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Valedictory Note
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and friendship. The work of the Editorial Board continues in Bordeaux in
the same tradition, dedicated to academic excellence, professional reliabili
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Franr;ois Cohadon
Editor-in-Chief



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 KrayenbtihI. Thus were established the principles of European co
operation which have been born from the European spirit, flourished in
the European Association, and have throughout been associated with this
series.

The fact that the English language is well on the way to becoming the
international medium at European scientific conferences is a great asset in
terms of mutual understanding. Therefore we have decided to publish all
contributions in English, regardless of the native language of the authors.

All contributions are submitted to the entire editorial board before publi
cation of any volume.

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, furnished by experienced clinicians; in these
articles the authors describe the techniques they employ and explain the
advantages, difficulties and risks involved in the various procedures. This
part is intended primarily to assist young neurosurgeons in their postgraduate
training. However, we are convinced that it will also be useful to experi
enced, fully trained neurosurgeons.

The descriptions of standard operative procedures are a novel feature of
our series. We intend that this section should make available the findings of
European neurosurgeons, published perhaps in less familiar languages, to
neurosurgeons beyond the boundaries of the authors' countries and of
Europe. We will however from time to time bring to the notice of our
European colleagues, operative procedures from colleagues in the United
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States and Japan, who have developed techniques which may now be
regarded as standard. Our aim throughout is to promote contacts among
neurosurgeons in Europe and throughout the world neurosurgical communi
ty in general.

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

The Editors
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4 S. REHNCRONA

Introduction

Currently much interest is focussed on the possibilities for treatment of
neurodegenerative disorders by transplantation of specific transmitter re
leasing cells to the central nervous system. The term "neurodegenerative"
is used to describe disorders characterized by cell loss in the central nervous
system and includes Parkinson's disease, Huntington's disease, Alzheimer's
disease and amyotrophic lateral sclerosis. They all have in common that
their exact etiology and pathogenesis is unknown and that they curtail
both the quality and quantity of life. They often slowly progress to a state
of severe incapacitation of the sufferer with neurological symptoms related
to which specific cell type(s) and neurotransmitter systems are affected.
Since no therapy can be offered against the basic etiologies, the treatment,
if any, is directed towards symptomatic relief (for comprehensive reviews
the reader is referred to CaIne 1994). The exciting progress made by bio
medical science during the last two decades in understanding the basic
mechanisms of growth, behaviour and function of neural transplants in the
mammalian central nervous system has opened the possibility for a differ
ent and, at least in theory, curative therapeutic strategy aiming at repairing
the brain (Dunnett and Bjorklund 1994). The concept may include possi
bilities for either a partial or even total recovery of function by replacement
of lost cell populations to restore specific neurotransmitter systems, neural
circuits or to remyelinate fibers in demyelination disorders.

The clinical application of such a strategy must fulfil certain basic
requirements. First, it must rely upon solid data from cell biology and
experimental research using relevant animal models that mimic the human
disease as closely as possible. Second, neural grafting presumes the loss of
a known specific cell population and not a widespread cell death in the
central nervous system. Third, other therapies must either be lacking or
ineffective. Fourth, there should be a reasonable chance that the graft
remains unaffected by the disease process itself. Fifth, there must be the
means to validate graft survival and function. These criteria are best ful
filled in Parkinson's disease, and most of the experimental as well as virtu
ally all current clinical data pertain to this disease. Therefore, the present
review will focus on the current experience of neural tissue grafting in
Parkinson's disease, and will use this experience as a model for discussing
similar therapeutic strategies in other disorders.

Grafting in Parkinson's Disease

Parkinson's disease is a disorder of movement, the cardinal symptoms
being akinesia, rigidity, postural and gait abnormalities as well as tremor.
The most conspicuous pathophysiological change underlying the disease is
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a loss of neurons in the substantia nigra, pars compacta, with degeneration
of the mesostriatal pathway, leading to a depletion of dopamine releasing
terminals mainly in the striatum and other forebrain regions. Clinical man
ifestation of the disease occurs first when about 50-70% of the nigral
dopamine projections to striatum are lost (e.g. Fearnley and Lees 1994).
Pharmacological treatment with the dopamine precursor L-dopa was
introduced in the 1960s and caused a dramatic improvement of motor
function in most cases. The L-dopa treatment was later combined with
decarboxylase inhibitors and directly acting dopamine receptor agonists.
However, in time it became evident that even if primarily effective the
good response of medication is often only temporary. Thus, after approxi
mately 5-10 years of medical treatment the course of the disease may reach
a complication phase, characterized by severe fluctuations in motor perfor
mance with "on-off" phenomena and more or less severe pharmacological
side-effects.

The classical neurosurgical treatment is to restore the balance between
hyperactive central pathways and those with low activity either by selec
tively placed surgical lesions or, as recently introduced, by deep brain
stimulation. Fifty years ago this treatment even included lesions of the
head of the caudate nucleus and transsections of pallidofugal pathways
while, thalamotomy and pallidotomy still have immediate importance
(Meyers 1942, Browder 1948, Narabayashi et al. 1956, Cooper and Bravo
1958, Svennilson et al. 1960, Laitinen et al. 1992). Most recently, promising
results have been achieved with thalamic and subthalamic electrical stimu
lation techniques using permanently implanted deep brain electrodes
(BenAbid et al. 1991, 1993, Blond et al. 1992). The current clinical experi
ence with brain tissue grafting is too limited to allow any comparisons with
these methods.

Experimental Background

In 1976, experiments demonstrated survival of fetal monoaminergic neurons
transplanted into the rat brain (Bjorklund et al. 1976). Three years later it
was reported that striatal implants of embryonic dopamine rich allografts
from the ventral mesencephalon not only survived but could reverse the
symptoms in rat models of Parkinson's disease (Bjorklund and Stenevi
1979, Perlow et al. 1979). Using the same experimental model, based upon
6-0H-dopamine lesions of the mesostriatal tract in the rat, it was shown
that the graft reinnervated the host brain with formation of synaptic con
tacts (Freund et al. 1985, Mahalik et al. 1985, Clarke et al. 1988b) and
that the reduction in symptoms correlated to a spontaneous release of
dopamine from the grafted cells (Zetterstrom et al. 1986, Strecker et al.
1987). Xenografts from the embryonic human ventral mesencephalon
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transplanted to the adult rat striatum were shown to develop, integrate
and exert functional effects (Brundin et al. 1988, Clarke et al. 1988a). These
results provided the necessary experimental evidence to justify human tri
als. Furthermore, the observations made in rats were soon reproduced in
non-human primate models using either I-methyl-4-phenyl-l,2,3,6-tetra
hydropyridine (MPTP) or 6-0H-dopamine to induce striatal dopamine
depletion mimicking human parkinsonism (Bakay et al. 1985, 1987,
Dunnett and Annett 1991).

At the beginning of the 1980s the adrenal medulla was introduced as an
alternative source of catecholamine-producing graft (Olson et al. 1980,
Freed et al. 1981). A series of experiments both in rodents and in non
human primate models characterized the effects of chromaffin tissue grafts
in striatum-denervated animals (Stromberg et al. 1984, 1985, Freed et al.
1986, Morihisa et al. 1987), indicating a therapeutic potential for auto
transplantation of adrenal chromaffin tissue.

Graft-Host Brain Interactions

The rationale behind clinical brain tissue/cell grafting was originally to
replace dead neurons with new ones to recreate a physiologically well
integrated system. A graft to the brain may, however, exert clinical effects
by several mechanisms working either alone or together:

1. Trophic effects. Grafts may stimulate reinnervation by inducing
sprouting from remaining non-degenerated neuronal sources in the host
brain. Such a mechanism may be mediated by nerve growth factors pro
duced either by the graft or by the host brain in response to the graft
or to the surgical trauma. This possibility presumes a certain amount of
remaining undisturbed host neurons and fibers to sprout from. Due to
progression of cell degeneration, such a mechanism may be assumed to be
only temporary.

2. Micropump-, paracrine or endocrine mechanisms. The transplanted
cells may function like small localized pharmacological factories producing
the specific neurotransmitter(s), that the brain is devoid of. By release
and diffusion (paracrine mechanism) of the transmitter, they might affect
postsynaptic receptors in the same way as medical treatment with receptor
agonists. The principal difference from pharmacological treatment is that
the production of transmitter occurs in the close vicinity of the receptor
sites, with the possibility for a more localized receptor interaction and
fewer side effects from generalized receptor interactions. An endocrine
mechanism, i.e. transportation of the transmitter by the local circulation
from the transplant site to receptor sites in the vicinity, implies remaining
defects in the blood-brain barrier. To have clinical value these possibilities
should include ways of controlling the amount of transmitter released.
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3. Semi-integrated eel/grafts. Ectopically placed grafts that reinnervate
host neurons by synaptic efferent connections. They may receive an affer
ent input, but from other sources than the normal. Nigral cell grafts in the
striatum is an example of this type.

4. Total/y integrated eellgrafts. The grafted cells extend axons as well
as dendritic processes with both efferent and afferent synaptic connections
with host brain cells allowing normal transmission as well as a normal
regulatory input. Since this mechanism affords the most physiological way
of restoration, it seems to be the most attractive. However, in Parkinson's
disease for example complete physiologic integation would imply grafting
to the substantia nigra. Considering the anatomical localization such a
procedure may increase the surgical risk, and the distance for axonal
growth to reach the effector cells needing reinnervation may be too long.

Rationale for the First Clineal Experiments

The first human experiments with grafting to the brain were stimulated
by the findings that dopaminergic fetal cell grafts survived, were integrated
and could improve symptoms in animals with experimentally induced
parkinsonism. Since none of the human neurodegenerative disorders
occurs in animals, the specific aims of the first human trials were to estab
lish if results from animal experiments could be reproduced in brains af
fected with the human disease. First, however, the use of human fetal
material for brain tissue grafting into the brain required thorough ethical
consideration. Second, the risk of immunological rejection of cerebral fetal
grafts had to be assessed. Since none of these questions are pertinent to
autologous transplantation, the first clinical trials were conducted using
chromaffin cell grafts from the patients' own adrenal medulla (Backlund
et al. 1985, Lindvall et al. 1987).

Ethical Considerations

In the case of adrenal autotransplantation only the patient himself is in
volved. The ethical question, therefore, is simple and sets the scientific
value of the trial and the potential beneficial effect for the individual
patient against the possible risks and side effects of the procedure. This
question is not different from other clinical trials of new treatment
strategies.

The use of human embryos as the source of brain cell grafts introduces
other ethical aspects and questions since it, as with other organ donations,
involves other persons. It is of the utmost importance to emphasize that the
question of using the fetal material for clinical (or basic scientific) purposes
only has relevancy and can be raised first after the final decision only on
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the abortion has been taken. The use offetal material should never, ever in
any way influence the decision on abortion per se. Most importantly,
abortions should under no circumstances be regarded as a means to pro
cure material for transplantation purposes. Donation of fetal tissue after
abortions, therefore, does not differ as a matter of principle from other
organ donations from dead donors, and does not relate to the abortion any
more than heart-, liver- or kidney donations relate to the accident or
intracranial hemorrhage that caused the death of the donor. In Sweden we
follow the ethical guidelines as formulated in 1986 by the Swedish Society
for Medicine stating: 1. Material must only be taken from dead fetuses; 2.
The women undergoing abortion must give their informed consent; 3. The
transplantation must not in any way influence how, why, when or where
the abortion is undertaken; 4. There must be no connection between donor
and recipient; 5. The hospital staff must be fully informed.*

The main purposes of these guidelines are to guarantee women their
right of decision and that the abortion procedure is completely unrelated
to the transplantation surgery.

Other ethical aspects concern the potential consequences for the recipi
ent of fetal brain tissue. The risk of transferring an infectious disease is
similar to other organ transplantations and can be avoided by similar
precautions, including preoperative serological tests and sterility during
tissue preparation.

Quite naturally brain cell grafting also brings up the question of trans
fer of personality characteristics. Considering the fact that only small pop
ulations of less or undifferentiated embryonic cell types without any de
veloped cell to cell communicating systems are transplanted, this risk can
be assumed to be nonexsistent. An alteration of the recipient's personality
can, however, not be excluded since a clinical effect of the transplant on the
sufferer's disease may also include an effect on mental changes. If so, the
effect must be regarded as one of the goals of the treatment and not a
complicating side effect.

Preparation of Tissue Grafts

Fetal Tissue

Numerous animal studies have addressed the question of the optimal fetal
donor age. This may vary between different species and depends on which
cell type is to be grafted, and is influenced also by the maturity of the
recipient and whether the graft is prepared as a dissociated cell suspension

*After July 1st 1996 transplantation of human fetal tissues is specifically regulated
in the Swedish Transplantation Law (SFS 1995: 831).
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or in small solid tissue pieces (Freeman et al. 1995). The limits of donor age
seem to differ between dissociated tissue/cell suspension grafts and solid
tissue grafts. In suspension grafts the optimal time period coincides with
the time period when mesencephalic dopamine neurons have developed but
before they start to extend axons to form the nigrostriatal tract. When
small tissue pieces are used for grafting the upper time limit can be some
what extended. The optimal human fetal donor age has been established
by xenotransplantation to the rat and occurs between the 6th to 8th
postconceptional (8th to 10th postmenstrual) weeks, while the upper limit
for solid transplants can be extended by 1-2 weeks (Brundin et al. 1988,
Freeman et al. 1995).

After suction abortion the fetus is dissected under completely sterile
conditions to harvest a piece (1.5-2.0 mm3 ) of the ventral mesencephalon
corresponding to the substantia nigra and containing dopamine neurons
Different methods have then been used to prepare the graft either as disso
ciated cell suspensions after trypsination (Lindvall et al. 1989, Widner
et al. 1992, Henderson et al. 1991) or as solid fragments of the ventral
mesencephalon (Madrazo et al. 1990, Molina et al. 1991, Lopez-Lozano
1991, Spencer et al. 1992).

Autologous Adrenal Medulla

Standard surgical techniques have been used to resect one of the adrenal
glands via either an extraperitoneal (Backlund et al. 1985, Allen et al.
1989, Apuzzo et al. 1990, Goetz et al. 1991) or an intraabdominal ap
proach (Goetz et al. 1991, Kelly et al. 1989, Lopez-Lozano et al. 1991). The
medullary tissue is carefully separated from the adrenal cortex and divided
into small fragments, kept cold and humid, until acutely transplanted into
the patient's brain.

Surgical Techniques

Both stereotactic and open microneurosurgical techniques have been used
to graft either adrenal medullary chromaffin tissue or fetal nervous do
paminergic tissue to the brain.

Stereotactic Techniques

The most widely used neurosurgical techniques for transplantation of
human fetal tissue are stereotactically directed, and guided either by intra
operative CT- or MR-imaging to calculate coordinates for transplantation
sites in the caudate and putamen (Lindvall et al. 1989, Freed et al. 1990,
Spencer et al. 1992, Widner et al. 1992, Peschanski et al. 1994). It has also
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been used for autotransplantation of adrenal medullary tissue (Backlund
et al. 1985, Lindvall et al. 1987, Jiao et al. 1989, Apuzzo et al. 1990, Fazzini
et al. 1991). This technique allows the exact placement of one or multiple
grafts in the different regions of interest including those that are inaccessi
ble to open surgical approaches. The surgery involves only minor trauma
and can be performed under local anesthesia, combined with sedatives if
needed, but also under general anesthesia if motivated by the patient's
condition or wish.

At the University Hospital in Lund, we have used the Leksell stereo
tactic system (Elekta AB, Stockholm, Sweden) and used CT for imaging of
the striatum and planning for 3-7 transplantation sites unilaterally, the
actual yield (from 3 to 7 abortions) of fetal material being taken into
consideration (Fig. 1). CT-scans (2 or 3 mm thick) are produced closely
parallel with the intercommissural line, i.e. the line between the anterior
(AC) and posterior (PC) commissures. Both the caudate nucleus and
putamen are generally easy to delineate, but safety is increased by relating
their margins to AC and PC and by comparisons with preoperatively
obtained MR-images. Two scans, 6-10 mm apart, are used for calculating
pairs of target points, which are chosen so as to cover a maximum volume
of the nuclei with reinnervating grafts. From the obtained stereotactic
coordinates for target points in the two different planes, calculations of the
lines between pairs of target points establish the direction and spherical
angles of each trajectory. With small adjustments of the angles for the
penetrating transplantation cannula all targets in the striatum can be
reached through one single burrhole and a 2-3 mm dural incision. The
brain is penetrated with a specifically designed (Rehncrona) transplanta
tion instrument consJsting of an outer guiding cannula with an blunt
obturator, 22 mm shorter than an inner cannula (outer diameter 1.0 mm)
containing the tissue suspension to be grafted (Fig. 1). Our first two pa
tients were transplanted using an instrument with an outer diameter of 2.5
min, but after the second patient the original instrument was modified and
the diameter reduced to 1.0 mm (Lindvall et al. 1989, 1992).

After advancing the instrument to the target the graft suspension (total
volume 20-22.5 p.L) is slowly injected in 2.5 p.L aliquots during stepwise
retraction of the cannula until the calculated length ofeach transplantation
site (8-14 mm) is reached. A micrometer device is used for retraction
between each deposit and, finally, the instrument is withdrawn from the
brain after a 10 min. waiting period. The instrument is then reloaded with
graft suspension by means of an indwelling tightly fitted piston and the
procedure repeated for each transplantation site(s). Using this technique
the author has now performed 22 transplantation operations (14 patients;
9 bilateral, 5 unilateral) with a total of 116 brain trajectories, without
hemorrhages or any other surgical complication or side effect. In Fig. 2,
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Fig. 1. Stereotactic fetal brain cell transplantation, using the Leksell G-frame
(Elekta AB, Stockholm, Sweden) and the Rehncrona transplantation instrument,
in a patient with idiopathic Parkinson's disease. Local anesthesia. (The Depart-

ment of Neurosurgery, University Hospital, Lund, Sweden)

Fig. 2. Schematic illustration of the placements of human fetal brain grafts (5
transplantation sites in the right putamen and 2 in the caudate nucleus)

unilateral trajectories are schematically illustrated for five transplantation
sites in the putamen and two in the caudate nucleus.

The methods for deposition of the graft material have varied among
different surgeons and centres, including a spot injection of fetal mesen
cephalic cells suspended in 1-2 ml medium from one donor into one target
point in the caudate (Hitchcock et ai. 1991, Henderson et ai. 1991). Others
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have used slow infusions of 30 JlL/target in 10 transplantation sites during
simultaneous withdrawal of the infusion needle (Freed et al. 1990).

<Jpen Aficroneurosurgery

This technique was originally described by Madrazo (1987) and has mainly
been used to place autografts of adrenal medulla in the caudate nucleus
(Goetz et al. 1989, 1990, Kelly et al. 1989, Allen et al. 1989, Lopez-Lozano
et al. 1991, Fazzini et al. 1991) but also for fetal grafts (Madrazo et al.
1990, Molina et al. 1991). Through a routine frontal craniotomy the lateral
ventricle is approached by transcortical dissection. The ventricular border
of the head of the caudate is identified using an operating microscope and
the transplant is placed subependymally after cavitation of the nucleus.
The ependymal border is then closed in such a way that the grafted tissue
remains embedded in the caudate parenchyma but keeps in contact with
the ventricular fluid. Open microneurosurgery was also used in one case to
autotransplant adrenal tissue to the right putamen via a frontotemporal
bone flap and a transinsular approach (Takeuchi et al. 1990). General
anesthesia was used in all cases of open surgical approaches and, rec
ognising the quite extensive surgical trauma, unilateral grafting to the
nondominant side has been preferred.

Human Clinical Trials

Since the first clinical trials were conducted using adrenal chromaffin
tissue, data from autologous tissue grafting (Tables I, 2, and 3) will
be discussed before discussing current published results of fetal tissue
transplantation (Tables 4 and 5).

Autologous Transplantation ofAdrenal Afedulla

The first clinical experiments with transplantation of adrenal medullary
tissue in four patients with Parkinson's disease were done at the Karolinska
Institute, Stockholm, and the University Hospital of Lund, Sweden in 1982
and 1985 respectively (Backlund et al. 1985, Lindvall et al. 1987). A CT
guided stereotactic technique was used to place the grafts either in the head
of the caudate or in the putamen. The reason for changing transplantation
site was the observation of a more severe depletion of striatal dopamine
content in the putamen than in the caudate nucleus in patients with
Parkinson's disease (Nyberg et al. 1983). Surgery was uneventful, but only
minor and transient effects on the symptoms were observed. However,
the preliminary results stimulated Madrazo, Mexico City, to perform
medullary autotransplantation using the open microneurosurgical tech-
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nique as summarized above. His first reported and very dramatic results
released a kind of "tomatoketchup bottle" cascade of worldwide restrained
desires to transplant into the central nervous system. It can be roughly
estimated that about 600 autologous adrenal transplantations were per
formed in the period 1987-1992.

Tables 1 (open surgery) and 2 (stereotactical technique) summarize the
main data from different centres including about 150 published cases. The
exact number is uncertain since several registries are involved and some
of the patients may feature in different reports. Clinical results have been
evaluated using a variety of different scales including local scoring systems,
the Hoehn and Yahr and Schwab-England scales, Unified Parkinson's Dis
ease Rating Scale (UPDRS), Columbia University Rating Scale (CURS),
Northwestern University Disability Scale (NWUDS) as well as different
tests of psychomotor performance. The follow up periods are between 3
and 38 months. The best results using the open technique were reported by
Madrazo et al. (1990), who found good or excellent improvements in about
50% of their (surviving) patients. Similar results were reported by L6pez
Lozano et al. (1991), but both series have high mortality rates (12-15%)
with 5 and 3 surgery related deaths respectively. These results conflict with
the majority of other investigators who found only modest and often only
temporary improvements in some of their patients (Table 1).

The morbidity rate is high in all series, including psychiatric side effects
with prolonged coma, somnolence, psychosis, hallucinations, confusion,
delusions, hypomania and depression as well as direct complications re
lated to the neuro- and abdominal surgical approaches with intracerebral
abscess, intracerebral hemorrhage, cerebral infarction, subdural hygromas,
intercostal artery bleeding, subphrenic abscess, pancreatitis, volvulus and
pneumoma.

