be required to mantein reversal. Naloxone can precipitate a se-
vere abstinence syndrome and should be administered only if strongly
indicated. If the patient is bradypnoeic but readily arousable and the peak
plasma level of the last opioid dose has already been reached, the opioid
should be withheld and the patient monitored until improved. If severe
hypoventilation occurs (regardless of the associated factors that may be
contributing to respiratory compromise) or the patient is bradypnoeic and
unarousable, naloxone should be administered. In the comatose patient, it
may be prudent to place an endotracheal tube to prevent aspiration fol-
lowing administration of naloxone.

Nausea and Vomiting

Opioids may produce nausea and vomiting through both central and pe-
ripheral mechanisms. These drugs stimulate the medullary chemoreceptor
trigger zone, increase vestibular sensitivity and have effects on the gastro-
intestinal tract (including increased gastric antral tone, diminished motility
and delayed gastric emptying). In ambulatory patients, the incidence of
nausea and vomiting has been estimated to be 10-40% and 15-40%, re-
spectively. The likelihood of these effects is greatest at the start of opioid
therapy. With the initiation of opioid therapy, patients should be informed
that nausea can occur and that it is usually transitory and controllable.
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Routine prophylactic administration of an antiemetic is not necessary, ex-
cept in patients with a history of severe opioid-induced nausea and vom-
iting, but patients should have access to an antiemetic at the start of ther-
apy if the need for one arises. Anecdotally, the use of prochlorperazine
and metoclopramide has usually been sufficient. In patients with more
severe or persistent symptoms, the most appropriate antiemetic treatment
may be suggested by the clinical features. For nausea associated with early
satiety, bloating or postprandial vomiting, all of which are features of
delayed gastric emptying, metoclopramide is the most reasonable initial
treatment. Patients with vertigo or prominent movement-induced nausea
may benefit from the use of an antivertiginous drug such as scopolamine
or meclizine. If signs of neither gastroparesis nor vestibular dysfunction
are prominent, treatment is usually began with a neuroleptic, such as pro-
chlorperazine or metoclopramide. Drug combinations are sometimes used
and, in all cases, doses are escalated if initial treatment is unsuccessful. If
these drugs are ineffective at relatively high doses, other options include
trials of alternative opioids or treatment with antihistamines (e.g. hydrox-
yzine), other neuroleptics (e.g. haloperidol, chlorpromazine or droperidol),
benzodiazepines (e.g. lorazepam) or steroids (e.g. dexamethasone) or the
new serotonin antagonists (e.g. ondansetron).

Urinary Retention

Opioid analgesics increase smooth muscle tone and can occasionally cause
bladder spasm or urinary retention (due to an increase in sphincter tone).
This is an infrequent problem that is usually observed in elderly male
patients. Tolerance can develop rapidly but catheterization may be neces-
sary to manage transient problems. Rare patients appear to benefit from
co-administration of either a cholinomimetic drug (e.g. bethanecol) or an
a-adrenergic antagonist (e.g. terazocin).

Physical Dependence

Physical dependence is a pharmacological property of opioid drugs defined
by the development of an abstinence (withdrawal) syndrome following
either abrupt dose reduction or administration of an antagonist. Despite
the observation that physical dependence is most commonly observed in
patients taking large doses for a prolonged period of time, withdrawal has
also been observed in patients after low doses or short duration of treat-
ment. Occasionally, patients who are switched from a pure agonist opioid
to transdermal fentanyl will develop an abstinence syndrome within the
first 24 hours, presumably as a result of a delay in establishing blood levels
after the transdermal system is placed. Physical dependence rarely becomes
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a clinical problem if patients are warned to avoid abrupt discontinuation
of the drug; a tapering schedule is used if treatment cessation is indicated
and opioid antagonist drugs (including agonist-antagonist analgesics) are
avoided.

Adjuvant Analgesics

The term ‘adjuvant analgesic’ describes a drug that has a primary indica-
tion other than pain but is analgesic in some conditions. A large group of
such drugs, which are derived from diverse pharmacological classes, is now
used to manage non-malignant pain. In the post-operative patients, these
drugs may be combined with primary analgesics in any of the three steps
of the ‘analgesic ladder’ to improve the outcome for patients who cannot
otherwise attain an acceptable balance between relief and side effects. The
potential utility of an adjuvant analgesic is usually suggested by the char-
acteristics of the pain or by the existence of another symptom that may be
amenable to a non-analgesic effect of the drug. Whenever an adjuvant
analgesic is selected, differences between the use of the drug for its primary
indication and its use as an analgesic must be appreciated. Because the
nature of dose-dependent analgesic effects has not been characterized for
most of these drugs, dose titration is reasonable with virtually all. Low
initial doses are appropriate given the desire to avoid early side effects. The
use of low initial doses and dose titration may delay the onset of analgesia,
however, and patients must be forewarned of this possibility to improve
compliance with the therapy. There is great interindividual variability in
the response to all adjuvant analgesics. Although patient characteristics,
such as advanced age or coexistent major organ failure, may increase the
likelihood of some (usually adverse) responses, neither favourable effects
nor specific side effects can be reliably predicted in the individual patient.
Furthermore, there is remarkable intraindividual variability in the response
to different drugs, including those within the same class. These observations
suggest the potential utility of sequential trials of adjuvant analgesics. The
process of sequential drug trials, like the use of low initial doses and dose
titration, should be explained to the patient at the start of therapy to en-
hance compliance and reduce the distress that may occur if treatments fail.
In the management of postoperative pain, adjuvant analgesics can be
broadly classified based on conventional use. The adjuvant drugs more
frequently used in post-operative pain are corticosteroids, topical and local
anaesthetics, neuroleptics and benzodiazepines.