The complication rates are by far the highest in the series with open
surgery, but psychiatric side effects (transient paranoia, hallucinations,
vivid dreams and depression) have also been reported after the stereotactic
procedure (e.g. Backlund et al. 1985, Pezzoli et al. 1990, Apuzzo et al. 1990,
Fazzini et al. 1991). The mental disturbances probably relate partly to a
release of different catecholamines from the adrenal graft and partly to the
frontal lobe surgical trauma. Thus, these side effects were in general con
siderably less after stereotactic surgery (Table 2) and similar symptoms
have been noticed after fetal mesencephalic transplantations using the
open surgical technique (Madrazo et al. 1990, Molina et al. 1991) but
not after stereotactic fetal transplantations. Failure to find changes in
lumbar spinal catecholamines after stereotactic adrenal medullary grafting
(Apuzzo et al. 1990) does not disagree since only one patient out of 10 in
that particular series experienced transient psychotic symptoms shortly
after surgery. Furthermore, the symptoms in this patient seemed related
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to pharmacologic treatment and had disappeared at the time for CSF
sampling.

All series of stereotactic adrenal medullary grafting include patients
with some clinical improvements. However, the effects are minor and short
term. Combining medullary grafting with NGF infusion in one patient
may have prolonged the clinical improvement somewhat but long term
follow up data are not reported.

It is unclear if the reported improvements relate to dopamine release
from a surviving graft. First, repeated and long term clinical assessments
before surgery, to compensate for fluctuations in symptomathology, have
seldom been performed. Second, pre- and postsurgical comparisons are
hampered by the fact that pharmacological treatment may have been
changed during the follow up period. Third, and most importantly, there
are no available in vivo data showing graft survival (Guttman et al. 1989).

The information on graft survival, therefore, relies only on autopsy
cases (Table 3). Out of nine reported autopsies only two cases showed signs
of few surviving cells in the grafted tissue, while no surviving cells were
found in seven cases. The two patients with signs of graft survival were
reported not to have any clinical improvements from the procedure, while
improvements (transient in one and sustained in two) were reported in
three out of the seven patients with nonsurviving grafts.

In one of the patients, operated in Mexico City 13 months before dying
from severe complications, autopsy disclosed that the graft was inade
quately placed in the thalamic region on the side contralateral to the
intended caudate nucleus (Forno and Langston 1991).

Transplantation ofHuman Fetal Mesencephalic Tissue

The first human trials were started in 1987 in China, Mexico and Sweden.
At present the exact number of patients operated worldwide is not known
but can be estimated to be between 150-200, i.e. two to three times the
number of published cases. Tables 4 and 5 summarize published results of
77 patients followed at least 6 months and at maximum 46 months after
transplantation. Table 4 gives the data from 33 patients operated on in
Sweden, USA, France and England using stereotactic techniques, while
data from 44 patients who underwent open microneurosurgery in Mexico,
Cuba, Spain and Poland are given in Table 5.

The age of the fetal donors varies quite widely between the different
transplanting centres: from between 6-8th weeks (Lund, Sweden) to
II-19th weeks (Birmingham, England) after conception. Patients operated
on stereotactically have received material from 4-8 fetuses in two of the
surgical centres (Lund, Sweden and Tampa, USA), including patients
grafted bilaterally and both in the putamen and caudate nucleus. In two of
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the centres (Yale, USA and Birmingham, England) fetal material from one
single donor was transplanted routinely to each patient with the caudate
nucleus as the only target. The outer diameters of the different transplant
cannulas used have for most of the cases been close to 1 mm, but a 2.5 mm
instrument was used for the first two operated patients in Lund, and a
cannula diameter of 0.7 mm was used in some of the cases transplanted in
Denver. Sixteen patients received only transplants in the caudate nucleus
(Yale, Birmingham), while the putamen or putamen + caudate was the
main target in 17. Lengths of the transplants have varied between 7-14 mm
except for patients operated in Birmingham, where the grafts have been
injected in a single spot in the caudate (Henderson et al. 1991). All patients
operated with the open microneurosurgical technique have recieved tissue
grafts prepared in small pieces from one single donor and placed in the
caudate nucleus.

The majority of the patients were given immunosuppressive therapy,
except for those operated on by the Birmingham group and some of the
patients operated on in Denver.

No surgical complications and only few and minor adverse effects
(epileptic seizure in one and transient mental disturbance in one patient)
were reported after stereotactic fetal brain cell grafting. However, after
open microneurosurgical grafting more severe side effects of the "frontal
lobe syndrome" type have been noticed in a considerable number of pa
tients by several authors.

Graft Survival

Of crucial importance is to validate the long term survival of grafted tissue
and to correlate this with thorough observations of clinical effects. At
present the only valid in vivo method available is to measure and image the
uptake of (18F)fluorodopa with positron-emission tomography (PET), see
Fig. 3. The uptake of fluorodopa in striatum may depend mainly on three
factors: the number of dopamine terminals in the region; the activity of the
L-aromatic aminoacid decarboxylase enzyme (L-AAAD); the permeability
of the blood-brain barrier. Since grafts to the brain do not change the
L-AAAD activity and the blood-brain barrier is closed shortly after
stereotactic grafting procedures, it can be concluded that changes in
striatal fluorodopa uptake as measured by PET before and after grafting
represent changes in the number of dopamine terminals (for references see
Lindvall 1994b). Therefore, a significant increase in fluorodopa uptake in
the transplantation region above everything is a measure of graft survival,
but may also be sensitive to induced sprouting from remaining endogenous
fibers. The latter possibility cannot be totally ruled out but is less likely
since marked fluorodopa uptake was found after fetal grafting to patients
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Fig. 3. PET-images showing the postengraftment uptake of ( 18F)-fluorodopa in a
patient with MPTP induced severe parkinsonism. The patient was transplanted
bilaterally 3 years before the scanning and detailed clinical as well as complete
pre- and postengraftment PET-data are given elsewhere (Widner et al. 1992, 1993).
The patient received 3 implants in each putamen and one in each caudate nucleus.
Surgery was performed in two sessions with a 14 days interval and material from
3 or 4 human fetuses was used for each side. The two scans clearly visualize the
fluorodopa uptake in individual grafts corresponding to the intended transplanta
tion sites. (PET-scanning was performed at the University of British Columbia,

Vancouver, M.D. Barry Snow)

with MPTP induced parkinsonism (Widner et al. 1993). These patients had
extremely low fluorodopa uptake before transplantation, indicating the
absence of a significant endogenous fibre source for sprouting. Further
more, autopsy of a patient 18 months after fetal cell grafting showed graft
survival with massive fibre extensions as correlated to fluorodopa uptake
on PET, but no signs of host derived axonal sprouting (Kordower 1995).

Only few centres have validated graft survival in humans with Parkin
son's disease. Twelve out of the 77 grafted patients, referred to in Tables 4
and 5, have undergone fluorodopa PET scanning before as well as after
transplantation. In 8 of these cases PET demonstrated a marked increase
in fluorodopa uptake corresponding to the sites of grafting (Lindvall et al.
1990, 1994a, Widner et al. 1993, Peschanski 1994, Snow et al. 1994). The
uptake in one patient was modest (Spencer et al. 1992) and in three
of the patients PET scanning failed to show any significant increase in
fluorodopa uptake after transplantation as compared with the preopera
tive scanning (Lindvall et al. 1989, Freed et al. 1992). Clinical effects in
these four patients seem to have been considerably less conspicuous than
in the patients with markedly increased fluorodopa uptake.

One patient receiving human fetal mesencephalic grafts died from pul
monary embolism 18 months later, unrelated to the transplantation sur-
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gery. Autopsy revealed well preserved viable grafts with outgrowths of
numerous extensions reinnervating gross areas of the striatum (Kordower
et al. 1995). Since earlier PET scanning of the same patient showed in
creased fluorodopa uptake it is tempting to conclude that PET is the
method of choice for estimation of graft survival and growth.

Attempts to estimate graft viability and function by measurements of
monoamine metabolites in the cerebrospinal fluid have been unsuccessful
(Molina et al. 1991).

Clinical Results

Evaluations of and comparisons between different reported results are
difficult since the data given are often incomplete, most series are small and
based on individual case reports, preoperative evaluation periods are often
short and, finally, pharmacological treatment may have been changed at
surgery or during the postoperative follow up period. Such obstacles are
quite natural at the very beginning of a new therapeutic strategy, but
render the evaluation of the clinical value of the procedure in a more
general sense impossible. The largest clinical series operated using a
stereotactic technique is reported from Birmingham (Henderson 1991). All
patients received unilateral grafts to the caudate only. Each graft was
prepared as a tissue suspension in rather big total volumes (ranging from
0.5-2.0 ml) from one single fetal mesencephalon. Of the 12 originally
included patients 9 were available for complete follow up after 1 year. Only
three of these patients showed moderate improvements in motor perfor
mance and an increase in the time spent in "on". Since no estimates of graft
survival were conducted it is impossible to conclude whether the improve
ments reported are results of graft function or not. With respect to the
small number of patients improved and the fact that the mesencephalic
tissue used for grafting had gestational ages above 11 weeks it seems highly
unlikely that the transplantation method used resulted in surviving, do
pamine producing and pysiologically integrated grafts.

Three transplanting centres (Lund, Tampa and Paris) have reported
PET-scan data that clearly indicate graft survival (Lindvall et al. 1990,
1994a, Widner et al. 1992, 1993, Jacques et al. 1994, Peschanski et al. 1994).
The clinical follow up evaluations of these patients have shown moderate
and marked improvements in motor performance, increased time spent in
"on", decreased rigidity and bradykinesia and a decrease in L-dopa pro
voked dyskinesias (see Table 4). The effect on tremor is however unclear
since none of the patients transplanted had any obvious tremor symptoms
prior to (or after) surgery.

The first two patients operated at the University Hospital in Lund
(putamen and caudate unilaterally), showed only a possible, butinsignifi-
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cant uptake of fluorodopa on postoperative PET scanning (Lindvall et al.
1989). A similar result was reported from the group at Yale University,
using cryopreserved tissue fragments from one fetus for transplantation to
the caudate nucleus unilaterally (Spencer et al. 1992). Clinically these pa
tients only showed modest improvements in motor performance and in
some symptoms. Taken together the data of these three patients indicate a
graft effect, but insufficient number of surviving cells to give improvements
of therapeutic value.

Relating the different clinical neurologic results to the PET evaluations
of individual cases, it can be concluded that there is a correlation between
fluorodopa uptake and the clinical functional effects of human fetal
mesencephalic grafts.

The reports on patients receiving fetal transplants in the caudate nu
cleus using the open surgical approach (Table 5) all describe modest or
moderate clinical improvements but none of the authors have verified
transplant survival. It is, therefore, impossible to conclude whether the
reported effects are due to function of the graft or relate to some other
(unknown) mechanism.

Transplantation ofOther Dopamine Cells

Since some aspects of transplantation of fetal material are and will remain
controversial and the source is limited, other possibilities for grafting to
the central nervous tissue are being explored. These include cells that are
genetically modified to produce dopamine, chromaffin cells from the supe
rior cervical ganglion as an alternative to adrenal medullary tissue and,
finally xenotransplants of dopaminergic neurons prepared from animals.

Rapid advances in molecular and cell biology have opened the possibil
ity of altering cell function by gene transfer. The genetically modified cells
are able to express the function of the transgene and fibroblasts modified
to produce L-dopa or dopamine have been characterized and grafted to
experimental animals (Horellou et al. 1990a, 1990b, Kawaja et al. 1991,
Fisher et al. 1991). However many questions remain to be answered before
this technique is ready to be tested in human trials (Gage et al. 1991).

Autotransplants of the superior cervical ganglion into the caudate nu
cleus of monkeys were shown to ameliorate MPTP induced Parkinsonism
(Itakura et al. 1988, Nakai et al. 1990). Since a sympathetic ganglion
contains both norepinephrine- and dopamine producing cells the mecha
nism may be similar to the experimental effects found with adrenal
medullary grafts. The authors speculate that ganglion cells might be more
capable of extending axons into the brain parenchyma, but the method has
not been used in humans. Furthermore, resection of the superior cervical
ganglion is complicated by Horner's syndrome.
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Two weeks before completion of the present review it was reported that
the first clinical experiment with xenografting using pig-derived dopamine
producing brain cells to a patient with Parkinson's disease had been
performed in Boston (Schumacher, Isacson, Personal communication).
Even if xenotransplantation to the human brain must raise a lot of new
ethical questions the result of this experiment is interesting and there is
no doubt that xenografts in animals with experimental parkinsonism are
functional (see above).

Brain Cell/Tissue Transplantation in Other Diseases

Stimulated by the first reports of clinical grafting in Parkinson's disease,
less well founded, and premature, human experiments with brain tissue
grafting were instituted to treat psychiatric disorders. On a disputable
scientific basis and without clinical justification two patients with schizo
phrenia were bilaterally implanted with human embryonic brain tissue in
the septal area (Kolarik et al. 1990). Psychiatric follow up and evaluations
of these patients as well as of patients receiving grafts for Alzheimer's
disease and posttraumatic brain atrophy by the same group, failed to show
any success and the authors warn against excessive publicity and optimistic
appraisal of the procedure (Starkova et al. 1991). There should be no
controversy about this concluding warning and it should be thoroughly
emphasized that human experiments with grafting to the central nervous
system must be preceded by and rely on solid scientific data and methods.

Huntington's chorea is a genetic disease transmitted by a single auto
somal dominant gene. It is characterized by progressive degeneration of
neurons mainly in the striatum, ventrolateral thalamus, and brain stem
as well as in the cortex (Lange et al. 1976). The involvement of striatal
neurons and their projections to pallidum and substantia nigra leads also
to cell loss and atrophy in these areas, probably due to the loss of afferent
pathways. The exact pathogenic mechanism(s) underlying the disease are
unknown and no effective treatment is available. Clinically, Huntington's
disease leads to severe involuntary movements (chorea) and dementia,
before death within 10-15' years after onset. Most animal models of the
disease are based on excitotoxic lesioning of the striatum using either
kainic or ibotenic acids (Coyle and Schwartz 1983). Fetal striatal grafts
implanted in rat striatum have been shown to reinnervate the host globus
pallidus, entopeduncular nucleus and substantia nigra and, also to be
innervated by host derived afferent nerve fibers (e.g. Wictorin et al. 1989).
Furthermore, striatal implants have functional effects both on behavioral
deficits and at least on some of the motor disturbances in similar models
(for reviews see Dunnett 1990, Dunnett and Svendsen 1993).

Two publications describe clinical experiments with implants prepared
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from fetal striatum in Huntington patients. The authors have used either a
stereotactic technique (Sramka et al. 1992) or open surgery (Madrazo
1993) to place grafts either bi- or unilaterally in the caudate nucleus. None
of these works give any evidences of graft survival or graft-induced clinical
effects.

Alzheimer's disease is a neurodegenerative disorder with a more diffuse
and generalized loss of cells with projections covering widespread areas.
Cholinergic neuronal transmission in forebrain regions is especially af
fected, with reduction in choline acetyltransferase activity as well as cell
loss in cortical areas and hippocampus (Frances et al. 1985, Katzman 1986);
serotoninergic and noradrenergic systems are also involved (Bondareff et
al. 1982, Yamamoto et al. 1985). Research aiming at repairing cell loss for
restitution particularly of cholinergic transmission is hampered by a lack
of adequate experimental models mimicking the disease; aged animals are
aged and do not have Alzheimer's disease. At present interest in new
therapeutic strategies for Alzheimer's disease centres on the administration
of nerve growth factors into the central nervous system, and at least one
clinical experiment with intracranial NGF infusion has recently been per
formed (Hefti and Schneider 1991, Olson 1993, Seiger et al. 1993). This
research is, however, beyond the scope of this review.

Discussion and Perspectives

The brain transplantation paradigm aims at repairing the brain by replace
ment oflost cells to reanimate lost neurological functions. At least theoreti
cally, it may be the only curative therapeutic strategy in many disorders
involving brain cell loss.

The present clinical experience of transplantation to the human brain
comes almost exclusively from trials with Parkinson's disease using either
autologous adrenal tissue or allografts of fetal dopamine producing cells
from the ventral mesencephalon. It is, therefore, pertinent first to discuss
mechanisms of graft function and compare the different types of grafts
before discussing methodological aspects and, finally, possibilities for fu
ture developments and applications.

Functional Interactions Between Grafts and Host Brain: Fetal
Mesencephalic Versus Adrenal Tissue Grafts

Since the majority of adrenal medullary and fetal brain transplantations
were performed with different surgical techniques the results do not lend
themselves to direct comparisons. Most adrenal grafts have been placed in
the head of the caudate nucleus due to the fact that other striatal regions
are inaccessible to open surgery without taking unjustified surgical risks.
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The main target for stereotactic fetal transplantations has instead been
the putamen supplemented with grafts to the head of the caudate nucleus.
The basic principal difference between fetal brain tissue and adreno
medullary grafts is that the former, by its neuronal origin, has the capacity
to be better physiologically integrated in the neuronal circuits of the
host brain and to display specific synaptic dopamine release. Chromaffin
cells from the adrenal medulla may certainly transform into a more
noradrenergic neuronal phenotype if isolated from the influence of adrenal
corticosteroids (Olson 1970) but integration with host brain neurons is
less obvious. Thus autopsies of patients after adrenal medullary trans
plantation have failed to give evidences for graft integration (see above).
Furthermore, the release of adrenomedullary catecholamines is less specific
and includes both adrenalin and noradrenalin together with dopamine.
Therefore, an effect, if any, of adrenomedullary grafts is more likely to be
mediated by non-synaptic catecholamine release and simple transmitter
diffusion.

Both types of grafts have in common the possibility to induce sprouting
from host neurons (Bankiewicz et al. 1990, Plunkett et al. 1990). Even if
the occurrence of such trophic mechanisms hardly can be excluded, clinical
results with fetal grafting do not favour this hypothesis. Thus PET using
fluorodopa as a tracer, showed massive uptake in caudoputaminal trans
plantation sites in patients with MPTP-induced parkinsonism despite a
close to complete loss of dopaminergic innervation before grafting (see
above). The possibility that the surgical trauma induces sprouting in pa
tients with idiopathic Parkinson's disease seems less likely since we found
better clinical effects and substantially increased fluorodopa uptake on
PET using a smaller and less traumatic implantation instrument. Finally,
no signs of sprouting from host neurons were found on autopsy in a
patient with massive reinnervation of the striatum from fetal mesencephalic
grafts (Kordower et al. 1995).

The most dramatic clinical improvements after adrenal grafting were
reported by Madrazo, who found good and moderate overall effects on
rigidity, bradykinesia, posture as well as gait in about half of his series
of patients available for follow up (34 out of 42) (Madrazo 1990). Similar
results were reported by Lopez-Lozano (Lopez-Lozano et al. 1991) and
the "Hispanic Registry of Graft Procedures for Parkinson's Disease"
(Madrazo 1989). Taken together, however, the mortality was well above
10% with a very high morbidity rate in these series.

Other series (a total of 61 patients) as summerized by Goetz et al.
(1990,1991) and alanow et al. (1990), including both stereotactic and open
surgical procedures, show considerably less marked clinical improvements.
They report a moderate increase of the time spent in "on" and reduction of
some symptoms in the "off-phase" as the main findings. Also these series
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show a high mortality rate, with 10% surgery related deaths and, a high
incidence of persistent morbidity, e.g. above 20% persistent psychiatric
morbidity two years after surgery.

Even if mild, transient and sporadic it seems clear that adrenal trans
plants to the Parkinsonian brain may induce improvements. Since none of
the groups have been able to present any evidence for long term survival of
the grafts in vivo, or correlation between cell survival upon autopsy and
clinical effects, it must be concluded that reported improvements must
relate to other mechanisms than those originally intended. Thus, the acute,
but modest and transient effects in the patients operated on by Backlund
(Lindvall et al. 1987) may be explained by diffuse release of dopamine and
other amines by dying and disintegrating adrenal cells. By the same token
some of the acute effects of open microneurosurgical transplantation may
be explained, but not the more persistent improvements seen in some cases.
Since for about fifty years neurosurgeons have used various central lesions
to treat Parkinsonian symptoms, and the Madrazo technique is quite trau
matic to the brain, it is tempting to conclude that similar mechanisms
may be operating (cf. Meyers 1942, Browder 1948).

Whatever may be the mechanism behind the reported clinical effects of
adrenal autografting, it seems clear that improvements are small and do
not justify the high risks for mortality, morbidity and side effects of the
procedure.

Several groups working with human fetal brain grafts have reported
clear and marked clinical improvements. There is strong evidence that
these clinical effects are due to surviving and functioning grafts. First,
graft survival has been established with PET in at least 9 patients (out of
12 investigated). Second, the clinical effects typically start and can be
assessed around 3-4 months after surgery and the time course of improve
ments parallel the increase in fluorodopa uptake on PET. Third, the time
course of clinical improvement also follows the expected time course as
compared to the development and integration of fetal grafts in experimen
tal animals. Fourth, the improvement of motor performance in patients
with idiopathic Parkinson's disease transplanted unilaterally is most marked
on the side contralateral to the transplant. Fifth, long term follow up (36
months) has shown stable fluorodopa uptake in the grafted regions and
persistent clinical effects. Sixth, as recently reported, neuropathological
examination demonstrated the survival of fetal brain grafts in a patient
who died from unrelated causes (Kordower et al. 1995).

Methodological Aspects on Fetal Brain Tissue Grafting

Different methods have been used for grafting by different research groups.
Unfortunately only few of the groups have studied and verified survival of
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the grafts and, therefore, detailed comparisons between the techniques are
difficult. However some tentative conclusions can be drawn. With respect
to the increased risks and the limitations of possible target sites for
grafting, there should be no justification to use the open surgical approach.
In fact the experience with stereotactical placements of grafts points to an
inverse relationship between the diameter of the transplantation instru
ment on one hand and the clinical effect and PET results on the other,
indicating a negative effect of tissue trauma. Thus, results improved after
the diameter of the cannula was reduced from 2.5 mm to 1.0 mm after
patient number 2 in our series. Probably the increased tissue trauma
inflicted by a larger instrument induces an increased and perhaps deleteri
ous inflammatory reaction (cf. Brundin et al. 1989). However, other meth
odological changes may be of equal importance. The cell medium used for
our first two transplantations was an unbuffered saline-glucose solution
rendering the fetal tissue suspension acidotic (a fall in pH to below 6.0)
presumably due to anaerobic glycolysis (Rehncrona, Unpublished obser
vation). This medium was exchanged for a buffered and pH-stable Hank's
solution. Furthermore, the time lapse between abortions and transplanta
tion was decreased by 2-3 hours and the mechanical dissociation of the
tissue to be grafted was done immediately before implantation.

As recently emphasized by Lindvall (1994b) none of the patients
receiving human fetal dopaminergic transplants has been cured from
Parkinson's disease despite demonstrations of graft survival. The clinical
therapeutic effects reported in the patients with PET-verified graft survival
are still incomplete and methodological improvements have to be made
before the procedure can be used as a clinical routine. There are several
possible reasons for ineffective therapeutic results: 1. The population of
surviving grafted cells in the host brain may be too small; 2. Reinnervation
by graft derived extensions may not cover enough of the tissue volume to
be reinnervated; 3. The pathogenic factor(s) causing Parkinson's disease
may also affect the grafted cells and prevent their development; 4. Grafts
to more targets than the putamen and caudate alone, might be necessary
for more than partial clinical effects.

In view of the fact that 70% or more of the normal innervation to
striatum must be lost before clinical symptoms of the disease become
obvious a 30% reinnervation of striatum by grafts should be enough to
give significant clinical improvements. Estimates from experiments with
human fetal grafts to the rat indicate that only 5-10% of the original yield
of dopaminergic cells survive and develop in the recipient's brain after
transplantation (Frodl et al. 1994, Lindvall 1994b). The real cell survival
rate after grafting to the human brain is unknown, but the experimental
figures are corroborated by autopsy findings (Thomas B. Freeman, Per
sonal communication). Thus, combined grafts from at least three embryos
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should be enough to compensate for unilateral cell loss in Parkinson's
disease. Therefore, other explanations for incomplete recovery should be
sought in respect to those centres using material from 3 or more fetuses
for unilateral transplantation, while the modest or absent effects reported
from other groups may be explained by the fact that material from only
one or maximally two fetal mesencephalons was used.

Graft derived extensions may grow 2-7 mm to reinnervate the host
brain tissue and graft deposits separated by 5 mm may therefore provide
confluent innervation (Kordower et al. 1995). The density of reinnervation
is best in close vicinity to the graft and sparse in the periphery (cf. Fig. 3).
Considering the anatomical geometry of the striatum none of the trans
plantation techniques used may give a total and uniform reinnervation,
which may be a prerequisite for an optimal clinical effect.

Since the etiology of idiopathic Parkinson's disease is unknown and cell
degeneration progressive it could not be excluded that pathogenic factors
also may affect transplanted dopaminergic neurons. In order to elucidate
this possibility we decided to perform only unilateral transplantations in
two of our first patients with idiopathic Parkinson's disease to be able to
compare the transplanted with the non-transplanted side on long term
follow up (Lindvall et al. 1994). Repeated PET scanning of these patients
during a three year follow up period showed a progressive increase in
fluorodopa uptake to stable levels in the grafted putamen. At the same
time there was a fall in tracer uptake in the corresponding regions on the
contralateral non-transplanted side (Fig. 4). These data give evidence for
long term survival of fetal mesencephalic grafts despite progression of the
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Fig. 4. Putaminal changes in ( 18 F)-fluorodopa uptake in two patients (numbers 3
and 4 in our own series) with idiopathic Parkinson's disease after unilateral fetal
transplantation. For comparisons the normal mean value and -2SD is given for 17
normal subjects. In both patients the sequentially performed PET scans show a
progressive and stable increase in fluorodopa uptake in the transplanted side
(unfilled bars), while there is a decrease at the same time in the corresponding but

not transplanted putamen (filled bars). Data from Lindvall et al. 1994a
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disease with ongoing degeneration of the patient's "own" dopaminergic
system. These data indicate that the grafted tissue remains unaffected by,
or is less sensitive to the disease process and it may be speculated that
differences in genetic codes between the cells of the parkinsonian brain
and the transplanted cells might be responsible. If so, genetic factors
together with other extrinsic-factors may be involved in the pathogenesis
of Parkinson's disease.

Finally, even if the main pathophysiological changes in Parkinson's
disease affect substantia nigra and its dopaminergic innervation of the
striatum, other areas such as locus coeruleus, ventral tegmentum, nucleus
basalis and the raphe nuclei may also be involved (Gaspar and Gray
1984, Jellinger 1987 a and b). Therefore, even a complete dopaminergic
reinnervation of the striatum by the transplant may not be enough to cure
all symptoms.

Will Transplantation be a Future Neurosurgical Routine in the
Treatment of Parkinson's Disease?

As emphasized above the data on adrenal autografting give no scientific
basis for any further clinical experiments with transplantation of chro
maffin cells. Evidences for symptomatic therapeutic effects due to graft
host interactions are few and the evidences for long term graft survival are
nonexistent.

On the other hand, fetal mesencephalic grafts clearly survive, integrate
and may exert clinical effects of undisputable therapeutic value for extended
time periods. However, even if promising, the reported effects are far from
optimal and further research with clinical trials on selected patient groups
in parallel with experimental research is needed before the technique can be
used as a routine neurosurgical procedure. The main scientific issues perti
nent to the development of transplantation into a future clinically useful
therapy for Parkinson's disease are: to increase the survival of grafted
neurons; to modify the surgical technique in order to induce a more homo
geneous and complete dopaminergic reinnervation; to study possibilities
for long term preservation ofcells and tissues for later grafting and; finally,
to explore other suitable sources for grafting than fetal tissue.

The reason why about 90% of the original yield of fetal dopamine cells
is lost after the grafting procedure is unclear. The low survival rate of
grafted cells necessitates that material from at least 3 fetuses is needed
for unilateral transplantation with currently used techniques. This consti
tutes a serious limit to general clinical use of the method to treat extended
groups of patients. Ongoing experimental studies aiming at increasing cell
survival include the use of free-radical scavengers of the lazaroid type
(Nakao et al. 1994) and administration of neurotrophic factors either as an
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addition to the cell suspension or directly into the grafted striatum (Mayer
et al. 1993). Others have emphasized the importance of minimizing tissue
trauma and inflammation by using microinjection techniques (Nikkah et
al. 1994).

From the practical point of view preservation of fetal tissue/cells for
later transplantation should be of great value in the neurosurgical practice.
However, clinical results with cryopreserved tissue have given inferior
results as compared with freshly obtained grafts (Redmond et al. 1990;
Kordower 1995).

Experimental results on hibernation of human fetal material are prom
ising and preservation of tissue at 4 °C for at least 3 days showed graft
survival similar to acute grafting (Sauer and Brundin 1991). This observa
tion may have a definite practical implication. If hibernation of the tissue
can be prolonged to more than a week with undisturbed cell survival this
will allow harvesting of fetal material over several days and also the trans
port of transplantation material.

Since the use of human fetal material is and will be limited and may
remain a controversial issue it is important to explore other sources for
future transplantations into the central nervous system. Such an alternative
source may be cells that are genetically modified to produce and release
dopamine. Thus, genetically modified cell lines from primary fibroblasts
and myoblasts expressing tyrosine hydroxylase were shown to partially
reverse some of the effects of striatal denervation in rats (Horellou et al.
1990b, Jiao et al. 1993, Anton et al. 1994). The stability of the inserted
transgene, long-term effects, and the capacity for these cells to integrate
in the new host brain to restore a well-regulated neuronal type of circuits
are however still unknown and remain to be settled.

Future Transplantation Therapy in Other Neurologic Disorders

Brain tissue and cell loss due to trauma or vascular disease has stimulated
several researches to devote some effort to studying the behaviour of tissue
grafts in focal lesions. In 1983 Labbe and collaborators found amelioration
of learning deficits in rats after cavitation of the prefrontal cortex and
subsequent grafting with fetal frontal cortex (Labbe et al. 1983). The effect
was only transient and, since similar effects were described also after glial
cell grafting some acute trophic action of the procedure may be the under
lying mechanism (Kesslak et al. 1986). Survival of fetal neocortical grafts
transplanted to infarcted areas in rat models of focal ischemia was also
demonstrated (Hadani et al. 1987, Mampalan et al. 1988, Grabowski
et al. 1995) and hippocampal grafts may integrate structurally after global
ischemic lesions (Tonder et al. 1989). From experiments with middle cere
bral occlusions it seems clear that afferent connections from host neurons
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can innervate the graft but efferent connections from grafted neurons are
less obvious (Grabowski et al. 1992, Grabowski et al. 1995). Functional
clinical effects of grafts to the ischemically lesioned brain have not yet been
demonstrated and a possibility for future transplantation therapy after
stroke is still only a matter of speculation.

Most brain cell grafting procedures and experiments have centered
around neuronal grafting. However, the very promising results with glial
cell grafting should be emphasized. This research aims at remyelinating
fibres to reanimate function in demyelination disorders like multiple
sclerosis (MS), adrenoleucodystrophy (ALD) and adrenomyeloneuropathy
(AMN). Transplanted oligodendrocytes have been shown to remyelinate
widespread areas of demyelinated fibers in lysolecithin and X-ray induced
focal lesions as well as in mutant mice, rats and dogs (Blakemore and
Franklin 1991, Baron-Van Evercooren 1992, Duncan et al. 1992, Tontsch
et al. 1994). 01igodendrocytes injected into the spinal cord may migrate
quite long distances to exert their effect and, recently improvement in
nerve fibre conduction time was demonstrated in fibres remyelinated in this
way (Utzschneider 1994). These data strongly favour the possibility of
future glial cell transplantation therapy in these currently intractable and
devastating disorders.

General Conclusions

Of greatest importance is the central fact that neural transplantation to the
human central nervous system is possible and that grafts can integrate,
survive and improve lost neurological functions for extended time periods.
Therefore, the concept of central nervous transplantation to treat severe
and intractable disorders should no longer be regarded as wishful think
ing, but a reality with great future clinical potential. At present, available
data clearly show that tissue taken from aborted human fetuses has this
capacity. This does not however mean that other sources are or should be
excluded. On the contrary the development of clinically useful transplanta
tion therapies in a general sense probably must rely on other sources than
acutely aborted fetuses.

It should be thoroughly emphasized that current clinical data pertain
only to Parkinson's disease, with MPTP-induced parkinsonism as a bridge
between experimental and clinical research, and that this experience cannot
be directly transferred to other disorders. Thus, methods and surgical
techniques have to be modified and scientifically tested in order to suit
other clinical disorders. It should also be pointed out that only small series
of grafted patients with Parkinson's disease have been published and few
of them include complete follow up data with validation of graft survival.
None of these series demonstrate any patient that is cured from the disease



36 S. REHNCRONA

and relatively few with major recovery. Therefore, clinical transplantation
as a routine therapy even in Parkinson's disease still has to wait further
scientific progress and developments to optimize the technique.

Of other disorders discussed here, Huntington's disease and demyelina
tion disorders seem to be close to qualifying as candidates for clinical
trials. In such future trials it is of incontrovertible importance to learn from
the experiences with the earlier transplantation trials, and base all steps
to be taken on solid scientific data, and to concentrate the efforts in
centres with neurosurgical experience of neurotransplantation, facilities
for thorough clinical follow up and validation as well as facilities for basic
transplantation research. The desire to be able to write "for the first time"
must not be the main objective of human trials.
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Editorial Comment

One aspect of possible development in this field has not been covered: that is the
transplantation of cells genetically engineered to produce neurotrophic factors.
To avoid immune rejection, these cells can be encapsulated in a polymer. The
implanted cells are surrounded by a biocompatible semipermeable membrane
permissive to passage of oxygen, nutrients, electrolytes and cell products, but
restrictive to transport of the larger agents of the body's immune defense system.
Cell lines offer several advantages for potential clinical uses. They can be banked,
screened prior to transplantation for the presence of pathogens and efficiently
enginereed to express and release neurotrophic factors using recombinant DNA
technologies. Transplantation of cells isolated within a permselective polymer
capsule restricts cell growth to the capsule space and protects them from immune
destruction while allowing exchange of molecules between the entrapped cells and
host tissue. In the event of capsule breakage, cells from a xenogenic origin are
rejected by the host immune system.

The transplantation of genetically engineered cells is an active domain of
research and clinical applications are already in view.

The Editors
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Summary

The physicochemical properties of water enable it to act as a solvent for electro
lytes, and to influence the molecular configuration and hence the function
enzymatic in particular-of polypeptide chains in biological systems. The associa
tion of water with electrolytes determines the osmotic regulation of cell volume
and allows the establishment of the transmembrane ion concentration gradients
that underlie nerve excitation and impulse conduction.

Fluid in the central nervous system is distributed in the intracellular and
extracellular spaces (ICS, ECS) of the brain parenchyma, the cerebrospinal fluid,
and the vascular compartment-the brain capillaries and small arteries and veins.
Regulated exchange of fluid between these various compartments occurs at the
blood-brain barrier (BBB), and at the ventricular ependyma and choroid plexus,
and, on the brain surface, at the pia mater. The normal BBB is relatively perme
able to water, but considerably less so to ions, including the principal electrolytes.
Brain fluid regulation takes place within the context of systemic fluid volume con
trol, which depends on the mutual interaction of osmo-, volume-, and pressure
receptors in the hypothalamus, heart and kidney, hormones such as vasopressin,
renin-angiotensin, aldosterone, atriopeptins, and digitalis-like immunoreactive
substance, and their respective sites of action. Evidence for specific transport
capabilities of the cerebral capillary endothelium, for example high Na+K+
ATPase activity and the presence at the abluminal surface of a Na+- H+ anti-
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porter, suggests that cerebral microvessels playa more active part in brain volume
regulation and ion homoeostasis than do capillaries in other vascular beds. The
nonnal brain ECS amounts to 12-19% of brain volume, and is markedly reduced
in anoxia, ischaemia, metabolic poisoning, spreading depression, and conven
tional procedures for histological fixation. The asymmetrical distributions of Na+,
K+ and Ca2+ between ICS and ECS underlie the roles of these cations in nerve
excitation and conduction, and in signal transduction. The relatively large volume
of the CSF, and extensive diffusional exchange of many substances between brain
ECS and CSF, augment the ion-homoeostasing capacity of the ECS. The choroid
plexus, in addition to secreting CSF principally by biochemical mechanisms (there
is an additional small component from the extracellular fluid), actively transports
some substances from the blood (e.g. nucleotides and ascorbic acid), and actively
removes others from the CSF. In contrast with CSF secretion, CSF reabsorption
is principally a biomechanical process, passively dependent on the CSF-dural sinus
pressure gradient.

Pathological increases in intracranial water content imply development of an
intracranial mass lesion. The additional water may be distributed diffusely within
the brain parenchyma as brain oedema, as a cyst, or as an increase in ventricular
volume due to hydrocephalus. Brain oedema is classified on the basis of patho
physiology into four categories, vasogenic, cytotoxic, osmotic and hydrostatic.
The clinical conditions in which brain oedema presents the greatest problems
are tumour, ischaemia, and head injury. Peritumoural oedema is predominantly
vasogenic and related to BBB dysfunction. Ischaemic oedema is initially cytotoxic,
with a shift of Na+ and Cl- ions from ECS to ICS, followed by osmotically
obliged water; this shift can be detected by diffusion-weighted MRI. Later in the
evolution of an ischaemic lesion the oedema becomes vasogenic, with disruption
of the BBB. Recent imaging studies in patients with head injury suggest that the
development of traumatic brain oedema may follow a biphasic time course similar
to that of ischaemic oedema. Hydrocephalus is associated in the great majority of
cases with an obstruction to the circulation or drainage of CSF, or, occasionally,
with overproduction of CSF by a choroid plexus papilloma. In either case, the
consequence is a rise in intracranial pressure (ICP) due to increased ventricular
volume. Ex vacuo hydrocephalus is a consequence of atrophy and does not dis
turb ICP; the same applies to some intracranial cysts, whereas those arachnoid or
neuroepithelial cysts which do not have free communication in both directions
with the CSF may cause rises in ICP. Intratumoral cysts resulting from necrosis or
liquefaction within the tumour will usually also behave as mass lesions.

Introduction

Water constitutes a major proportion of brain tissue mass, and under
pathological conditions increase of brain water may occur as brain
oedema. Although greatly subdued at the present time, the spectre of brain
oedema still looms in the background of neurosurgical management as one
of the space-occuping lesions. Like tumours, haematomas, abscesses, cysts,
and hydrocephalus, it may raise intracranial pressure or cause herniation
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of the brain. Moreover, brain oedema often accompanies these lesions,
greatly contributing to their mass effect. In conditions such as brain
trauma and infarction, however, brain oedema may even be the main
space-occupying component.

Not only at the bedside, in which brain oedema may be responsible for
obtundation and increasing neurological impairment, but also during op
eration and in conjunction with vasoparalysis, brain oedema may present
itself as acute brain swelling. This is a dramatic condition in which the
brain fills up all available space needed for surgical manoeuvring; the brain
may protrude massively through the craniotomy opening, eventually pre
venting closure of the dura, replacement of the bone flap or even closure of
the skin.

It is because of the potential of the brain to swell through water accu
mulation, that the physiology of brain water and of its disturbances is
important for neurosurgery.

Brain Water, its Origin and Significance

Brain water, as all other forms of tissue water, should be regarded as a
structural constituent of the tissue, pertinent to tissue function and integ
rity. To seek the origin of tissue water one must go back in evolutionary
history, even beyond the origin of tissues and multicellular organisms, to
the very beginnings of the cell itself, in which water constitutes an essential
component of its protoplasm. Undoubtedly one will come upon the prop
erties of water, as these determine what Henderson (1913) referred to as the
"fitness" of an aqueous environment to play an essential role in the genesis
and evolution of life.

A primary function of water is that of a solvent for many substances
involved in cell physiology. In many respects it is an exceptional solvent.
By its molecular mass, water should be a gas under terrestrial conditions,
such as CO2 or H 2 S. However, in the water molecule the oxygen atom
exerts a strong attraction upon electrons of the hydrogen atoms, providing
the oxygen atom with a negative and the hydrogen atoms with a positive
charge. This results in the formation of "hydrogen bonds" between the
hydrogens and oxygens of adjoining water molecules, thus composing a
polymeric network which is so tight, that the boiling point of water is high
in comparison to that of substances of similar molecular mass (Fig. 1). An
example of such a substance is H 2 S in which no hydrogen bonds are
formed as the S atom does not exert such a strong attraction upon the
electrons of the hydrogen atoms. Moreover, water molecules can form
hydrogen bonds to -OH, - NH, and -SH groups of other organic
molecules, which thus may become soluble in water (Back 1993).

The asymmetrical distribution of positive and negative electrical
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Fig. 1. Water molecules forming polymeric network by hydrogen bonds

charges in the water molecule results in a large dipole moment and a high
dielectric constant, which facilitates the dissociation of soluble ionisable
groups, both organic like -COOH and -NH z and inorganic, and op
poses the reassociation of ions of opposite charge. It is by the solution and
ionization of inorganic salts such as those of Na+, K +, Ca++, Mg++ , Cl
and HC03" ions that the conductance of electricity becomes possible, a
prerequisite for nerve conduction and excitation. It also allows the osmolar
coupling of the predominant ions Na+, K+ and Cl- to water volume,
constituting the basis of cell volume regulation, fluid secretion, and sys
temic fluid volume regulation.

For proteins in solution, hydrogen bonds between hydrophilic groups
of their amino acid residues are among the forces which determine the way
a protein's polypeptide chain will fold into the protein's so-called tertiary
structure. Other forces which determine the tertiary structure of proteins
are hydrophobic interactions. As pure hydrocarbon chains cannot form
hydrogen bonds with water, hydrophobic amino acid residues of proteins
tend to avoid contact with water molecules by self-aggregation. The ter
tiary structure of a protein in solution is pertinent to the protein's function
as it determines the way in which the active site of an enzyme or the ligand
binding site of a receptor is spatially presented. In the cleft of an enzyme
molecule giving access to its active site, removal of water molecules
surrounding a substrate molecule may favour reactions that involve a
hydrophobic environment (Wolfenden 1983). Hydrophobic interaction
also explains why the hydrophobic domains of certain proteins (e.g. trans
porters, ion channels and receptors) tend to be located within the lipid
membrane, thus anchoring the protein in its strategic position (Fig. 16).

As a result of the small size of its molecules (0.1 nm), water readily
penetrates most tissues (except the tight epithelia). Consequently, most
tissues tend to have the same osmolarity, as differences of osmolarity
would induce shifts of water that can freely move between the tissues and
soon cancel the osmolarity differences. It also implies that movements or
accumulations of water in tissues have to be attributed to osmotic forces
(being osmotically obliged), following movements or accumulations of
solutes, notably the prevailing electrolytes and proteins.
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The epithelia tend to be impermeable to water, and certain epithelia
possess specialized water channels, which are composed of proteins. An
example is the membrane protein CHIP-28 with a molecular mass of 28
kDa which has been found in various parts of the nephron (Harris et al.
1993).

Therefore, it is incorrect to assume that accumulation of water in brain
oedema is due to binding of water to certain tissue components. It is true
that free and bound water fractions may be distinguished. The technique of
differential scanning calorimetry allows determination of the amount of
water in a tissue that is susceptible to freezing, which represents the frac
tion of free water. By subtraction from the total water content the fraction
of bound water can be calculated. In normal brain the free water fraction
was measured to be 88.9%, and the bound water fraction to be 11.1 %. In
brain tissue with cryogenic oedema, increase of the free water fraction
parallelled the increase of total tissue water, although at a later phase of
oedema there was also some increase of the bound water fraction (Furuse
et al. 1984).

In fact, three fractions of tissue water may be postulated (Berendsen
1975): a fraction of free water, which is bulk water consisting of water
molecules with great mobility; a fraction of hydration water loosely bound
as a hydration mantle to macromolecules of the tissue (such as proteins or
proteoglycans); and a very small fraction of crystalline water, which is
specifically and tightly bound to the structural elements (Fig. 4). On the
basis of this model, a fast proton exchange model has been developed
by Fullerton (1982), in which the composition of the various fractions
accounts for the magnetic resonance behaviour of the tissue.