Corticosteroids

Corticosteroids are among the most widely used adjuvant analgesics. They
have been demonstrated to have analgesic effects in different conditions to
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significantly improve quality of life and to have beneficial effects on appe-
tite, nausea, mood and malaise. The mechanism of analgesia produced by
these drugs may involve anti-oedema effects, anti-inflammatory effects and
a direct influence on the electrical activity in damaged nerves. The relative
risks and benefits of the various corticosteroids are unknown and dosing is
largely empirical. In the United States, the most commonly used drug is
dexamethasone, a choice that gains theoretical support from the relatively
low mineralocorticoid effect of this agent. Dexamethasone has also been
conventionally used for raised intracranial pressure and spinal cord com-
pression. Prednisone, methylprednisolone and prednisolone have also been
widely used for other indications. Patients who experience pain and other
symptoms may respond favourably to a relatively small dose of cortico-
steroid (e.g. dexamethasone 1-2 mg twice daily). In some settings, how-
ever, a high-dose regimen may be appropriate. Although high steroid
doses are more likely to lead to adverse effects, clinical experience with this
approach has been favourable. Although the effects produced by cortico-
steroids in patients with postoperative pain are often very gratifying, side
effects are potentially serious and increase with prolonged usage. The vary-
ing constellations of adverse effects associated with brief or prolonged ad-
ministration or with the withdrawal of these drugs following long-term use
are widely appreciated. The risk of peptic ulcer is approximately doubled
in patients chronically treated with corticosteroids. Several risk factors for
peptic ulceration have been identified: relatively high dose, previous his-
tory of peptic ulceration, and concurrent administration of an NSAID. In
general, the combined administration of a corticosteroid and an NSAID
should be avoided. Patients who are predisposed to peptic ulcer disease can
be considered for ulcer prophylaxis. Active peptic ulcer disease and sys-
temic infection are relative contraindications to the use of corticosteroids as
adjuvant analgesics.

Topical and Local Anaesthetics

Local anaesthetics are amazing drugs now commonly used in prevention
and management of post-operative pain. Injected into tissue, around a
nerve or for a regional block, they produce reversible block. For some
operations, as inguinal hernia repair, there is proven advantage of re-
gional over general anaesthesia. The use of local anaesthetics can produce
reduced blood loss, faster surgery, reduced morbidity and faster rehabili-
tation. Local infiltration, blockade of peripheral nerves and plexuses, epi-
dural blockade and regional analgesia represent the most frequent tech-
niques adopted. Lidocaine and Bupivacaine are the most common local
anaesthetics used in clinical practice. Particular attention to maximum
drug dosing is required; excessive doses can cause seizures, cardiac depres-
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sion and rhythm anomalies [5, 92]. Often local anaesthetic are combinated
with epidural opioids to provide reliable analgesia in several pain con-
texts and extradural infusions of these drugs are used widely now for post-
operative analgesia. Epidural local anaesthetics and opioids have been
used for many years in the management of acute post-operative pain, and
trauma. Several studies have confirmed synergism between local anaes-
thetics and opioids and support what has been observed clinically; that low
doses of local anaesthetic and opioid can produce good analgesia. The
mechanism of the synergy is not know. It may be that the local anaesthetic,
by reducing the afferent input, is moving the opioid dose-respone to the
right. Clinical observations suggest that chronic infusion of these two drugs
can produce selective blockade, blocking pain fibers while leaving other
sensory input intact. The adverse effects of these two drug classes are dif-
ferent. Epidural local anaesthetics can produce hypotension because of
sympathetic blockade. Epidural opioids can produce delayed respiratory
depression, urinary retention, priritus, nausea and vomiting. The epidural
combination of these two drugs can produce pain relief, and the synergism
between the drug classes offers the potential of effective analgesia at low
doses of the components, minimizing the adverse effects of both. A clear
demonstration of the advantage of the combination of local anaesthetic
and opioid was seen in a comparison of 0.125% bupivacaine in saline,
diamorphine 0.5 mg in 15 ml and diamorphine mixed with 0.125% bupi-
vacaine infused for pain after major gynaecological surgery. The combi-
nation produced significantly superior analgesia to either of its component
alone, without major side effects. Giving the diamorphine intravenously
with epidural bupivacaine was significantly less effective than giving the
same dose epidurally in combination with epidural bupivacaine. Three
strategies in dosage of combination of these drugs are discernible: the low,
the intermediate, and the high. High doses (bupivacaine 0.5% 25 mg/h and
morphine 0.5 mg/h) were used to produce analgesia immediately after up-
per abdominal surgery but a some risk. Lower doses (bupivacaine 0.1% 4
mg/h and morphine 0.4 mg/h) did not provide total pian relief after major
surgery, as thoracotomy. The issue of the minimum effective dose is of
great importance, and unfortunately may have to be defined for partic-
ular circumstances. Topical formulations are useful for needle procedures,
including EMLA, a cream containing an eutecthic mixture of 2 local
anaesthetics (lidocaine 2.5% and prilocaine 2.5%). It is very effective in
numbing the skin and the tissues just underneath the skin. Topical local
anaesthetics can be used in the management of painful cutaneous and
mucosal lesions and as a premedication prior to skin puncture. However,
the depth of the skin which becomes numb is dependent upon how long the
cream is left on. The maximum depth is about six to seven millimeters, af-
ter the cream has been left on the skin for two hours. This medication has
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been successfully used for a number of painful procedures, as bone marrow
aspiration and lumbar puncture; the cream should be applied from 30 min
to 1 hour before the shot or needle procedure [93]. Satisfactory numbing of
the skin occurs 1 hour after application, reaches a maximum at 2 to 3 hours
(1 hour for children less than 3 months), and lasts 1 hours after removal.
EMLA has beeen proven to be safe, with low plasma local anaesthetic
concentration. Mild side effects generally disappear spontaneously within 1
or 2 hours (skin paleness, redness, a changed ability to feel hot or cold,
swelling, itching, and rash). It should not be used in children affected by
a rare condition of congenital or idiopathic methaemoglobinemia, or in
infants under the age of 12 months who are receiving treatment with
methaemoglobin-inducing agents [93].