Normal Brain Water Content: Effect of Maturation

The average water content of the human brain is about 85% of tissue fresh
weight for grey matter and 70% for white matter, with some differences
among the various grey matter structures (cerebral cortex 84.3, thalamus
75.1) and white matter areas (centrum ovale 70.7, corpus callosum 75.7,
cerebellar white matter 70.6) (Stewart-Wallace 1939). The relatively lower
water content of cerebral white matter is undoubtedly related to its content
of myelinated fibers, and is reflected by its content of lipids: cholesterol
4%, phospholipids 9%, glycolipids 3%, versus proteins 14% and water
70%. Nevertheless, the proton magnetic resonance signal of cerebral white
matter originates from water, in contrast to fatty tissue in which triglycer
ides constitute the majority of total proton density (Kamman et af. 1984).

There is a progressive decrease of brain water content with age, both in
animals and in humans, of which the most pronounced decrease in early
infancy is obviously related to maturation (Graves and Himwich 1955). In
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rat, brain water content measures around 87% at birth, and decreases to
80% in 6 weeks (De Souza and Dobbing 1971). The decrease of brain tissue
water in early infancy forms part of a general pattern of decreasing total
tissue water. Before birth there is a high content of tissue water (as well as
sodium), which is mobilized and excreted in the first days of life (Friis
Hansen 1961). It has been suggested that prolactin plays a role in these
events; prolactin has been shown to cause retention of water and salt, and
fetal prolactin levels increase in the final third period of gestation (Coulter
1989, Lorenzo et al. 1983).

Measurement of Brain Water Content

Gravimetry

Gravimetry is the classical standard method of measuring brain water
content by weighing fresh and dried brain tissue. On the assumption that
the loss of weight is caused by the evaporation of water, brain water
content is obtained as the difference between fresh and dry tissue weight,
usually expressed as a percentage of fresh tissue weight.

0/ W (Fresh tissue weight - Dry tissue weight) 0/
/0 ater content = h . . h x 100 /0

Fres tissue welg t

0/ D . h Dry tissue weight 0 0/
/0 ry welg t = . . x 1 0 /0

Fresh tissue weight

The percentage water content gives an idea of the water content of brain
tissue. It can be used to express changes of water content as in oedema.
However, it does not indicate the absolute amount of water per unit
amount of tissue. To this end it is preferable to express water content as:

. % Water content
g water/lOO g dry tissue = x 100%

% Dry weight

It allows calculation of changes of tissue volume in oedema. For example,
with 70% water content, normal white matter has 30% dry weight, and
expressed per 100 g dry weight, it contains 70/30 x 100 = 233 g water. If
its water content increases to 80%, 100 g dry tissue contains 80/20 x 100 =
400 g water, which implies a volume increment of 400 - 233 = 167 mI.

Determination of Tissue Specific Weight

This technique which has been introduced by Nelson et al. (1971), allows
estimation of brain oedema in small pieces of tissue by the use of a liquid
gradient column. The column is made up of liquids that are not miscible
with water, such as bromobenzene and kerosene. By means of an appro-
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Fig. 2. Liquid gradient column for determination of tissue specific weight

priate technique of pouring the liquids, the bottom layer of the column
consists only of the heavier bromobenzene, with higher layers gradually
containing less bromobenzene and more kerosene. The tissue sample is
deposited into the column, and the depth to which it has sunk after 2
minutes is observed. The relation between depth and specific gravity has
been calibrated previously by deposition of drops of standard salt solutions
of various densities (Fig. 2). Human cerebral cortex e.g. has a specific
gravity of 1.0356, and human white matter 1.038 (Takagi et ai. 1981). The
specific gravity of the tissue diminishes as its water content increases. If
desired, tissue water content can be calculated from tissue specific gravity
by means of the following equations:

g water/gt = 1 - (sgt - 1)/(1 - l/sgs)sgt

where sgt is the particular tissue specific gravity to be measured, and sgs is
the specific gravity of tissue solids, which can be determined by:

sgs = 1/(1 - (sgt - l)gt/gs·sgt

where gt is the tissue weight and gs the weight of tissue solids.
A correction should be introduced into the equation when the oedema

fluid contains protein, as this changes the specific gravity of the tissue
solids (Marmarou et al. 1982). The equation then becomes:

/
(Hnb - Hsr )' sgnb' sgsr + sgt· (Hsrsgsr - Hnbsgnb )g water gt = ------------,----------

(sgsr - sgnb) . sgt

where Hnb is the normal tissue water content, Hsr the normal water content
of serum, sgnb the normal specific gravity of fresh tissue and sgsr the normal
specific gravity of serum (1.0248 in the cat); for serum the actual specific
gravity of oedema fluid may be taken: 1.0213 ± 0.003, as determined in
cats with a freezing injury (Go 1988c).

Computerized tomography (CT) has provided a method to determine
tissue water content in a noninvasive, nondestructive fashion.
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attenuated
intensity

Fig. 3. Brain slice passed by scanning X-ray beam. Volume elements in the ray
path have attenuation coefficients J1.

On the CT-scan the signal intensity in each picture element (pixel)
represents the attenuation coefficient or density J.l of the corresponding
volume element (voxel) of the depicted organ section. These densities are
currently expressed in Hounsfield-units (HU) on a scale in which 0 was
assigned to water, positive values to structures with a higher density than
water, and -1000 to air. On this scale the following attenuation values
have been measured for white matter: + 32 HU, grey matter: + 39 HU,
CSF: + 15 HU, whole blood: +56 HU, red blood cells: +98 HU, and
plasma: +33 HU.

As brain tissue displays a higher attenuation than water, low densities
on brain CT-scans may be correlated with an increase of brain water
content (Hounsfield and Ambrose 1973). Thus it was found that with
perifocal white matter oedema (after histological fixation of the brain),
there was an attenuation of 12.6 ± 2.9 HU, corresponding to a water
content of 79.9 ± 4.77% and a specific gravity of 1.044 ± 0.005, as com
pared to control values of 18.2 ± 1.5 HU, 70.5 ± 1.40%, and 1.048 ±
0.0026, respectively (Torack et al. 1976).

Complicating the correlation with water content, however, is the de
pendence of attenuation upon other tissue components, such as tissue
lipids with a 10% lower attenuation than water, and blood with its iron
content. In spite of its higher water content, cerebral cortex has a higher
attenuation number than white matter, on account of its higher content of
oxygen instead of carbon, while oxygen with its higher atomic number
causes greater absorption of X-rays than carbon. Moreover, in a lesion the
normal relative proportions of water, lipids, blood and solids may be
altered, causing changes of density which may be different from those
expected from differences in water content alone.

Also, methodological and technical factors may interfere with the accu-
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racy of the measurements. Among X-rays of various wave-lengths, those
with the longest wave-lengths tend to be absorbed during their passage
across materials with high atomic numbers, such as bone and iodine
containing contrast agents. This so-called beam-hardening effect causes
errors in reconstruction and produces incorrect attenuation numbers.
System-dependent factors such as the reconstruction algorithm used, the
detector efficiency and the signal-to-noise ratio may affect measurement,
as well as changes of positioning and movements of the patient, and the
so-called partial-volume effect, which means that with the use of a matrix
of large pixels, the density in a certain pixel may represent the average of
widely differing attenuation of the tissue elements contained within the
corresponding voxel.

Proton Magnetic Resonance

Magnetic resonance imaging (MRI) is another technique that allows the in
vivo measurement of brain water content. Shortly summarized, tissue water
protons, which may be considered to behave like small magnets, tend to
align along the direction of a stationary static magnetic field, to which the
tissue is subjected. They also perfonn a precession movement with a fre
quency v (in MHz), which is governed by the relation v = yEo, where Eo is
the magnetic field strength (in Tesla), and y the gyromagnetic ratio (for
protons, 42.6 MHz/T). Application of an additional rotating magnetic
field perpendicular to the steady field gives rise to resonance, when the
frequency of the rotating field equals the precession frequency. During
resonance this net magnetic moment executes a precession movement
around the transverse field; i.e. the magnetic moment progressively tilts to
900 or even 1800 (the flip angle) with respect to the original alignment; (the
exciting radiofrequency pulses are accordingly tenned 900 and 1800 pulses,
respectively). The precession of the magnetic moment induces an electrical
potential in a receiving coil, which is the signal. At the end of the pulse the
magnetization M of the spins returns to its original alignment; in this
relaxation process the amplitude of the signal decays according to an expo
nential function. The process of relaxation can be resolved into a return of
the longitudinal vector of M (the vector M z along the direction of the
steady field), and an independent decay of a transverse component (Mxy in
the transverse plane X-Y) due to dephasing of the proton spins, all of
which had been aligned in phase during excitation. The relaxation of M z is
characterized by a time constant T1 , also called the spin-lattice relaxation
time as this component of relaxation is assumed to be caused by interaction
with neighbouring molecules (the lattice). The transverse relaxation time
T2 , or spin-spin relaxation time, characterizes the dephasing of spins due to
spin-spin interaction.
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In biological tissues, the proton spins exhibit shorter relaxation times
than in pure water, where T1 and T2 amount to about 2500 ms. A T1 of
around 400 ms was found for rat cerebral cortex and 350 ms for white
matter, while T2 amounted to about 80 ms for both tissues in an NMR
spectroscopic study at 14 MHz. The behaviour of water protons in tissue
may be explained by a model, in which the water protons in the vicinity of
tissue macromolecules are assumed to interact with the macromolecules, to
which the proton spins readily transfer their energy, quickening their relax
ation to the equilibrium state. In brain oedema of various origins, a linear
correlation is observed between the relaxation times and tissue water con
tent. In oedematous tissue, the greater quantity of water may be assumed
to resemble an environment like that of pure water, in which the proton
spins show longer relaxation times (Go and Edzes 1975).

As focal lesions of the brain tend to be associated with brain oedema,
and various cerebral structures have different water contents, these differ
ences in water content may be reflected as differences in signal intensity in
MRI, particularly when T1 and T2 effects are included into the signal.
Thus, for reconstruction of the image in MRI, the signal must encode for
relaxation parameters of the tissue to provide the differences in signal
intensity, as well as for spatial coordinates. Modulation of T1 and T2 into
the signal is accomplished by the application of various pulse sequences.
Sequences which result in a T1-dependent signal are called T1-weighted,
whereas those in which T2 is predominant in determining signal intensity,
are called Tz-weighted. Furthermore, the signal is retrieved from a plane or
a volume, which is defined and selected by means of selective gradients
of the magnetic field, with the aim that the field strength at the site of
detection should fulfil the requirements for resonance posed by the reso-
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Fig. 4. Fractions of tissue water, c crystalline water tightly bound within macro
molecule, h hydration water as a mantle around the macromolecule,jfree water
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nance frequency. Therefore, the proton signal is influenced by motion of
the proton with respect to the plane or volume of detection; this allows the
measurement or visualization of blood flow in magnetic resonance angio
graphy (MRA), as well as that of flow and pulsations of the CSF by the
choice of appropriate sequences. On a microscopic scale, motion of water
protons by diffusion may also be visualized by the technique termed
diffusion-weighted MRI. Furthermore, the signal is determined by the
chemical environment of the proton, e.g. when the proton is part of a
-CH2group; this results in a shift of its resonance frequency called chemi
cal shift, which finds its application in magnetic resonance spectroscopy
(MRS). In the spectrum, several proton-containing substances or groups,
including important tissue metabolites like lactate, creatine and choline,
are represented by resonance peaks along the frequency axis according to
their chemical shift. MRS may also be applied to other atomic nuclei, such
as 31p which is characterized by its own gyromagnetic ratio, and is a
constituent of the nucleotides ATP, ADP and phosphocreatine; therefore
31p_MRS allows the study of tissue energy balance, while 23Na MRS can
be used to investigate lesions which are associated with sodium accumula
tion. The water proton signal is also influenced by the presence of para
magnetic substances in its vicinity, such as gadolinium which finds its
flpplication as an MRI contrast agent. Another technique, called magneti
zation transfer contrast (MTC), may visualize the rate of exchange of
magnetization between a free water and a bound water fraction. Exchange
can be observed by the decrease in the steady-state magnetization, and the
relaxation times of the free water pool by irradiation of the bound water
pool with a slightly off-resonance pulse (Wolff and Balaban 1989). This
results in a change of the (apparent) T1 of tissues such as muscle and brain
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which contain a significant proportion of free water; in this way white
matter may by its myelin content be differentiated from grey matter.

Intracranial Fluid Compartments

The fluid within the cranial (and spinal) cavity comprises the cerebrospinal
fluid (CSF), which is discernible as free fluid located within the ventricles,
cisterns and subarachnoid spaces, but also the fluid contained within the
brain tissue.

In the ventricles and other CSF-spaces the fluid is freely mobile, and
therefore the pressure is equal everywhere in the compartment (Pascal's
law), since any pressure differences are readily abolished by fluid shifts. On
the other hand, in the brain tissue the pressure may show regional differ
ences. In this respect the tissue may be envisaged as a network of mem
branes and fibres with the tissue fluid being located within the mazes. In
the propagation of pressure through the fluid, the network offers resistance
against the flow of fluid, and therefore regional tissue pressure is progres
sively reduced downstream, allowing pressure gradients to exist.

Brain tissue lacks a true lymphatic system which in other tissues drains
the excess of tissue fluid formed in transcapillary fluid exchange. The CSF
more or less fulfills this function, and moreover, maintains homoeostasis of
the constituents of tissue fluid by extensive diffusional exchange.

Tissue fluid may be considered to be located in an extracellular and an
intracellular compartment. In the extracellular fluid (ECF) Na+ is the
prevailing cation, whereas in the intracellular fluid (ICF) it is K+. More
over, in ECF Ca++ occurs in a millimolar (10- 3 M) concentration, whereas
the intracellular concentration ofCa++ amounts to 10- 7 M, which pertains
to its function as a second messenger.

An additional compartment in the brain is the vascular compartment;
its fluid content constitutes part of the body's systemic fluid, and has the
electrolyte composition of extracellular fluid. Although it occupies only
5% of total brain volume (the cerebral blood volume), it is important as a
pathway through which fluid and solutes enter and leave the system. The
other pathway is the CSF, as it is produced by the choroid plexus and
reabsorbed into the blood by the arachnoid villi.

Intercompartmental Exchanges

The various compartments maintain mutual exchanges of fluid and solutes
through their respective interfaces (see Fig. 6). Exchange between blood
and brain is governed by the blood-brain barrier situated in the cerebral
capillary endothelium. Exchange between CSF and brain tissue (ECF)
proceeds through the ependyma lining the ventricles and through the pia
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mater at the brain convexity. Therefore the interface between blood and
;SF (the blood-CSF barrier) is dually represented by the choroid plexus
and the blood-brain barrier via the brain-CSF interface. Finally, exchange
between extra- and intracellular fluid proceeds through the plasma mem
brane of the cellular elements, in which ion channels, ion exchange mecha
nisms, and ion-pumps (ATP-ases) govern the exchange of electrolytes.

Fluid Volume: The Coupling of Water to the Prevailing Electrolyte NaCl:
Regulation of Systemic Fluid Volume

Regarding the origin of body fluids, again it has been pointed out by
Henderson (1913), that in many animals the electrolyte composition of
blood plasma and other body fluids shows a great similarity to that of sea
water, suggesting that sea water might be the original fluid environment
bathing the ancestral cells, with its composition being reflected at the
present time by the body fluids of modem animals. As to the origin of
cerebrospinal fluid, it may be relevant that in some Prochordata, such as
Ptychodera bahamensis, which may be considered close to the ancestral
line of the Vertebrates, and in the larva of the protochordate Amphioxus,
the neural tube is still in open communication with the ambient marine
environment (Ariens-Kappers 1929).

In blood plasma and tissue extracellular fluids, NaCl is the prevailing
osmolar electrolyte. On the systemic level, the osmolar coupling of water
and NaCI allows regulation of fluid volume by the regulation of water and
salt balance, either separately or in conjunction. Influx of water is generally
by oral ingestion, while its efflux proceeds by renal excretion, or as losses
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by way of the digestive tract, the respiratory tract, and perspiration. Up
take of NaCl also proceeds by oral ingestion, while efflux takes place
through the urinary tract and by perspiration.

Systemic fluid volume is paramount in the maintenance of blood vol
ume, and indirectly, of blood pressure as well (Fig. 7). Regulation of
systemic blood pressure is not only accomplished by vascular tone and
cardiac action, but also requires the maintenance of systemic fluid volume.
Sodium loading is capable of raising arterial blood pressure, and increases
the blood pressure response to catecholamines, while restriction of dietary
salt intake which reduces fluid volume, tends to lower blood pressure
(Weinberger 1987). Therefore, maintenance and regulation of systemic
fluid volume, systemic blood pressure, and body fluid osmolarity are
closely interrelated. It is reflected by the multiple actions of the various
factors involved in the control of fluid balance, e.g. vasopressin not only
raises blood pressure by inducing vasoconstriction, but also accomplishes
conservation of water.

The homoeostatic control of fluid balance depends upon the release
of these factors regulating water and salt excretion, and on an efficient
thirst mechanism. Thirst is a strong emotional drive resulting in behav
iour to seek and consume water. For salt, animals may exhibit a similar
drive called salt appetite, to seek and consume salty foods and fluids.
Thirst seems to be elicited by reduction of plasma volume, as resulting
from haemorrhage, dehydration, or experimentally, by the subcutaneous
injection of colloidal macromolecular solutions. Salt appetite can also be
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induced in rats by measures that reduce plasma volume (Stricker and
Verbalis 1988). In patients with hypothalamic lesions the loss of the
capacity to experience thirst has proved lethal because of the lack of the
appropriate drive to consume water.

The renal excretion of water is controlled by the secretion of vaso
pressin or anti-diuretic hormone, which tends to reduce diuresis. Renal
excretion of sodium is inhibited by aldosterone, and stimulated by atrio
peptins (atrial natriuretic factor). Decrease of plasma volume not only
induces thirst, but also stimulates the release of vasopressin, which tends to
conserve water (Verney 1947). Increase of plasma osmolarity also induces
thirst and the release of vasopressin, inhibiting diuresis, but in addition
there is increased natriuresis. Loss of plasma volume also induces the
secretion of aldosterone by the adrenal cortex, which tends to inhibit renal
sodium excretion, but also elicits salt appetite in rats. Sodium appetite may
also be induced by angiotensin II, acting synergistically with aldosterone.
Angiotensin II, on the other hand, stimulates aldosterone release by the
adrenal gland (Goodfriend et al. 1984). The renin-angiotensin system com
prises the juxtaglomerular apparatus in the kidney, which, more precisely,
is located in the walls of afferent arterioles as these enter the glomeruli. The
juxtaglomerular cells secrete renin as a response to decrease of pressure in
the renal vascular bed; in the blood circulation renin results in the forma
tion of angiotensin I from angiotensinogen, a component of the plasma
lt2 -globulin fraction (Skeggs et al. 1967). Finally, angiotensin I is converted
into angiotensin II by the angiotensin converting enzyme (also called
kininase II).

The atriopeptins constitute a family of peptides with molecular weights
of 2.5 to 13 kDa, which induce dramatic increases of renal sodium excre
tion. They are secreted by cardiocytes of the atrium as a response to atrial
distension by the expansion of blood volume, obviously serving to prevent
hypervolaemia. Moreover, they may inhibit the secretion of aldosterone
and of renin (De Bold 1986). Brain also appears to secrete a natriuretic
peptide (BNP), which shows a close structural resemblance, but is not
identical, to atriopeptin; upon intravenous administration BNPs exerted
natriuretic as well as hypotensive effects in hypertensive rats (Kita et al.
1989). Carbachol stimulation of the anteroventral region of the third ven
tricle (AV3V) could increase plasma levels of atriopeptin, part of which
may originate from the brain (Baldissera et al. 1989).

Regarding the site of the regulating centres, experiments on goats have
demonstrated that drinking behaviour, natriuresis, and release of vaso
pressin, could also be induced by infusion of hypertonic NaCI solutions
into the third cerebral ventricle (Andersson and Westbye 1970). The
osmoreceptors seem to be localized in the subfornical organ (SFO) and the
organon vasculosum laminae terminalis (OVLT). These are circumven-
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tricular organs located around the third ventricle, from which efferent
projection fibres mediate the effects, passing by way of the AV3V to the
paraventricular nucleus, which is stimulated to secrete vasopressin and
oxytocin. The subfornical organ and the OVLT are also the morphological
substrates of drinking behaviour and the central pressor action elicited by
angiotensin II administration (Simpson and Routtenberg 1973). On the
other hand, microinjection of atriopeptin into the third ventricle or the
subfornical organ inhibited water and salt intake. Chronic lesions of the
hypothalamic region cause disturbances of fluid balance, such as hyperna
traemia and a reduced natriuretic response to sodium loading (Brody et at.
1986).

In the syndrome of inappropriate antidiuresis there is hyponatraemia
with concentration of urine and renal sodium wasting due to sustained
production of vasopressin in spite of increased water intake and hypervo
laemia (Schwartz 1957). The syndrome of inappropriate antidiuresis has
also been suggested to explain the hyponatraemia in patients who exhibited
dilatation of the third ventricle and alleged hypothalamic damage follow
ing subarachnoid haemorrhage; measurement of blood volume in these
patients, however, demonstrated hypovolaemia, natriuresis and the pres
ence of digoxin-like immunoreactive substance (OLIS) in the blood plasma
(Wijdicks et at. 1987). OLIS is an endogenous factor isolated from bovine
hypothalamus (Haupert and Sancho 1979) with the structure of digitalis
glycosides, and which has the capacity to inhibit Na+K+ -ATPase and
to cause natriuresis by inhibition of tubular reabsorption (Hallaq and
Haupert 1989). Its presence in human CSF has been shown to reduce
choroid CSF production in an animal experiment (Lorenzo et ai. 1989).
Following subarachnoid haemorrhage or severe head injury, however, ele
vation of plasma atriopeptin levels and decrease of serum aldosterone
levels have been measured as well (Oiringer et at. 1988, Kiwit et at. 1988).

Apart from these well known factors, prolactin has been implicated as
an antidiuretic factor, involved in the maintenance of the high tissue water
content of preterm and newborn individuals (Lorenzo et al. 1983). In
rabbits, prolactin has been shown to cause a reduction of urine volume and
renal sodium excretion, whereas antidiuretic hormone only caused a reduc
tion of urine volume but no change of sodium excretion, and aldosterone
only caused a reduction in renal sodium excretion (Burstyn 1978).

The various factors usually exert their actions in the target tissues by
interaction with specific receptors on the cell surface, followed by the
activation of one or more of the intracellular signal transduction systems.
For example, the aldosterone secretory response of adrenal glomerulosa
cells to angiotensin II depends on receptor-mediated calcium influx and
activation of the inositolphospholipid messenger system with consequent
release of diacylglycerol (!sales et ai. 1989). In the hypothalamus, high-
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affinity binding sites for atriopeptins have been demonstrated in the AV3V
and the subfornical organ, which showed up-regulation in dehydration
(Saavedra et al. 1986, Saavedra 1988, Saper et al. 1985). The mechanism of
action of vasopressin on the nephron appears to involve the increase in
water permeability of the epithelium due to fusion of water channel con
taining vesicles with the luminal plasma membrane (Harris et al. 1993). On
the other hand, reabsorption of sodium through (epithelial) sodium chan
nels of the distal part of the nephron is regulated by vasopressin and
aldosterone (Canessa et al. 1993).

As will be mentioned in the appropriate section, the blood-brain barrier
constitutes a veritable barrier to the passage of ions from the blood circula
tion into the brain, thus separating the systemic fluid compartments from
those of the brain.

Blood-Brain Exchanges: The Blood-Brain Barrier and
the Blood-CSF Barrier

The vascular system is one of the pathways by which fluid enters the brain.
In Mongolian gerbils unilateral carotid occl.usion resulted in the develop
ment of increasing amounts of cerebral oedema (demonstrated by the
decrease of tissue specific gravity), as blood flow was progressively reduced
below 20 ml/IOO g/min. At zero flow values following bilateral carotid
occlusion, however, no oedema was observed, obviously because no blood
could enter the system to contribute to the fluid accumulation (Crockard
et at. 1980). But even in the absence of any blood circulation, there is an
indication that brain tissue may derive some fluid from the CSF in post
mortem brain swelling, since the postmortem size of the ventricular system
appeared to be reduced when compared with the size on ventriculograms
made during life (Messert et at. 1972).

Exchange, i.e. influx and efflux, of fluid and solutes between blood and
brain tissue is governed by the blood-brain barrier. It seems to be the
function of the blood-brain barrier to optimize the biochemical environ
ment of the neuronal elements in the brain by eliminating external perturb
ing influences, so as to allow the fine tuning of intrinsic regulatory mecha
nisms. It may be compared with providing delicate electronic equipment
with a constant source by keeping out large fluctuations of voltage.

The following rules apply to the action of the blood-brain barrier: gases
and neutral small-molecular substances pass readily, especially when they
are lipid-soluble. From a molecular weight of '" 500 onward, even lipophi
lic substances pass less easily. Conceivably, large-molecular substances
such as proteins and polysaccharides pass with difficulty. An exception is
the passage of substances that may qualify as vital to the tissue, such as
glucose and some other sugars, amino acids, and nucleosides, which pass
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by way of a saturable transport system. The passage of ions is restricted,
and for some inorganic ions, modulated by transport as described below.

Although it is a small molecule, water does not exhibit the greatest
permeability across the blood-brain barrier. As expressed by the so-called
permeability-surface area (PS) product, permeability across the blood
brain barrier was calculated for a number of alcohols from the fraction of
injected substance extracted by the brain during single capillary passage;
this was accomplished in a non-invasive way by external recording of posi
tron emitting tracers; it demonstrated that the PS product (370 ml/min/
100 g) of isopropanol, for example was higher than that of water (Raichle
et al. 1976). The movement of water across the capillary wall may be
envisaged to consist of (1) a diffusional component, and (2) a convective or
bulk flow component. The diffusional component is subject to the influ
ence of CBF according to the relation: In(1 - E) = - PS/CBF (Renkin
1959, Crone 1963), in which E is the fraction of water extracted from the
capillary during single transit (Fig. 8). On the other hand, the convective
component is subject to hydrostatic and osmotic forces according to the
Starling relationship of transcapillary fluid exchange. Measurement of the
ISO-water extraction fraction during a single capillary passage through rat
brain demonstrated that extraction was only determined by the CBF
according to the Renkin (1959)-Crone (1963) relation, whereas no effect of
osmotic or hydrostatic forces could be established. This implies that the
extraction of ISO-water during single transit is almost entirely diffusional,
and that the convective component apparently is far slower, eluding mea-
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surement. With a PS product of 119 ml/min/lOO g, only a fraction of 60%
of the water flowing through the cerebral vascular system was extracted by
the rat brain at a blood pressure of 130 mm Hg during single passage (Go
et al. 1981). Notably, intraventricular administration of vasopressin to
Rhesus monkeys increased the PS-product for water from,....., 120 to ,....., 150
ml/lOO g/min (Raichle and Grubb 1978).

The restricted passage of the prevailing ions Na+ (and Cl-) also implies
a restriction of the passage of fluid in transcapillary fluid exchange. Gener
ally, in most organs the capillaries are only impervious to proteins, but
not to ions, and transcapillary fluid exchange proceeds according to the
Starling fluid flux equation:

Jv = L p(I1P - CTI1ll)

in which Jv represents the volume of fluid passing, L p the so-called hydrau
lic conductivity of the capillary wall, i.e. a coefficient characterizing the
mechanical filtration capacity of the capillary wall for fluid, I:1P the pres
sure difference between capillary and tissue, CT the so-called Staverman
reflection coefficient, i.e. a coefficient reflecting the permeability of the
capillary wall for the solute, reducing the effect of I:1II, the difference of
colloid-osmotic pressure between capillary and tissue fluid.

Since there is restricted blood to brain passage for proteins as well as ions, the
equation of transcapillary fluid exchange should include a term representing the
osmotic pressure difference resulting from sodium (Habers and Berendsen, as cited
by Go 1991):

Jv = L pl1P + LpDsdlls + LpDpdllp

JDS = L DsPI1P + L Dsl1Ils + LDsDpl1Ilp

JDp = L Dpp l1P + LDpDsl1Ils + L Dpl1Ilp

where Jv is volume flow, JDs the diffusional flow for sodium and JDp the diffusional
flow for proteins. Apart from the hydrostatic pressure difference I1P, the other
forces involved are the osmotic pressure difference I1Ils resulting from sodium
concentration differences, and the colloid-osmotic pressure difference I1Ilp result
ing from protein concentration differences. The coefficients L p, L Ds and L Dp are
respectively the hydraulic conductivity of the capillary wall, and the diffusional
mobilities of sodium and of protein per unit of osmotic pressure. The coupling
coefficients are:

L pDp = (Jv/I1Ilphp=o,dlls=o, and L pDs = (Jv/I1Ils)dP=o,dllp=o

expressed in reflection coefficients CTi = - LpDi /Lp, the volume flow can be written
as:

Jv = L p(I1P - CTsl1Ils - CTpI1Il p).

In spite of the restricted passage of sodium through the blood-brain
barrier, there are arguments favouring the validity of the Starling relation-
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ship. It may be envisaged that during filtration of fluid across the capillary
wall driven by the hydrostatic pressure difference, a quantity of Na+ is
carried with the fluid, as much as is allowed by barrier permeability. When
the cerebral uptake of sodium from the blood was measured following
intravenous administration of radioactive Na+; there appeared to be a
linear relationship between the Brain Sodium Uptake from the blood
(BSU, in,ul blood equivalents/min/g) and the arterial blood pressure Pa (in
mm Hg): BSU = 1.6 + 0.03 Pa (Go and Pratt 1975). The sodium taken up
by the brain seemed to be of dual origin, with a blood pressure-dependent
component, allegedly representing filtration across the capillary wall, and
a component corresponding to the intercept on the BSU-axis (Fig. 9). The
latter might well represent the diffusional component from the CSF as it
decreased when the temperature was lowered (0.34 ,ul blood equivalents/
g/min at 15° C, as compared to 1.6 ,ul blood equivalents/g/min at 33° C) in
accordance with the behaviour of an active transport mechanism such as
CSF secretion, while it also decreased following removal of the choroid
plexuses (Go et al. 1979a). Another argument for the validity of the Star
ling relationship is the phenomenon of hydrostatic brain oedema resulting
from elevation of arterial blood pressure. The significance of the colloid
osmotic pressure is demonstrated by the influence of extracellular protein
upon absorption of fluid: after the infusion of saline into cerebral white
matter, the fluid was retained much longer when it contained protein
(Marmarou et al. 1984).

The restricted passage of Na+ also implies that brain extracellular
space is in fact segregated from systemic extracellular space, and unless the
blood-brain barrier is disrupted, inflation of systemic extracellular space
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Fig. 9. Brain sodium uptake in the rat as a function of arterial blood pressure at
33° C
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by isotonic hyperhydration with saline i~ not followed by expansion of
cerebral extracellular space, as in other organs not possessing a barrier. In
other words, isotonic hyperhydration cannot initiate brain oedema, but it
can aggravate existing vasogenic brain oedema, as the blood-brain barrier
is disrupted (Go et al. 1972a, Gerschenfeld et al. 1959). On the other hand,
the integrity of the blood-brain barrier is necessary for the efficacy of
therapeutic dehydration of the brain by hyperosmolar solutions, as well as
for osmotic brain oedema to develop, since disruption of the barrier readily
abolishes the osmotic gradient between blood plasma and brain responsi
ble for the osmotic effects.

An alternative mechanism for transcapillary fluid passage would be
active transport of Na+ across the capillary wall with osmotically obliged
water (similar to the process of CSF secretion by the choroid plexus).
There are arguments for this mechanism, such as the high Na+K+-ATPase
activity of cerebral capillary endothelium (amounting to 500 times that
of peripheral capillary endothelium) (Eisenberg and Suddith 1979), and
which appears to be localized in the abluminal plasma membrane of the
endothelial cells (Betz et al. 1980). The enzyme may accomplish Na+ trans
port from the blood to the cerebral extracellular space, associated with
a K+ countertransport from the extracellular space into the blood. It
may subserve regulation of extracellular K+ content by transport into the
blood. The K+ transport by isolated brain capillary fractions can be in
hibited by corticosteroids (Chaplin et al. 1981). Other ion exchange mecha
nisms involved in the transport of Na+ from blood to brain include a
sodium channel sensitive to amiloride, and a Na+ -Cl- cotransport mecha
nism sensitive to furosemide (Betz 1983a, Goldstein and Betz 1983). Fur
thermore, a Na+/H+ antiporter may be present in the abluminal mem
brane, as indicated by the pH-sensitivity of sodium uptake by isolated
brain capillary fractions; it may be involved in the pH-regulation of the
cerebral extracellular fluid (Betz 1983b). Patch-clamp studies on mem
brane patches from isolated cerebral microvascular endothelium have
shown amiloride-sensitive cation channels with a conductance of 23 pS,
and a selectivity for Na+ over K+ of 1.5/1; the pharmacological profile for
their binding of various amiloride analogues resembled that of epithelial
Na+ channels (Vigne et al. 1989).

Another cation transport mechanism that, moreover, would account
for blood pressure dependence of Na+-influx may consist of the stretch
activated non-selective cation channels that have been found in the anti
luminal membrane of porcine cerebral capillaries (Popp et al. 1992).

Pertinent to its function in the passage of fluid and electrolytes, brain
capillary endothelium has been reported to contain receptors for atrio
peptins, angiotensin II, and vasopressin (Chabrier et al. 1987, Speth and
Harik 1985, Zlokovic et al. 1990).
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Morphologically, the blood-brain barrier consists of the luminal
(apical) plasma membrane of the cerebral capillary endothelium, together
with the tight junctions occluding the clefts between the endothelial cells.

Tight junctions, or zonulae occludentes, are junctions that tightly occlude the
intercellular clefts between adjacent cerebral capillary endothelial cells, choroid
plexus epithelial cells, and barrier cells of the arachnoid mater. Transmission
electron microscopy visualizes the tight junction as a five-layered structure in cross
section, with its middle layer being formed by coalescence of the apposed external
layers of the usual three-layered plasma membranes of adjoining cells (Fig. 10).
The freeze-fracturing technique displays the tight junction as an area characterized
by a network of more or less parallel ridges, consisting of fibrils of 10 nm diameter.

Studies on the passage of substances through endothelium have indi
cated that the passage of water and small hydrophylic solutes takes place
through a small-pore system (in bovine cerebral endothelium calculated to
measure 8 /lm (Van Bree et al. 1988). This small-pore system has allegedly
been identified as the intercellular clefts between endothelial cells, also
called the paracellular pathway. The large pore system, through which
larger molecules such as those of proteins may pass, has been identified in
the cerebral capillary endothelium as the pinocytotic transport pathway, in
which pinocytotic vesicles are formed by invagination and subsequent
sequestration of the luminal plasma membrane, while engulfing the sub
stance to be transported; after passage through the endothelial cytoplasm,
they release their contents upon arrival at the basal plasma membrane,
with which they merge again (Fig. 10).

open junction:t. . pinocytosis
<:> " :. (vesicular transport)

.-

fenestration

Fig. 10. Mechanisms of protein tracer passage through brain capillary endo
thelium. Inset shows detail of tight junctional structure
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The finding of the contractile proteins actin and myosin in brain capil
lary endothelium (Le Beux and Willemot 1978) may bear upon the para
cellular pathway. In other epithelial tissues tight junction permeability has
been shown to be influenced by the cytoskeleton. Intestinal epithelium
contains a perijunctional ring of actin and myosin, which is associated with
the plasma membrane at a site just below the tight junction belt. Exposure
to cytochalasin induced contraction of the perijunctional ring with alter
ation of tight junction structure and enhanced permeability (Madara et al.
1987).

Pathology: Breakdown of the Blood-Brain Barrier and
Vasogenic Brain Oedema

Breakdown of the blood-brain barrier, which is associated with focal cere
bral lesions, causes leakage of plasma constituents into the brain par
enchyma as vasogenic brain oedema (Klatzo et al. 1958). Reversible and
discrete impairments of blood-brain barrier permeability occur during
hypercapnia and epileptic seizures, but are usually not associated with
brain oedema. Gross blood-brain barrier disruption and inherent vaso
genic brain oedema generally occur with focal lesions of the brain.

In the laboratory, blood-brain barrier disruption may be studied by the
systemic administration of indicators, such as the dyes Evans blue, trypan
blue, fluorescein, and their exudation into the brain parenchyma noted
upon killing the animal. A more sophisticated indicator substance is the
synthetic amino acid ex-aminobutyric acid (AlB), usually given as a 14C_
tracer, which is not metabolized by the tissue and therefore remains in situ
after its extravasation. For electron microscopical investigation of the bar
rier, tracers are employed which are either electron-dense, such as ferritin,
or which produce an electron-dense reaction product, such as the enzyme
horse radish peroxidase (HRP). Clinically, e.g. in meningitis, blood-brain
(-CSF) barrier breakdown may be verified by analysis of CSF, in which
plasma proteins appear in increased concentration. Normally, passage of
plasma proteins as reflected by the ratio Q = plasma concentration/CSF
concentration, is inversely proportional to the molecular weight of the pro
tein. With barrier disruption there is increased entrance of the protein into
the CSF, resulting in decrease of Q (Felgenhauer et al. 1976). The diagnos
tic imaging techniques, in particular, allow the clinical verification of bar
rier disruption. The technique of cerebral scintigraphy or isotope scanning
was based upon visualization of cerebral lesions by the exudation of the
radioactive tracer (usually [99mTc]-pertechnetate or p31 ]I-radioiodinated
serum albumin). The current techniques of CT and MRI still employ as an
aid to diagnosis contrast enhancement, which is the result of exudation of
the contrast agent.
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Exudation of proteins, beside water and electrolytes, is a distinctive
feature of vasogenic brain oedema. Morphological studies of the familiar
experimental models of barrier disruption, using electron microscopy and
HRP, have not unambiguously elucidated the mechanism of protein exu
dation in these models. In earlier studies it has seemed, that separation of
tight junctions was responsible for protein exudation (Brightman et al.
1973). Later studies indicated an increase of vesicular transport as the
relevant mechanism of passage (Westergaard 1975). However, on the basis
of experiments, in which endogenous anti-HRP antibodies were induced
by previous vaccination with HRP, it was demonstrated that the tracer
passed diffusely through the endothelial cytoplasm, presumably by in
creased permeability of the endothelial cell membranes (Fig. 10) (Houthoff
et al. 1982, Gazendam et al. 1984). In brain tumours, protein exudation
and vasogenic oedema are apparently based on the presence of abnor
malities of the capillary endothelium, such as fenestrations, separation of
tight junctions, absence of basal lamina and the occurrence of tubular
bodies and increased numbers of vesicles in the cytoplasm (Long 1970,
Hirano and Matsui 1975).

The Blood-CSF Barrier

The choroid plexus not only secretes CSF, but in its function ofblood-CSF
barrier it performs the transport of a number of substances, such as nucleo
sides, that are not transported by the blood-brain barrier (Spector 1980),
and ascorbic acid (Spector 1977). On the other hand, it also accomplishes
the removal from the CSF by transport to the blood, of substances such
as iodide, thiocyanate, amino acids and certain oligopeptides (Rapoport
1976, Lorenzo 1974, Banks et al. 1986).

The Cerebral Extracellular Space

The 1930s saw the emergence of the concept of extracellular space, in
which a different distribution of various ions was observed with respect to
the intracellular space. In the nervous system, the electrolyte composition
of extracellular fluid has great relevance to the ionic shifts during nerve
excitation and conduction. From the distribution of ions, which were pre
dominantly extracellularly located, the size of the extracellular space of
various tissues such as muscle, spleen and liver, was calculated (Harrison
et al. 1936, Manery and Hastings 1939). Measurement of cerebral ex
tracellular space has been conducted in vitro on brain slices using extra
cellular space (ECS)-indicators such as sucrose, inulin, thiocyanate, and
sulfate. But measurements in vivo proved to be complicated by the blood
brain barrier which prevented many indicators from adequately entering
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the brain following their systemic administration. Administration into the
CSF alone also had its limitations, as penetration of the indicator into the
brain parenchyma depended on distance from the CSF, especially in larger
animals. These difficulties had to be overcome by administration of the
marker both into the blood and the CSF, and applying corrections for the
decrease of tissue concentration with increasing distance from the CSF.
After application of the corrections, values in the range of 12-19.4% were
calculated for the fractional volume of cerebral extracellular space (Reulen
et al. 1970a, Fenstermacher et al. 1970).

A controversy arose when observations with the novel technique of
electron microscopy indicated close packing of cellular elements in the
central nervous system, which only left an intercellular space of around
6%, far below the values provided by the methods using ECS-indicators.
As recognized by Van Harreveld (1966), there was increase of tissue electri
cal impedance indicating reduction ofextracellular space on account ofcell
swelling, during conventional fixation procedures of the tissue as a prelude
to electron microscopic viewing. Only when the neural tissue was extremely
rapidly frozen by contact with a silver plate cooled to a temperature of
- 2070 C, and then subjected to freeze substitution with a fixative, intersti
tial clefts of 20-25 nm could be observed (Van Harreveld 1966).

Methods to Study Extracellular Space

As mentioned before, extracellular space may be measured by the use of
ECS-indicators, both of brain slices in vitro, and in experimental animals
by administration of the marker both into the blood and the CSF, with
correction for the decrease of tissue concentration with increasing distance
from the CSF.

Electron microscopy only visualizes markedly enlarged intercellular
spaces in oedema of the vasogenic or hydrostatic types, whereas normal
and less enlarged intercellular spaces tend to be obliterated by the cell
swelling taking place during routine fixation. These methods are destruc
tive, and require the taking of tissue samples for analysis.

Measurement of electrical tissue impedance may be used as a non
destructive technique in humans and animals to monitor changes of ex
tracellular space, rather than to obtain absolute data on the size of ex
tracellular space. It is based upon the concept that alternating current of
low frequency passing through tissue is conducted predominantly through
the extracellular fluid, since the cell membranes enveloping the cellular
contents impede the participation of intracellular ions. Therefore, the elec
trical impedance of the tissue may be considered to reflect the size of the
extracellular space (Van Harreveld 1966). Measurement of tissue imped
ance has been used to localize brain tumours, which show a decreased
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impedance due to expansion of the extracellular space in the oedematous
tissue within and around the tumour (Organ et al. 1968). Decreased imped
ance has also been measured in oedematous contusional lesions, hae
morrhages, and infarctions (Go et al. 1972b). Impedance measurement
has found application in stereotactic neurosurgery and percutaneous
chordotomy to identify neural structures passed by the probe (Robinson
1962).

In cats with vasogenic brain oedema caused by a cortical freezing injury,
(extra-cellular) oedema fluid may be collected from the brain by the inser
tion of needles, with the shorter reaching into the cortex and the longer
into the white matter. The needles contain a loose bundle of moistened
nylon fibres at their tips to prevent clogging by tissue debris (Fig. 11).
The oedema fluid accumulates into polyethylene tubes, connected to the
needles and filled with a volatile kerosene fraction, to prevent evaporation
of the accumulating oedema fluid (patberg et al. 1977, Gazendam et al.
1979a). Analysis of the fluid provided data on the concentration of electro
lytes and other solutes in the oedema fluid, and demonstrated that during
hypoxia or following the intracerebral injection of ouabain there was an
increase of protein content indicative of condensation due to shrinkage of
the extracellular space (Go et al. 1979b, Gazendam et al. 1979b).

Microdialysis is a technique by means of which the concentrations of
various extracellular fluid constituents may be monitored continuously. A
microdialysis probe consisting of a V-shaped hollow-fibre dialysis tube is
inserted into the brain, and perfused with artificial CSF at a rate of 10
Ill/min; the substance to be monitored diffuses from the tissue extracellular
fluid into the dialysate, which is then analysed, preferably on-line. It has
not been possible to derive absolute extracellular concentrations from the

Fig. 11. Technique for isolation of oedema fluid in the cat
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dialysate concentrations, since such variables as the diffusion of the sub
stance through brain tissue and across the cellular membranes are difficult
to estimate. The method has, for example, demonstrated the production of
lactate by the brain under various physiological as well as ischaemic condi
tions (Korf 1989); it has also revealed decrease of extracellular glucose
concentration during periods of repetitive hypoxia/ischaemia, followed by
restoration of the levels during the intervals (Klein 1992).