Neuroleptics

The role of neuroleptic drugs in the management of postoperative pain is
limited. Methotrimeprazine is a proven analgesic and has been useful in
bedridden patients with postoperative pain who experience pain asso-
ciated with anxiety, restlessness or nausea. In this setting, the sedative,
anxiolytic and antiemetic effects of this drug can be highly favourable and
side effects, such as orthostatic hypotension, are less of an issue. Metho-
trimeprazine may be given by continuous SC administration, SC bolus
injection or brief IV infusion (administration over 20-30 minutes). A pru-
dent dosing schedule begins with 5-10 mg every 6 hours or a comparable
dose delivered by infusion, which is gradually increased as needed. Most
patients will not require more than 20-50 mg every 6 hours to gain the
desired effects. Given their potential for serious toxicity and the limited
evidence in support of analgesic efficacy, other neuroleptics should be used
only for the treatment of delirium and nausea.

Benzodiazepines

There is little evidence that benzodiazepines have meaningful analgesic
properties in most clinical circumstances and, indeed, there is some evi-
dence that they may, in some circumstances, antagonize opioid analgesia.
These drugs may play a role in the management of anxiety and muscle
spasm.

Conclusions

Acute and post-operative pain has emerged as an important issue because
ethics aspects and associated morbidity and mortality. Substantial progress
in understanding peripheral, spinal cord and brain mechanisms involved
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in acute post-operative pain continues to be made with important con-
sequences for treatment. The diagnosis and treatment of the cause of acute
pain must always have high priority and post-operative pain management
is an important goal in order to optimise medical care. Improved under-
standing of the pharmacology of the analgesics and the development of
new techniques for analgesic administration have greatly enhanced the
ability of medical doctors to success manage patients in pain. For some
post-operative conditions the success of pharmacological strategies is re-
markable, especially in adult patients. Even for children and adolescent
with the most severe pain early evidence shows that it may be possible to
reduce the impact of pain on the lives of the patients and their families.
More action is necessary. Firstly, more paediatric centres are needed, to
develop specific post-operative pain programmes. Secondly, collaboration
between centres will be necessary to provide large enough samples of
patients with the various pain conditions, considering the lack of data on
this field. Finally, we must considerer that the incidence of post-operative
pain in children is similar to that of adults but that our knowledge of how
to help children cope with acute pain is underdeveloped. The psychological
and physiologic uniqueness of children must not be forgotten. Cooperation
and communication between the anaesthesiologist, surgeon, and paedia-
trician are essential for successful anaesthesia and pain management. The
introduction of acute pain services has been shown to improve post-
operative pain relief, but it is foreseeable that their role should expand and
integrate into general perioperative care (Box 4). For these reasons the al-
leviation of pain and anxiety in post-operative patients is actually a high
priority of all post-operative services and all persons involved in perioper-
ative management of these patients are very much a part of “continuity of
care” concept to obtain effective pain relief.
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