The technique of ventriculo-cisternal perfusion has been used for the
assessment of the exchange of various substances between CSF and brain,
concomitant to the measurement of CSF formation and absorption rates.
Through a needle, which is usually inserted into a lateral cerebral ventricle
of the animal, artificial CSF (i.e. a fluid with the ionic composition of
natural CSF) is infused into the ventricular system. Outflow of the fluid
takes place through a needle which is inserted into the cisterna magna
through the atlanto-occipital membrane. The rate of exchange between the
various compartments (brain extracellular space, CSF, blood) can be cal
culated from the total material balance and the contributions of the com
partments. In this way the exchange of 42K between ventricular CSF and
brain has been studied following the administration of 42K into the
perfusion fluid (Katzman and Pappius 1973).

The concentration ofextracellular ions can be monitored on-line and in
situ by the insertion of ion-selective microelectrodes. These electrodes con
sist of a double-barreled arrangement of glass capillaries, with one refer
ence barrel containing a saline solution of the same osmolarity as tissue
fluid, and the other being provided at its tip with a liquid membrane that
is selective for the ion to be measured. Ion-selective microelectrodes have
been developed to measure Na+, K+, Ca++, Cl- and H+ (pH) concentra
tions. Problems that may be encountered during the use of ion-selective
microelectrodes may arise from interference by other ions, breakdown of
the liquid membrane and difficulties with calibration (Nicholson and Rice
1988).

Nuclear magnetic resonance techniques allow the in vivo investigation
of several extracellular constituents or parameters.

Sodium-23 NMR and sodium-23 MRI are based on the odd number of
nucleons in the nucleus of this prevalent sodium isotope, which exhibits
four possible orientations of its magnetic moment, permitting three transi
tions in between. On account of its lower concentration in the tissue its
signal is much weaker than that of hydrogen. Moreover, under certain
conditions the 23Na signal is invisible in tissue because of so-called
quadrupolar interactions within the cell (Berendsen and Edzes 1973).
Sodium-23 imaging typically shows high signal areas in structures with
high water content, such as CSF spaces, vascular cavities and oedematous
areas, in accordance with the predominant extracellular distribution of
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sodium (Hilal et al. 1985, Turski et al. 1988). Nevertheless, there is still a
considerable intracellular distribution of tissue sodium, and several at
tempts have been made to distinguish extra- from intracellular sodium, e.g.
by the use of the shift reagent dysprosium, which does not enter cells and
consequently cause a shift of the extracellular sodium resonance frequency
with respect to that of intracellular sodium. However, dysprosium exhibits
some toxicity, its passage into brain is restricted by the blood-brain
barrier and its uniformity of distribution in the tissue has been questioned
(Burstein 1988).

Proton-NMR based measurement of water diffusion is a non-invasive
MR technique employing the phenomenon that in a certain volume ele
ment of tissue, excited proton spins tend to display incoherent motions as
a result of true molecular diffusion and microcirculatory flow which carry
the spins in various directions. These intravoxel incoherent motions, which
may be expressed mathematically in the form of an apparent diffusion
coefficient (ADC), result in an attenuation of the signal. Diffusion
weighted imaging is essentially based upon the use of twin sequences, the
first of which is a standard sequence in which the effects of intravoxel
incoherent motions on the signal So are negligible, and the second a
sequence that contains additional gradient pulses to increase the effects
of intravoxel incoherent motions on the signal Sl' From such pairs of
images the ADC can be obtained on a voxel-by-voxel basis by: ADC =
Log(SO/Sl)/(b1 - bo), where b1 and bo are the gradient factors of the re
spective sequences. Separation of the diffusion and perfusion components
is achieved by the use of a third sequence S2' which is identical to the Sl
sequence except that the additional gradient pulses are stronger; this results
in a greater attenuation due to diffusion in sequence S2' As the contribu
tion of flow is negligible in Sl and S2' the ADC image obtained from Sl
and S2 is a pure diffusion image (ADC = D). Typical values for ADC are
(2.0 ± 0.1).10- 3 mm2/sec for grey matter and (1.7 ± 0.1).10- 3 mm2/sec
for white matter (Le Bihan et al. 1986, Le Bihan et al. 1988).

The Structure and Functional Significance of Cerebral Extracellular Space

Tissue extracellular space comprises the entire volume of tissue space
located between the cellular elements. Measurements of tissue electrical
impedance, water diffusion coefficients, and the pattern of spreading of
vasogenic oedema fluid, have all indicated that in white matter, contrary to
grey matter, there is anisotropy of extracellular space related to fibre archi
tecture. The anisotropy favours fluid movement in the direction of the fibre
tracts and impedes movement at right angles to the fibres, although its
effect on small molecules is less apparent in some areas. Compartmenta
tion of the extracellular space seems also to exist on a microscopic scale.
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Cerebellum and thalamus contain glomerular synapses, i.e. capsules of
glial processes surrounding a group of axonal and dendritic terminals
(Szentagothai 1970). These are presumably intended to restrict inappropri
ate diffusion of released transmitters (Galambos 1971). The encapsulation
of some circumventricular organs by the processes of tanycytes also tends
to seggregate humoral influences from the mainstream of extracellular
fluid (Krisch and Leonhardt 1978).

In the extracellular space diffusional processes take place, such as gas
exchange, the transfer of metabolites between capillaries and cells, and the
ionic movements in neuronal excitation and conduction of impulses.

Following their administration into the ventricular CSF, ions and small
molecular substances appear to penetrate readily across the ependyma of
the ventricular wall into the surrounding tissue. The permeability of the
ependyma is much lower to macromolecular substances, such as proteins
and polysaccharides. A "sink-action" of the CSF has been found to be the
basis of a diffusional movement of a substance toward the CSF-spaces,
corresponding to a concentration gradient in the tissue toward the CSF.
This may result from a greater influx of a substance across the blood-brain
barrier compared to that across the blood-CSF barrier, from its endoge
nous formation within the brain parenchyma, or from its active excretion
into the blood by the choroid plexus. A well-known example is that of
sucrose, which shows a distribution into an apparent cerebral sucrose
space of 2.66% following its systemic administration. When the sink
action of the CSF was enhanced by ventriculo-cisternal perfusion with a
sucrose-free fluid the sucrose space decreased to 1.76% while it increased
to 9% when the perfusion fluid contained sucrose (Oldendorf and Davson
1967).

In view of the importance of the various inorganic ions, the existence of
homoeostatic mechanisms is conceivable. Homoeostasis is achieved by the
blood-brain and blood-CSF barriers, which protect the neural tissue from
large fluctuations of systemic electrolyte levels, in addition to the buffering
functions of the astroglia and of the large ionic reservoir formed by the
CSF. This is illustrated by the homoeostasis of extracellular K +, to the
effect that accumulation of K + released during neural excitation is pre
vented by uptake into astrocytes, exchange with CSF, and possibly also by
efflux through capillaries (Fig. 12).

Among neurotransmitters, glutamate that is released into the ex
tracellular space during neural excitation and that may readily assume
toxic concentrations, is soon taken up by astrocytes, in which it is con
verted to glutamine; this is subsequently released into the extracellular
space, where it can be retrieved by neuronal elements (Van Gelder 1983).
The uptake of glutamate by astrocytes seems to be dependent on external
sodium, and possibly also on external potassium (Schousboe et al. 1977).
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Fig. 12. Homoeostasis of extracellular K+

Moreover, the high-affinity uptake of glutamate by astrocytes was found
to be increased by the a1-adrenergic agonist phenylephrine. Apart from
glutamate, other amino acids such as aspartate, GABA and taurine may be
taken up into astrocytes by way of high-affinity uptake mechanisms, which
often are dependent on extracellular Na+ and Cl-, and are controlled by
monoamine (a- and {J-adrenergic agonists, dopamine, serotonine) receptor
stimulation (Hansson and Ronnback 1991).

Apart from diffusion, movement of substances in the extracellular
space may be due to bulk flow of interstitial fluid. Periventricular diffusion
profiles of substances, that had been introduced into the ventricular CSF,
did not indicate convective movement, as the diffusion profiles agreed well
with theoretically calculated profiles in which the influence of convective
flow was excluded (RaIl 1968). It may be argued, however, that the study
was conducted with small-molecular highly diffusible substances, for which
the slow convective movements may be negligible with respect to the diffu
sional movements. Existence of bulk flow was suggested by studies in
which a small amount of a macromolecular substance such as blue dextran
or polyethylene glycol was introduced into the brain; the spreading of the
substance from the site of injection was not concentric, as expected in
diffusion, but excentric, following fibre tracts and perivascular spaces
(Cserr et al. 1976). Study of the tissue penetration profiles of 3H-sucrose, a
molecule with extracellular distribution, demonstrated that in grey matter
the apparent diffusion coefficients were similar at different times, as ex
pected from diffusion, whereas in white matter they significantly decreased
with time, suggesting bulk flow of interstitial fluid (Rosenberg et al. 1980).
The maximal clearance of interstitial fluid was computed to amount 0.11
fll/min/g tissue. There are indications that part of the interstitial fluid
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drained into the deep cervical lymph nodes, via the olfactory bulb and the
cribriform plate (Bradbury et al. 1981).

The existence of a physiological flow of extracellular fluid toward the
ventricle would be consistent with the formation of extracellular fluid,
either by transcapillary fluid filtration according to the Starling fluid flux
relation, or alternatively by fluid secretion by the capillaries, and thus
contributing to the formation of CSF as the so-called extrachoroidal com
ponent. Under pathological conditions, such as in the presence of vaso
genic oedema, there is evidence for the existence of bulk flow of oedema
fluid through expanded interstitial spaces.

The Extracellular Matrix

In many organs the extracellular space between cell bodies and cell pro
cesses is filled with extracellular matrix. The components of the extra
cellular matrix may be classified as glycoproteins, proteoglycans, and
collagens. Glycoproteins are polypeptides that are linked to branched sug
ar chains. These complex carbohydrate structures are hydrophilic, and
possess a great potential for encoding information on account of their large
structural diversity, which is the result of the multitude of possible isomeric
linkages between the sugars and the branching of the carbohydrate chains.
The glycosylation sequence may be uniquely determined by the structure of
the polypeptide chain. Glycoproteins of the extracellular matrix include
laminin, fibronectin and nidogen (or entactin). Proteoglycans are com
plexes of glycosaminoglycans covalently linked to polypeptides. Glycosa
minoglycans consist of repeating disaccharide units of glucosamine or
galactosamine coupled to glucuronic acid or iduronic acid. Familiar pro
teoglycans are chondroitinsulfate proteoglycan and heparansulfate pro
teoglycan. (Heparin and hyaluronic acid are glycosaminoglycans that are
not linked to proteins). The collagens comprise the types I to VI. Many
of these proteins possess structural features that favour association to
supramolecular assemblies, and association with other glycoproteins or
proteoglycans. Fibronectin contains a site which seems to be essential for
cell attachment and locomotion, and fibronectin may bind to heparin,
which induces a conformational change of the fibronectin molecule affect
ing the locomotion of cells in the extracellular matrix. Many of the glyco
proteins exhibit domains which show homology with the diffusible growth
factors (epidermal growth factor and transforming growth factor ex). They
may also possess growth promoting functions (Engel 1991, Jackson et al.
1991).

Compared to other organs, however, the parenchyma of the brain
is notable for its paucity of extracellular matrix. Generally, cerebral
extracellular space clearly lacks collagen, except in the circumventricular



The Nonnal and Pathological Physiology of Brain Water 79

organs. Furthermore, collagen IV occurs in basal laminas of capillaries and
the pial membrana limitans. The extracellular matrix seems to be better
represented in the developing brain, where it plays an important role in the
migration of cellular elements. In the extracellular space of the developing
postnatal rat cerebellum, immunocytochemistry has demonstrated the
presence of chondroitinsulfate proteoglycan forming aggregates with hy
aluronic acid (Ripellino et al. 1989). Glial cells have been shown to express
proteoglycans which provide a barrier inhibiting the outgrowth of neurites.
On the other hand, laminin exhibits neurite-promoting activity induced by
interaction with heparansulfate proteoglycan. By their uronic acid residues
proteoglycans of the extracellular matrix provide anionic sites which deter
mine the movement of charged proteins through the extracellular space.
In pathology, proteoglycans may control the growth and spreading of
tumours, as well as their vascularization in several organs. In Alzheimer's
disease, heparansulfate proteoglycan is typically deposited in the amyloid
plaques.

The Cerebrospinal Fluid

Next to the tissue extracellular fluid which is contained within the brain
parenchyma, the cerebrospinal fluid constitutes the second major reservoir
of extracellular fluid. The studies of Cushing (1914), Dandy and Blackfan
(1914) and Weed (1914), have provided the familiar picture of the CSF
circulation. Following its production in the cerebral ventricles, the CSF
flows through the ventricular system, exits into the cisterna magna, and
then passes through the other basal cisterns to the subarachnoid spaces of
the cerebral convexity, where it reaches the arachnoid villi and granula
tions to be absorbed into the blood circulation.

The formation and absorption rates of CSF can be measured by means
of ventriculo-cisternal perfusion with artificial CSF containing an imper
meant tracer. The CSF formation rate V, is measured on the basis of the
dilution of tracer concentration as a result of the addition of newly formed
CSF, while the absorption rate v;, is obtained by the difference between
inflowing volume V;n plus newly produced volume V, and the outflowing
volume v;,ut. Thus:

with V;n being the volume of inflowing perfusion fluid, c;n the concentra
tion of tracer in the inflowing fluid, v;,ut the volume of outflowing fluid,
and Cout the tracer concentration in the outflowing fluid (Heisey et al.
1962). Recommended tracers are 1311_ or 1231_RISA or blue dextran which
are truely impermeant and hardly enter surrounding brain, contrary to
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inulin, which has been used earlier, and proved to give rise to higher values
ofCSF formation rate (Martins et al. 1975).

In a method used by Masserman (1934) a volume d V of 10 to 60 ml of
CSF was withdrawn by lumbar puncture in recumbent human subjects,
and the time t was measured, required for the return of CSF pressure to its
previous resting value. Calculated from J:-f = d V/t, the CSF formation rate
J:-f amounted to 0.319 ml/min. With a similar procedure Katzman and
Hussey (1970) obtained a CSF formation rate of 0.323 ml/min in humans.

A proton NMR-based technique of measuring fluid flow through the
Sylvian aqueduct has allowed the non-invasive assessment of total CSF
production (excluding that in the fourth ventricle) in human volunteers. It
amounted to a mean of 650 ml/day, and exhibited a circadian variation,
with a maximum at 2.00 hr. a.m. and a minimum at 6 hrs p.m., which was
30% of the maximum (Nilsson et al. 1992).

Factors Determining Normal CSF Formation

These comprise osmolarity, pH, cerebral perfusion pressure, temperature,
hormones, and certain drugs.

The osmolarity of CSF with respect to that of plasma strongly influ
ences CSF formation rate. In the goat, ventriculo-cisternal perfusion with
fluids of various osmolarities demonstrated increase ofCSF formation rate
with rising osmolarity of the perfusion fluid (Heisey et al. 1962), whereas
elevating plasma osmolarity in cats diminished CSF formation rates
(Hochwald et al. 1974). On the other hand, reduction of plasma osmolarity
increased CSF production, associated with an increase of brain tissue
water content (i.e. development of osmotic brain oedema). The increase of
CSF production is apparently related to efflux of oedema fluid into CSF,
as indicated by the increase of Na+ efflux from the brain into the CSF
(DiMattio et al. 1975). Therefore, in patients with untreated hydrocephalus
and raised intracranial pressure, dehydration due to frequent vomiting
may reduce CSF formation rate and check further elevation of intracranial
pressure, whereas rehydration may increase CSF production with conse
quent intracranial pressure elevation.

As to the influence of pH, metabolic or respiratory alkalosis appeared
to induce a reduction, whereas metabolic or respiratory acidosis caused no
significant changes in CSF formation rate (Oppelt et al. 1963). It may
pertain to the dual involvement of the enzyme carbonic anhydrase, which
in the choroid plexus may subserve the mechanism of CSF production as
well as the regulation of acid-base balance. Administration of acetazola
mide, an inhibitor of carbonic anhydrase, therefore results in a reduction
of CSF production (Tschirgi et al. 1954).

Concerning the significance of cerebral perfusion pressure, it has been
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observed that raising intracranial pressure in cats did not diminish CSF
formation rate, provided that cerebral perfusion pressure was not reduced
below a value of 70 mm Hg (Weiss and Wertman 1978). Reduction of
arterial blood pressure to 62 mm Hg in dogs caused a 39% reduction of
CSF formation rate with respect to normotensive animals (Carey and Vela
1974). Measurements of CSF formation rates in patients with hydrocepha
lus showed a decrease of CSF production rate amounting to 0.003 ml/min
per mm CSF pressure elevation (Lorenzo et al. 1970). The influence of
cerebral perfusion pressure is another argument for an extrachoroidal
source of CSF formation, which should be the extracellular fluid from the
surrounding brain parenchyma, and allegedly formed under the influence
of cerebral perfusion pressure according to the Starling fluid flux equation.

The effect of endogenous vasopressin in decreasing CSF formation rate
has been attributed to a decrease of blood flow to the choroid plexus
induced by the peptide (Faraci et al. 1994). However, CSF production does
not always have to be coupled to choroid plexus blood flow; simultaneous
measurement in the rat of choroid plexus blood flow and of CSF formation
rate has demonstrated that intraventricular administration of vasoactive
intestinal polypeptide induced a reduction of CSF production by 30%,
although blood flow was increased by 20% (Nilsson et al. 1991). In sheep,
blood flow to the choroid plexus was increased by infusion of dopamine,
and decreased by infusion of haloperidol, but remained unchanged by
propranolol (Townsend et al. 1984).

Furthermore, hypothermia may result in an obvious suppression of
CSF production of 11 % per degree centigrade between 31 0 and 41 0 C
(Snodgrass and Lorenzo 1972). Hypothermia also caused a decrease of
24Na-turnover in the CSF (Davson and Spaziani 1962). From the reduc
tion of a blood-pressure-independent component of brain 24Na uptake by
the lowering of brain temperature to 150 C in rats, the origin of this
component was attributed to the contribution by CSF secretion (Go and
Pratt 1975).

Sympathetic stimulation in rabbits with kaolin-induced hydrocephalus
reduced CSF production significantly (Lindvall 1984).

Among the drugs that affect CSF production mention should be made
of acetazolamide, which inhibits carbonic anhydrase, and in the rabbit
suppresses CSF formation rate by 50% (Davson and Pollay 1963). The
reduction of CSF formation rate was associated with a lower turnover rate
of Na+ and Cl- in the CSF (Davson and Luck 1957, Maren and Broder
1970). In studies on the isolated choroid plexus, almost complete inhibition
of CSF formation was observed when acetazolamide was administered in
the vascular perfusion fluid (Pollay et al. 1972). Although in humans aceta
zolamide could achieve a 16-78% decrease of CSF formation rate (Rubin
et al. 1966), the clinical use of acetazolamide for the treatment of hydro-
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cephalus generally proved disappointing. Diuretics such as ethacrynic acid
and chiorthiazide (Domer 1969), as well as furosemide in high doses (Reed
1969), and bumetanide (Javaheri and Wagner 1992) have been reported to
cause a reduction of CSF production, indicating the involvement of a
Na+K+ /2 Cl- cotransport mechanism in the secretion of CSF. Transmit
ters: Introduced into the ventricular system, serotonin appeared to de
crease CSF production in the rabbit; this could be partly counteracted by
the antagonist ketanserin (Lindvall-Axelsson et al. 1988).

As to hormones, dexamethasone in therapeutic doses accomplished a
reduction of CSF production, which was attributed to inhibition of the
Na+K+ ATPase (Mayman 1972). Atriopeptins appeared to diminish CSF
production when added to the ventricular perfusion fluid.

In this context, receptors for atriopeptins have been demonstrated on
the membrane bound guanylate cyclase of choroid plexus epithelium
(Steardo and Nathanson 1987). Choroid plexus also contains vasopressin
Vl receptors, associated with the phospholipase C (PLC-A) signal trans
duction mechanism (Phillips et al. 1988, Ross et ai. 1989). Moreover,
choroid plexus appears to possess GABA-A receptors (Amenta et al.
1989), as well as receptors or binding sites for histamine (H2 ) (Crook et al.
1986), vasoactive intestinal polypeptide, J3-adrenergic agonists (Lindvall
et al. 1985), and prolactin, the latter allegedly being involved in tissue water
regulation especially in the fetus and the newborn (Lorenzo et al. 1983).

Generally, the signal transduction mechanisms underlying regulation of
secretory processes are still poorly understood. Cholera toxin has been
reported to induce a considerable increase of CSF formation (Epstein et al.
1977); as the toxin is known to bind to the G-regulatory protein of adeny
late cyclase, it points to a role of the cAMP signal-transduction mechanism
in CSF secretion. In cultured bovine choroid plexus epithelium, exposure
to cholera toxin indeed increased cAMP levels 50-fold; elevation of cAMP
levels could also be elicited by exposure to isoproterenol, PGE l , histamine
and serotonin, but not to prolactin, vasopressin and corticotrophin (Crook
et al. 1984). Moreover, choroid plexus epithelium appears to contain
two cAMP-regulated protein phosphatase-l inhibitor proteins, namely
inhibitor-l and a dopamine- and cAMP-regulated phosphoprotein of 32
kDa molecular mass (DARPP-32); drugs and hormones that are known to
alter epithelial fluid secretion and to increase cAMP or cGMP levels, such
as forskolin, isoproterenol, vasoactive intestinal polypeptide, atriopeptin
and serotonin, appeared to increase the phosphorylation of inhibitor-l and
DARPP-32, as demonstrated with phosphorylation-state specific mono
clonal antibodies (Snyder et ai. 1992). Vasopressin Vl and serotonin lC
receptors have been found to be associated with phospholipase C in the
choroid plexus, olfactory bulb and hippocampus, as shown by an in situ
hybridization study using mRNA for PLC isozymes (Ross et al. 1989).
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Intracellular signal transduction comprises mediation of the influence of external
factors, such as transmitters, by so-called second messengers, in achieving an
intracellular effect. This is ultimately accomplished by the phosphorylation and
consequent activation of an effector protein, such as an enzyme, or by changing
cytosol Ca++ concentration, which also influences the activity of enzymes. A well
known mechanism is the cAMP system, in which cAMP is formed by adenylate
cyclase in the cell membrane, and then activates a cAMP-dependent protein kinase
(type A) which phosphorylates the effector protein. Interaction of a p-adrenergic
agonist with its receptor results in stimulation of adenylate cyclase via a guanine
nucleotide binding protein (G-protein), whereas binding of an 1X2-adrenergic
agonist results in inhibition of adenylate cyclase, also mediated by a G-protein.
Another signal transduction mechanism involves membrane inositol phospholi
pids, e.g. when an lXi-adrenergic agonist binds to its receptor; the enzyme
phospholipase C in the cell membrane is activated via a G-protein, and splits
inositol phospholipids into diacylglycerols and inositoltriphosphate (IP3 ), the
diacylglycerol then activates protein kinase C, which phosphorylates the effector
protein. Alternatively, IP3 releases Ca++ from endoplasmic reticulum, raising
cytosol Ca++, which is the mechanism of vasopressin action. Other transmitters,
like glutamate, may open receptor-gated Ca++-channels, also raising cytosol
calcium. Reduction of cytosol Ca++ concentration is a mechanism, by which
atriopeptins act; upon binding to the receptor a membrane guanylate cyclase is
activated, producing cGMP which then activates the membrane Ca++ -ATPase,
and this enzyme causes Ca++ effiux.

Choroidal CSF Formation

Formation of CSF by the choroid plexus has been observed to take place
on the bottom of an exposed cerebral ventricle in the cat (De Rougemont
et al. 1960), and by the isolated feline choroid plexus in a closed chamber
(Miner and Reed 1972). Moreover, the fluid collected directly from the
plexus had an ionic composition (Na+ 158, K+ 3.28, Ca++ 1.67, Mg++
1.47, and Cl- 138 mM), which is different from that of plasma ultrafiltrate,
clearly indicating active transport, i.e. secretion (Ames et al. 1964). The
differences that occur downstream, such as higher Cl- and lower K +,
Ca++ and Mg++, in the CSF obtained from the cisterna magna (Na+ 158,
K+ 2.69, Ca++ 1.50, Mg++ 1.33, Cl- 144 mM), point to exchange with
surrounding brain parenchyma during passage through the ventricular
system.

The Mechanism of CSF Secretion by the Choroid Plexus

The ion movements across the plexus between ventricular and vascular
sides have been studied in the frog by mounting the isolated choroid plexus
between two lucite chambers. The movement of 22Na+ from the vascular
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to the CSF side appeared to exceed the opposite movement by 1.6 Jl.mol/
cm2, and to be inhibited by ouabain. The net Na+ transport to the CSF
side could also be inhibited by removal of HC03 from the fluid media.
There was a net 42K+ movement from the ventricular to the vascular side
(Wright 1972). The active transport ofNa+ from blood across the choroid
plexus epithelium presumably constitutes the driving force of CSF secre
tion, with the ouabain-sensitive Na+K+-ATPase on the CSF side of the
plexus epithelial cells being responsible, exchanging Na+ for K+.

The isotonic character of the secreted CSF indicates coupling of water
movement to Na+ transport, which probably proceeds according to the
model of the "standing osmotic gradient" (Diamond and Bossert 1967).
The secreted Na+ collects within clefts between microvilli of the choroid
plexus, allowing local osmotic gradients to build up by the secreted Na+,
which then may attract fluid from the cells, resulting in the formation of an
isotonic secretion.

The dependence of Na+ transport on the presence of HC03 suggests
that H+ ions are involved. The Na+ may have been acquired by exchange
with H+ via the Na+/H+ antiporter. The H+ ions may be formed from
CO2 and H20 in the carbonic anhydrase reaction. Choroid plexus epithe
lium has been shown to contain the isoenzyme CA II of carbonic anhy
drase, which is different from the CA IV isoenzyme situated in cerebral
capillary endothelium (Ghandour et al. 1992). Furthermore, the influence
of furosemide and ethacrynic acid on CSF production rate indicates the
involvement of the Na+K+/2 Cl- cotransport system, which performs the
electroneutral transport of a Na+ and a K+ ion in conjunction with 2 Cl
IOns.

Therefore, the following mechanism may be proposed for CSF forma
tion by the choroid plexus. Secretion of Na+ which is responsible for the
osmotic gradient, proceeds by the Na+K+-ATPase of the plexus epithelial
cell at the expense of ATP and in exchange for K +. The Na+ ion enters the
CSF, accompanied by the anions Cl- and HC03. The cellular Na+ is
acquired by exchange for H+ through the Na+ /H+ antiporter. and Cl
is supplied by exchange against HC03. The contribution of carbonic
anhydrase consists of the provision of H+ and HC03 ions from H20 and
CO2, Finally, K + ions, that have entered in exchange for Na+, may leave
the cell together with Na+ and two Cl- ions by means of the Na+K+ /2 Cl
cotransport system, and this is susceptible to inhibition by furosemide or
bumetanide (Fig. 13).

Extrachoroidal CSF Formation

There are indications for the existence of a component of CSF formation
that does not originate from the choroid plexus, but derives from the brain
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Fig. 13. Cerebrospinal fluid production by the choroid plexus, which involves
the Na+K+/Cl- cotransport mechanism (1), Na+K+ ATPase (2), carbonic

anhydrase (3), Na+/H+ (4) and Cl- /HC03 (5) antiporters

parenchyma. The necessary condition of a free exchange of fluid between
brain parenchyma and CSF is consistent with the extensive diffusional
exchange between CSF and tissue extracellular fluid. Other arguments are
provided by experiments, in which resection of a choroid plexus in dogs
apparently did not reduce the amount of CSF obtained from the ventricle
from which the choroid plexus had been removed, compared to the other
ventricle (Bering 1958). In monkeys, the blood to CSF transport of 24Na
only decreased by 40% after bilateral plexectomy, equivalent to a reduc
tion of CSF production from 19.2 to 13.3 Ill/min (Milhorat et al. 1971).
After bilateral plexectomy in a child for the treatment of hydrocephalus,
CSF formation rate as measured by interventricular perfusion was per
fectly normal (0.35 ml/min) (Milhorat et al. 1976).

CSF Absorption

The dynamics of CSF absorption have been well studied using ventriculo
cisternal perfusion, and can be expressed by the following equation: Ja =

(P - Pd ) • Ro. In humans, it was found that CSF absorption (.fa) increases
by 0.076 ml/min when CSF pressure rises 1 cm, this is the so-called outflow
conductance (Co = l/Ro = 0.076 ml/min/cm; and R.o = 13.2 cm CSF pres
sure/ml/min); Ro being the outflow resistance, presumably representing
the absorption characteristics of the arachnoid granulations. Moreover,
CSF absorption only proceeds if CSF pressure exceeds an opening pressure
of 6.8 cm H 20, which corresponds to the pressure (Pd ) in the dural sinuses
(Cutler et al. 1968b). Assuming an average CSF formation rate of 0.35
ml/min in the human, formation rate equals absorption rate at a CSF
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Fig. 14. Relation between CSF absorption rate Ja (m1/min) and CSF pressure
(cm H 2 0) in the human. To accomodate the normal CSF production rate Jj of
0.35 ml/min, requires a CSF pressure of 11.4 cm H 2 0 (the resting pressure P,). Pd

is the opening pressure, Co is the CSF outflow conductance, being Ja/PCSF

pressure of (0.35/0.076) +6.8 = 11.4 cm H 2 0, and this is in good agree
ment with the measured equilibrium value of 11.2 cm (Fig. 14). Absorption
and drainage of eSF into the dural sinuses occurs only if the pressure in
the sinus is lower, or at most equal to the eSF pressure. Indeed in dogs, a
pressure of 9 cm H 2 0 has been determined in the sagittal sinus at a eSF
pressure of 14.7 cm H 2 0 (Shulman et al. 1964).

The pressure dependence of eSF absorption, as expressed by the equa
tion, provides the link between cerebral fluid balance and intracranial
pressure. Speaking of pressure, under physiological conditions a resting
pressure exists which is determined by the balance between eSF produc
tion rate, the pressure in the dural sinus, and the absorption characteristics
of the arachnoid granulations; in terms of fluid balance, there is a surplus
of eSF, stored in the eSF compartment and reflecting its degree of filling.
It is also a buffer of displaceable fluid volume which can be used up in the
presence of space occupying lesions.

Morphological Aspects of CSF Absorption

The arachnoid villi which are responsible for eSF absorption in many
animals, look like club-shaped structures of a size that is macroscopically
hardly visible. They have a core of arachnoid space containing arachnoid
cells, which protrude across the dura into the lumen of the sinus, abut on
a vein within the dura, or into the subdural space (Andres 1967, Wolpow
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and Schaumburg 1972). Apart from villi, larger animals also possess
Pacchionian arachnoid granulations that are visible to the naked eye and
have the appearance of mushroom-shaped lobulated structures with a cau
liflower-like surface. In the arachnoid granulation the subarachnoid space
also extends through the stalk of the granulation into its interior. In this
core the arachnoid cells form a loose lattice-work with large intercellular
spaces interlaced by collagen fibres. The entire structure is covered by
a lining that may be considered as specialized endothelium of the sinus
(Fig. 15). According to other observations, the larger human granulations
are covered by dura (with an underlying subdural space), except at the
top, where there is an endothelial covering (Upton and Weller 1985). Mor
phologically, however, these endothelial cells are indistinguishable from
the underlying cells of the villus. Tripathi (1977) denoted the covering cells
as arachnoid mesothelial cells, while Andres (1967) and Rascol and Izard
(1969) recognized three layers in the villus: an inner core of mesothelial
cells, surrounded by an intermediate layer of neurothelial cells (the contin
uation of the subdural neurothelium, the outer layer of the arachnoid
mater attached to the dura), and most superficially the lining of en
dothelium. The basal lamina of this endothelium is not continuous but
occasionally interrupted, or even lacking.

Fig. 15. Microphotograph of part of a human arachnoid granulation. Its interior
consists of a meshwork of arachnoid mesothelial cells and collagen fibres, some
larger mazes of which have presumably contained cerebrospinal fluid (f). The side
surface shows a covering of endothelial cells (E). Toluidine blue stain. Scale bar:

lOJlm
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There are many controversies as to the mechanism of CSF absorption.
Welch and Friedman (1960) observed microscopical tubular structures of
4-12 /lm in diameter, leading from the core of the villus into the sinus
lumen. However, other electronmicroscopical studies of arachnoid villi
revealed an uninterrupted layer of endothelial cells (Andres 1967, Alksne
and Lovings 1972, A1ksne and White 1965), which impeded the passage of
red blood cells from the subarachnoid space into the blood (Alksne and
Lovings 1965). Tripathi (1977) observed that the endothelial cells covering
arachnoid villi, contained large vacuoles when there was a CSF pressure
gradient. Although this mesothelial covering of the villus was continuous,
in the presence of a CSF pressure gradient the vacuoles could be observed
to break through into the sinus lumen; the vacuoles thus constitute a
dynamic system of transcellular channels that connect the subarachnoid
spaces of the villus core with the sinus lumen. Gomez and Potts (1977) also
reported such vacuoles in the endothelial covering of villi in the presence of
a CSF pressure gradient, but these seemed to be extracellular rather than
intracellular; in fact they also imply the formation of transendothelial
channels. Potts and Gomez (1974) observed tubules of 10 /lm diameter in
the arachnoid granulations of sheep; these were lined with endothelium
and constituted direct connections between the subarachnoid and sinus
sides. Such endothelium-lined tubules have also been observed in human
arachnoid granulations, both by transmission and scanning electronrnicro
scopy (Jayatilaka 1965, D'Avella et al. 1980, Upton and Weller 1985). It
was pointed out by Go et al. (1984b) that the cells covering arachnoid
granulations show a morphological similarity to the cells of the subdural
neurothelium, as well as to the cells lining arachnoid cysts. By enzyme
ultracytochernistry (on the basis of the p-nitrophenylphosphatase reac
tion), the presence of transport Na+K+ -ATPase can be demonstrated in
the plasma membrane of the cells lining arachnoid cysts, indicating their
capacity to secrete CSF. In human arachnoid granulations, Na+K+
ATPase could also be demonstrated in the luminal plasma membrane
of the endothelium, suggesting that in the process of CSF absorption a
biochemical transport mechanism may playa role in addition to the bio
mechanical systems (including tubules or the formation of transendothelial
channels) (Go et at. 1986). The reported effect of dexamethasone, which in
perfusion studies of arachnoid villi proved to be capable of reducing the
opening pressure, would also support a biochemical mechanism (Love et
at. 1984). In this light it is notable that arachnoid granulations, and other
derivatives of subdural neurothelium viz. meningiomas and the wall of
arachnoid cysts, appear to possess progesterone receptors (Verhagen et al.
1994). Metabolites of progesterone have been reported to modulate the
function of receptor-operated cWoride channels in the nervous system
(Majewska et at. 1986), an observation that may be relevant to ion, and
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possibly also, fluid transport. It may well bear upon the observed (mean
11.5 ml) increase of CSF volume in women in the premenstrual phase,
according to an MRI study of CSF volume undertaken to investigate
premenstrual complaints (Grant et al. 1988).

Alternative CSF Absorption Pathways

Apart from the familiar absorption mechanisms,the existence of other
pathways have been postulated, such as absorption from the spinal sub
arachnoid space by arachnoid villi located in venous sinuses at the dural
infoldings of spinal root sheaths (Woollam and Millen 1958, Welch and
Pollay 1963).

The absorption of CSF in the brain parenchyma implies a bulk flow of
fluid, which has to be directed from the ventricles, in conditions of elevated
pressure within the ventricles such as in hydrocephalus. Alleged evidence
for this mechanism was the observation of a deeper penetration of radioac
tive serum albumin in the periventricular tissue following its intraven
tricular injection, compared to a lesser depth of penetration in control dogs
(Strecker et al. 1974). However, diffusional movement of the tracer cannot
be excluded as an explanation for the difference in depth of penetration.
The presence of oedema (of the hydrostatic type) in the periventricular
tissue, visible on CT-scans as periventricular lucencies (Hopkins et al. 1977,
Hiratsuka et al. 1982), has also been cited as evidence for transventricular
CSF absorption, although this does not really constitute proof of the
existence of bulk flow of fluid.

Many studies using the administration of dyes or radioactive tracers
into the CSF have suggested the existence of drainage pathways along the
sheaths of various cranial nerves, such as the olfactory or the optic nerves,
eventually leading to the cervical lymph nodes (Faber 1937, Bradbury et al.
1981).

The Flow ofCSF

The flow of CSF from the production sites in the ventricular system
towards the basal cisterns and further down through the subarachnoid
spaces, has been the subject of clinical studies using isotope-cisternography.
In humans, the injection of radioactive serum albumin into lumbar CSF, is
followed 4 hours later by the appearance of radioactivity in the cervical
region, the cisterna magna and other cisterns around the lower brain stem,
the Sylvian fissure, and the interhemispheric fissure. 24 hours later the
radioactivity has arrived at the subarachnoid spaces of the cerebral convex
ity, and converges upon the sagittal sinus. The radioactivity decreases only
after 48 hours (Penning and Front 1975). Under normal circumstances, no
filling of the ventricles is observed. The ventricles show up when there is
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obstruction of the subarachnoid spaces of the cerebral convexity or of the
absorption sites, such as in communicating hydrocephalus, including the
normal pressure type.

The forces driving the movement of CSF include in the first place the
ventricular fluid pressure, as a consequence of CSF production being in
excess ofCSF absorption; secondly, there are the changes ofCSF pressure,
resulting mainly from the arterial pulsations but also from respiratory
movements and changes of posture; finally, there is the movement of the
ependymal cilia, which probably only have a very local action and are
intended to prevent sedimentation of debris on the ventricular walls and to
achieve thorough mixing of fluid.

Non-invasive MRI techniques exist which may depict the low velocities
of CSF flow, and especially the pulsatile CSF movements. It could be
observed that during the systolic phase of the CSF pulse there was caudally
directed CSF flow in both the foramen of Monro and the aqueduct.
Caudad motion of the brain stem produces a CSF wave through the spinal
canal. In diastole, the direction of flow reverses to cephalic (Feinberg and
Mark 1987). The techniques are currently also applied especially for the
diagnosis of flow obstructions in the spinal canal.

The Cerebral Intracellular Space

In considering brain water compartments, the cell is usually regarded as a
single intracellular space, although it is clearly compartmentalized, with
the cytoplasm and the nucleus as the main compartments; other compart
ments are the various organelles, such as the mitochondria and endo
plasmic reticulum, which are separated from the cytoplasmic compartment
by enveloping membranes. Compartmentation also applies to energy
metabolism, with glycolysis proceeding in the cytoplasm, and oxidative
phosphorylation in the mitochondria, and mutual exchange of substrates
and metabolites across the mitochondrial membrane.

Exchanges between organelle compartments also take place in intra
cellular calcium signal transduction; calcium may be released into the
cytosol by the endoplasmic reticulum under the influence of inositoltripho
sphate (IP3), which is formed from membrane inositolphospholipids when
certain transmitter receptors are activated; in other circumstances cytosol
calcium may be taken up by the endoplasmic reticulum and the mitochon
dria. By means of calcium-specific indicators such as aequorin the cytosolic
calcium movements have been elucidated as waves traveling with speeds of
5-30 J.lmJs in fast waves, and I J.lmJs in slow waves (Jaffe 1993).

There are also solute movements within the intracellular space in the
context of intercellular communication. Astrocytes maintain extensive
mutual contacts through gap junctions, which allow dispersal of various
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constituents such as potassium from one cell to many neighhouring astro
cytes. This process, which has been called spatial buffering, is involved in
the homoeostasis of extracellular potassium: an elevation of extracellular
K + concentration such as may occur after massive neuronal discharges,
will induce ingestion of the K + by local astrocytes, followed by intra
cellular dispersal across a larger part of the astrocytic population (Fig. 11).
It seems that calcium also may be dispersed across astrocytes through gap
junctional contacts (Hertz 1978, Orkand 1966, Trachtenberg and Pollen
1970). In hippocampal slices, it was found that neuronal activity as well
as application of glutamate triggered intracellular Ca++ elevation in astro
cytes, which moreover, propagates as waves across the astrocytic popula
tion at velocities of 7-27 J-lm/sec (Dani et af. 1992).

Gap junctions are junctions between adjoining cells, in which the intercellular space
is narrowed, but not obliterated. This narrowed intercellular space is bridged by a
system of tubules, called connexons, that connect the contents of both cells. In
freeze-fracture studies the connexons are depicted as more or less densely packed
units, arranged in a hexagonal lattice. The connexon may be envisaged as being
composed of six rod-shaped subunits (2.5 nm in diameter and 7.5 nm long), each
of which consists of a single protein, called connexin. These are aggregated to form
the hollow connexon cylinder of 7 nm diameter, containing a cavity of 2 nm.

In nerve cells, in which excitation is a main function, the initiation and
propagation of the action potential involves the exchange of the ions Na+,
K +, and Cl- of the cell with the extracellular space through respective ion
selective channels in the plasma membrane. Restoration of membrane
potential and recovery of excitability are again based upon exchanges
between the cell and the extracellular space, driven by ion pumps viz. the
Na+ K + ATPase. When the action potential arrives at the nerve terminal,
the depolarization induces the opening of voltage-gated Ca++ channels in
the presynaptic membrane, and the resulting Ca++ influx and elevation of
cytosolic Ca++ triggers the release of neurotransmitter (Zucker and Lando
1986). Normalization of intracellular Ca++ again involves an ion pump,
the Ca++ ATPase.

Shifts of inorganic ions also occur during osmotically induced changes
of cellular volume, and during the regulatory processes for its mainte
nance, which mainly comprise electroneutral ion movements through
counter-transport mechanisms (like the Na+/H+ and Cl- /HCO;- antipor
ters) or co-transport mechanisms (such as the Na+ K+ /2 Cl- cotransport
mechanism) and the Na+ K+ ATPase.

As the various ion transport mechanisms subserve excitation, as well
as maintenance and regulation of cell volume and intracellular pH, it is
conceivable that these processes are interrelated. Electrical stimulation of
spinal nerve roots in rats elicited-in addition to an increase in extracellular
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Fig. 16. General configuration of channel, transporter or receptor, with trans
membrane segments spanning the cell membrane

K+ concentration-shifts of extracellular pH, which could be influenced
by various compounds such as acetazolamide, amiloride and DIDS, indi
cating that the Na+ /H+ and 0-/HCO; exchange mechanisms are
involved (Sykova et al. 1992).

Ion channels such as Na+, K+, Cl-, and Ca++ channels are transmembrane pro
teins, the molecules of which span the entire thickness of the cellular plasma
membrane (Fig. 16). They are usually characterized by their conductance as mea
sured biophysically, and by their susceptibility to blocking by certain toxins or
inhibition by certain drugs. Some are activated by an electrical potential, others
are receptor operated. By cloning of complementary DNA the amino acid
sequence of some of them has been deduced, and usually shows a number of
transmembrane domains that allegedly form the channel. In nerve and skeletal
muscle, the voltage-gated Na+ channel is responsible for the action potential: the
channel can be blocked by tetrodotoxin. It consists of an a-subunit of 260 kDa,
and 2 smaller p-subunits. The a-subunit from rat brain has an amino acid
sequence with 4 repetitive homology units, each containing 6 putative trans
membrane segments, one of which (S4) is charged and presumably is involved in
the voltage-dependent activation of the channel. Epithelial Na+ channels subserve
fluid secretion or sodium absorption in glands, intestine and kidney, and are
inhibitable by the diuretic amiloride. There is a multitude of K+ channels, even in
brain, many of which are voltage-gated and are important for repolarization of the
membrane. A voltage-gated K+ channel from Drosophila showed a predicted
sequence of 616 amino acids (70 kDa) with 7 putative membrane spanning seg
ments, one ofwhich (S4) was positively charged, and showed homology that of the
Na+ channel. There is also a K+ channel that is Ca++-dependent and is found in
acinar cells of exocrine glands; a K+ channel that is ATP-dependent is found in
cardiac tissue. Ca++ channels occur in various organs, and also exist in several
types: L-type channels are sensitive to blocking by dihydropyridines such as
nimodipine, N-type channels show activation by strong depolarisation and are
blocked by w-conotoxin, and P-type channels are both dihydropyridine and w-
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conotoxin insensitive. In rabbit skeletal muscle 4 tightly coupled subunits, !Xl' !Xz,
p, and y, compose a voltage-gated Ca++ channel complex. The largest subunit of
170 kDa is a receptor for dihydropyridine, and contains 6 transmembrane seg
ments, one of which is a positively charged segment (S4)' exhibiting structural
features similar to the sodium channel. An NMDA glutamate receptor-operated
Ca++ channel in hippocampus is physiologically involved in the phenomenon of
long term potentiation, and pathologically in ischaemic cell damage. cr -channels
that are voltage-dependent playa role in the generation of the membrane poten
tial; the voltage-gated Cl- channel of the electric organ of Torpedo was predicted
to consist of a protein of 805 amino acids containing 13 putative transmembrane
domains. An important and structurally different Cl- channel is the type operated
by the GABA-A receptor; it is enhanced by the anaesthetic isoflurane, and
inhibited by caffeine, and allegedly mediates the anticonvulsant action of benzo
diazepines and barbiturates. A hypothetical Cl- channel is the cystic fibrosis
transmembrane conductance regulator in the apical membrane of secretory
epithelia, the function of which is defective in cystic fibrosis.

The Na+1H+ antiporter exchanges Na+ for H+ and vice versa, requiring no
energy, aftd is inhibited by amiloride; it appears to be a protein of 815 amino acids
with 12 putative transmembrane domains, also containing amino acid residues
that can bind H+ and presumably represent its pH sensor. The cr IHCO:;
exchanger performs the exchange of Cl- for HCO:;, and is inhibited by disulfonic
stilbenes such as DIDS, while some types are Na+ -dependent; the exchanger of the
red cell membrane appears to be a transmembrane protein with a longitudinal
transport domain, and a water-soluble domain located in the cytoplasm. The Na+
r 12 cr cotransport mechanism performs electroneutral transport of the cations
Na+ and K+ and 2 anions Cl-; it is present in astrocytes but not in neurones;
it is inhibited by furosemide and bumetanide, and its stimulation by adrenergic
agonists seems to be mediated by elevation of cytosol Ca++ or by cAMP, while it
is also subject to cAMP-protein kinase dependent regulation (Noda et al. 1984,
Tempel et al. 1987, Tanabe et al. 1987, Jentsch et al. 1990, Berger et al. 1993,
Padan and Schuldiner 1993, Falke et al. 1985).

The Measurement of Intracellular Space

Changes of cell volume have conventionally been considered in conjunc
tion with complementary changes of extracellular space. In brain tissue in
situ, expansion of the intracellular compartment has been deduced from
the decrease of the extracellular space, which can be measured by the
various methods mentioned before.

The use of cells in culture has allowed the measurement of cell volume
proper, by passing the suspension of cells through a Metricell flow cyto
metric system. Determination ofcell volume is based upon the recording of
electrical potential changes between electrodes in each of two chambers,
which are interconnected by a window in the wall separating the chambers;
as cells pass through the window, the electrical current passing through the
window is impeded, while the recorded potential change is related to the
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volume of the passing particle. In this way the volume of C6 glioma cells
has been measured to amount to 980 /lm 3 (Chaussy et al. 1981).

Another method comprises the measurement of 3-0-methylglucose
(3-MG) space of cells in a serum-free medium, which represents the volume
of cell water (Latzkovits et al. 1993).

The advent of 31p_NMR has recently allowed the measurement of
cell volume in vivo, by means of the probe dimethylmethylphosphonate
(DMMP), which has an intracellular NMR resonance shifted upfield from
the extracellular (Lien et al. 1992).

The Maintenance of Cell Volume

Cell volume is subject to various changes, both physiological and patho
logical, such as those during growth and maturation, and on a shorter term
those during excitation, spreading depression, hypoxia, and brain oedema.

The mechanism for maintenance of cell volume has conventionally
been envisaged by the "pump and leak" hypothesis or double Gibbs
Donnan equilibrium (Tosteson and Hoffman 1960). The cell contains pro
teins, which behave as polyvalent anions (Protn

-), resulting in a distribu
tion of ions inside and outside the cell as reflected by a Gibbs-Donnan
equilibrium:

[Na+]in + [K+ln = [Cnin + [Protn-ln

[Na+]out + [K+]out = [CI-]out

[K+ln x [Cnin = [K+]out x [Cnout

[Na+ln x [CI-ln = [Na+]out x [Cnout

The impermeant intracellular proteins, moreover, exert an osmotic pres
sure which would lead to influx of water and cell swelling. This is prevented
by outward pumping of Na+ and Cl-. By the efflux of Na+ the cellular
contents acquires a negative charge, which attracts K + inside the cell, and
expells Cl- from the cell (Macknight and Leaf 1978). The pump has been
identified as the membrane Na+ K +-ATPase (Skou 1957); consequently,
interference with its function should lead to cell swelling. The pathways for
the efflux or influx of ions should currently be identified as the various ion
channels, cotransport and countertransport (antiporter) systems.

When rat brain was subjected to hypernatraemia, water was lost from
the tissue, but the loss was less than the amount predicted for ideal osmotic
behaviour; this indicates the presence of mechanisms responsible for
volume regulation. After 30 min of hypernatraemia, total tissue water
decreased by 7%, and extracellular water decreased by 27%, whereas
intracellular water did not change. Estimates of ion content indicated
that extracellular Na+, Cl- and K + decreased, but the intracellular ions
increased (Cserr et al. 1991).
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In epithelial cells of the gall bladder as well as in red blood cells of the
giant salamander Amphiuma, maintenance of cell volume after hyper
osmolar shrinking by a process of regulatory volume increase involved the
activation of the Na+ /H+ -antiporter and the Cl- /HC03-antiporter, which
results in the uptake of Na+ and Cl- in exchange for extruded H+ and
HC03. In Ehrlich ascites tumour cells and renal epithelial cells, regulatory
volume increase comprised the activation of Na+/Cl- and Na+ K +/2 Cl
cotransport systems, inducing the uptake of Na+, K +, and Cl-, together
with activation of the Na+ K+ ATPase; the net result is uptake of KCI and
water (Eveloff and Warnock 1987, Cala 1985).

In many tissues maintenance of cell volume during prolonged hyperna
traemia generally not only involves shifts of inorganic ions, but also the
accumulation of osmolytes; these are low-molecular weight organic solutes
comprising mainly free amino acids including taurine, glutamate, gluta
mine, aspartate, glycine, j3-alanine, y-aminobutyrate (GABA), and sub
stances such as myo-inositol, methylamines, and glycerophosphorylcholine
(Trachtman 1992, Law 1994). However, it appears that not all these
osmolytes are significant in brain cell volume regulation. In rat brain
subjected to chronic hypernatraemia, the cerebral cortex showed large
increases of amino acids, mainly taurine, glutamate and glutamine (Bed
ford and Leader 1993). When cultured rat brain cells were placed in
hyposmotic media, neurones as well as astrocytes released taurine, gluta
mate and aspartate, while in addition neurones released GABA, and
astrocytes liberated j3-alanine; it could be calculated that in cultured
astrocytes free amino acids contributed 54% to cell volume regulation
versus inorganic ions 46% (Pasantes-Morales et al. 1993). Another study
on cultured astrocytes demonstrated the release during hyposmolarity
mainly of taurine, and to some extent glutamate, aspartate and glycine,
but not glutamine; the liberation of taurine was a consequence of swelling
and unrelated to depolarization (Schousboe and Pasantes-Morales 1992).
Myo-inositol appeared to be involved in cell volume regulation in hyperna
traemia, but not in hyponatraemia (Trachtman et al. 1991). Synaptosomes
isolated from the brains of rats with hypernatraemia contained increased
levels of taurine, due to an increment of the Na+ -specific taurine transport;
however, glycine transport was unaltered (Trachtman et al. 1992). As to
the relevance of other osmolytes, it was demonstrated by a 31 P NMR study
of C6 glioma cells that during exposure to a hyperosmolar medium there
was a reduction of cell volume, but no change of the contents of glycer
ophosphorylcholine and glycerophosphorylethanolamine (Lien et al. 1992).
Hyperosmolarity not only exists in hypernatraemia, but also in diabetic
hyperglycemia. Moreover, in diabetes polyols or polyalcohols, such as
sorbitol and fructose, which are additional metabolites of sugar metabo
lism, may be involved in volume regulation. However, in rats subjected
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to anisosmolarity, sorbinil, which is an inhibitor of aldose and aldehyde
reductase, had no effect on the size of water compartments under the
various anisosmotic conditions, and it was concluded that the polyol
sorbitol was not an essential cerebral osmolyte (Trachtman et al. 1991).

There are also hormonal influences on glial cell volume as measured by
the 3-MG space; arginine-vasopressine resulted in an increase of 25%,
whereas atriopeptin caused a 32% decrease ofcell volume (Latzkovits et al.
1993). These findings may bear upon previous observations, such as the
increase in brain water content, associated with a decrease of brain tissue
sodium and potassium content, evoked in rats by intraventricular adminis
tration of vasopressin (Doczi et al. 1982). Moreover, intraventricular ad
ministration of atriopeptin appeared to prevent the water accumulation in
rat brain elicited by systemic hyposmolar fluid loading, associated with a
sodium loss from the neural tissue (Doczi et al. 1987).

In view of the significance of the Na+jH+ -antiporter in cell volume
regulation as well as in the regulation of intracellular pH, both functions
may conceivably be coupled. The maintenance of cell volume in lympho
cytes following hyperosmolar cell shrinkage involved the uptake of Na+
via the Na+jH+ -antiporter; this was associated with alkalinization of the
cellular contents (Grinstein et al. 1985). In vivo measurement of cell vol
ume by means of 31p NMR and using DMMP as a probe, showed a 67%
reduction of the volume of C6 glioma cells, which was associated with an
increase of intracellular pH, and with an increase of the contents of ATP
and CrP (Lien et al. 1992). Exposure ofC6 glioma cells or astrocytes to an
isotonic lactic acid solution caused cell swelling, provided that Na+ was
present in the medium; presumably the external H+ ions were buffered by
bicarbonate resulting in the formation of water and CO2 , the latter dif
fused into the cell and caused intracellular acidosis; the cellular carbonic
anhydrase catalyzed the formation of H2 C03 , which dissociated into H+
and HC0J"; the H+ ions were then extruded by the Na+ jH+ -antiporter in
exchange for Na+ entering the cell, and the HC0J" ions were exchanged by
the Cl- jHC0J"-antiporter for Cl- entering the cell, both accompanied by
osmotically obliged water resulting in swelling (Staub et al. 1990).

The Abnormal Accumulation of Brain Water

Given the significance of brain tissue water as an essential constituent of
the tissue, there are conditions in which brain water may accumulate and
become a hazard. The accumulation of water may be located within the
tissue, scattered among tissue elements as brain oedema, or contained
within dilated ventricles in hydrocephalus; the fluid accumulation may also
occur in unnatural cavities in the tissue designated as cystic lesions. In view
of the possibilities of exchange between the various compartments, it is
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conceivable that the accumulation of water in one compartment may affect
the other.

Brain Oedema

Cerebral oedema may best be defined as an abnormal increase of brain
tissue water content, as the result of general or local pathology.

It is well known that clinically, brain oedema plays an important role in
determining morbidity and mortality in brain tumours, cerebral ischaemia,
and severe head injury. Other conditions, in which brain oedema is consid
ered of great significance, are inflammatory lesions, including brain abscess
and necrotizing encephalitis, and radionecrosis.

There are also systemic affections, associated with brain oedema, such
as lead poisoning, e.g. by lead-containing paints (Clasen et al. 1984), or
ganic tin compounds (such as Stalinon, which has been used in France for
the treatment of furunculosis (Gruner 1958)), hexachlorophene (used as a
disinfectant), vitamin A intoxication, water intoxication and posthaemo
dialysis syndrome, hypertensive encephalopathy, hyperthermia and Reye's
syndrome.

Pathogenesis ofBrain Oedema

The classification of brain oedema on the basis of pathogenesis (Klatzo
1967), into vasogenic and cytotoxic types, marked a significant advance in
our understanding. However, several arguments warrant the refinement
and extension of the classification into 4 basic types, which should include,
either singly or in conjunction, all the various kinds of brain oedema.

Overview of basic oedema types:

Type Pathogenesis Oedema Localization Causes CSF
fluid formation

Vasogenic barrier water, extracellular focal lesions decreased
breakdown Na+,

protein

Cytotoxic metabolic water, intracellular hypoxia,
disturbance Na+ poisons,

ischaemia
(early)

Osmotic osmotic water, intra- and water increased
gradient (Na+) extracellular intoxication

Hydrostatic hydrostatic water, extracellular hydrocephalus,
gradient Na+ hypertension
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Vasogenic Brain Oedema

The presence of vasogenic brain oedema is an inescapable consequence of
a breakdown of the blood-brain barrier (Klatzo et al. 1958), which results
in leakage of plasma constituents into the parenchyma of the brain. Blood
brain barrier disruption with concomitant vasogenic oedema occurs in
virtually all focal cerebral lesions, such as cerebral contusions, operative
trauma, brain tumours, inflammatory lesions and haemorrhages, after ra
diation therapy, and in the later stage of cerebral ischaemia. Among the
intoxications, lead poisoning especially provokes vasogenic oedema.

A familiar experimental model of vasogenic brain oedema, which has
been used to study many of its aspects, is the oedema induced by a freezing
injury to the cerebral cortex (Clasen et al. 1953); it has the advantage of
reproducibility. Other experimental models of vasogenic oedema which
illustrate its association with other lesions include: the inflammatory re
sponse to implantation of irritative substances, contusion by mechanical
impact, implantation of tumours into the brain, ischaemia following occlu
sion of arteries and ionizing radiation.

Investigation of vasogenic oedema induced by the freezing injury has
demonstrated that its evolution may be characterized by a stage of exuda
tion, a stage of propagation and a final stage of resolution (Fig. 17).

In the exudative stage there is exudation of plasma proteins, water and
plasma electrolytes. In the experimental model this can be monitored by
the intravenous administration of Evans blue dye, which binds to plasma
albumin and causes blue-staining of the exudate. Clinically, the disruption
of the blood-brain barrier can be recognized by the exudation of X-ray
contrast agents on the CT-scan, and of MRI-contrast agents on the

EXUDATION

PROPAGATION
along fibres

Fig. 17. Evolution of vasogenic cerebral oedema
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MRI-scan. The exudate is extracellular and results in expansion of the
extracellular space. Indeed electron microscopy has shown an increase of
interstitial spaces in oedematous white matter amounting to 1000 nm,
versus 60 nm in control white matter (Gonatas et al. 1963). Besides an
increase of water content, the exudation of plasma constituents in brain
tissue causes an increase of Na+ content in the oedematous brain area,
while K + content is reduced, usually by dilution in the swollen tissue, or
occasionally by loss from the tissue.

The freezing injury model has allowed isolation of oedema fluid from
the cat brain; analysis of the fluid has demonstrated a Na+ content (143
meq/l) that more resembled that of plasma (146 meq/l) than that of CSF
(158 meq/l); this is consistent with the alleged vasogenic origin (Go et al.
1976a, Patberg et al. 1977). The oedema fluid has an increased colloid
osmotic pressure due to the presence of plasma protein (23 mm Hg, corre
sponding to 3.98 g/100 ml of total protein) compared with 36 mm Hg in
plasma (corresponding to 6.61 g/100 ml of total protein) (Go et al. 1985).
This may be relevant in considerations on reabsorption of oedema fluid in
the light of the Starling fluid flux equation.

The cryogenic injury model has also demonstrated the significance of
the vascular bed in exudation. When the freezing lesion was immediately
excised, the development of oedema was prevented, while excision at a later
stage impeded further progress (Aarabi and Long 1979). Young animals
tend to have less oedema than adults, which may be ascribed to a lower
arterial blood pressure and a less developed vascular system in young
animals (Streicher et al. 1965, Go et al. 1973a).

In the stage of propagation, spreading of the exudate takes place in the
intercellular spaces of the tissue, and preferentially along fibre structures of
the white matter, which are readily separated by the infiltrating exudate,
whereas in grey matter interwoven cellular processes impede expansion of
the intercellular spaces (Go et al. 1967). Clinically, the predilection of
vasogenic oedema for white matter may be recognized on CT-scans as an
area of low attenuation, or of signal hyperintensity on T2 -weighted MRI
scans, with a characteristic finger-like pattern of extension corresponding
to the geometrical pattern of white matter. Therefore, the white matter
may act as a trap, in which the exudate accumulates without a direct efflux
route being available into surrounding grey matter structures, except possi
bly into the ventricle. As a consequence, the white matter compartment
may rapidly swell to a considerable extent and become a space-occupying
lesion. The exudate does not spread evenly into all white matter structures,
however, as there are regions into which the oedema fluid penetrates less
readily. These include the internal capsule, the optic radiation, the corpus
callosum and the white matter structures of the lower brain stem. There
fore, the oedema rarely spreads from one hemisphere into the other across
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the corpus callosum, unless the latter is involved in the lesion itself (Go et
al. 1967). The process of propagation of oedema fluid into the white matter
is a process of convective fluid flow (bulk flow) through the extracellular
space, with equal rates of movement for small- and large-molecular sub
stances (Reulen et al. 1977).

Exudation and migration of oedema fluid are driven by the cerebral
perfusion pressure, i.e. the capillary blood pressure minus the regional
tissue pressure. The amount of vasogenic oedema has been shown to be
correlated with the arterial blood pressure (Klatzo et al. 1967). However,
another factor that seems to be significant, is cerebral vasomotor auto
regulation. An intact autoregulation would respond to arterial blood pres
sure elevation with vasoconstriction, attenuating the propagation of arte
rial blood pressure into the capillary bed. When vasomotor autoregulation
is disturbed, as may occur as a result of injury, arterial blood pressure may
freely exert its influence upon exudation (Go et al. 1974, Go et al. 1976b).

The stage of resolution involves clearance of the exudate, by such mech
anisms as: reabsorption into capillaries, drainage into the CSF, uptake
and degradation by glial elements, or drainage to cervical lymph nodes,
a pathway considered as an alternate route for the absorption of CSF
(Bradbury et al. 1981). There have been observations suggesting the feasi
bility of reabsorption into capillaries, although reabsorption of the extra
vasated proteins tends to be restricted by the integrity of the blood-brain
barrier in the white matter. Regarding the possibility of drainage into CSF,
experiments in cats involving the infusion of radioactive serum albumin
(RISA) with mock CSF into white matter have suggested that drainage
into the ventricular CSF could take place only after saturation of the entire
white matter compartment, which required three hours. The RISA efflux
with CSF increased until a plateau was reached after seven hours; the
efflux via this pathway then amounted to 38% of the quantity of RISA
infused, while only 6% was retrieved in the blood and drainage to the
cervical lymph nodes was less than 0.48% (Marmarou et al. 1984). Uptake
and degradation by glia may also be relevant as a mechanism of resolution,
since the exudate could be visualized immunohistochemically in astrocytes
and microglial cells (Klatzo et al. 1980). High-performance liquid chroma
tography (HPLC) analysis of oedematous brain tissue demonstrated the
presence of peptide fragments many hours after a freezing injury (Bodsch
and Hossmann 1983).

The blood-brain barrier breakdown inherent in vasogenic oedema
tends to jeopardize the efficacy of osmotherapy, which is used to reduce
intracranial pressure by dehydrating the brain. Following administration
of a hyperosmolar solution dehydration has been observed in brain regions
with intact blood-brain barrier, but not in areas in which the blood-brain
barrier was disrupted, and into which presumably the dehydrating agent
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has rapidly penetrated, abolishing the osmotic gradient required for dehy
dration (Beks and Kerckhoffs 1967). A rebound phenomenon, being the
secondary rise of intracranial pressure which may even attain higher levels
than before osmotherapy, seems to occur only in the presence of barrier
breakdown; it presumably represents the resumption of intracranial pres
sure elevation due to progressing oedema formation after an interruption
by the period of dehydration (Guisado et al. 1976).

Cytotoxic Brain Oedema

This type of oedema may be defined as cell swelling resulting from intra
cellular accumulation of fluid. The fluid is derived from the extracellular
space, which consequently shrinks. The decrease of extracellular space has
been documented by the rise of electrical impedance, such as in asphyxia
(Van Harreveld 1966), in 6-amino-nicotinamide intoxication (Baethmann
and Van Harreveld 1973), or following the intracerebral injection of
ouabain (Gazendam et al. 1979c). Eventually the fluid taken up by the cells
from the extracellular space must originate from the blood circulation, or
from the CSF space which is in extensive diffusional contact with the tissue
extracellular space.

Generally the cytotoxic oedemas may be classified into a group with
evident disturbance of cellular energy metabolism, and those with impair
ment of other aspects of metabolism.

According to the hypothesis of the double Gibbs-Donnan equilibrium,
energy deficit with consequent inadequate functioning of the Na+K+
ATPase must lead to cell swelling, as the influx of Na+ and water is not
pumped out. Therefore, cytotoxic oedema has been observed in such con
ditions as anoxia, ischaemia, decoupling of oxidative phosphorylation by
dinitrophenol, intoxication with 6-amino-nicotinamide due to competitive
inhibition of NAD enzymes, suppression of energy metabolism during
deep hypothermia (15° C), intoxication with 3-nitropropionic acid result
ing in irreversible inhibition of succinate dehydrogenase, inactivation of
the Na+K+ -pump by ouabain (Reulen and Baethmann 1967, Baethmann
et al. 1968, Reulen et al. 1970b, Hamilton and Gould 1987, Gazendam
et al. 1979b). Ultrastructural studies have revealed swelling of astrocytes
and oligodendroglial cells and occasionally also of neurones (Bakay and
Kobayashi 1971, Baethmann and Van Harreveld 1973, Towfighi and
Gonatas 1973, Lowe 1978, Hamilton and Gould 1987). In anoxia and
ischaemia, formation of lactic acid by anaerobic glycolysis may also be
involved, resulting in intracellular acidosis and activation of the Na+/H+
antiporter, which tends to correct the acidosis by the efflux of H+ ions in
exchange for the influx of Na+ with osmotically obliged water. Mediators
that may induce cell swelling may also be released, allegedly by way
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of signal-transduction systems activating ion channels or ion exchange
mechanisms.

Another group of cytotoxic oedemas comprise intoxications or dis
eases, in which the mechanism of the swelling has not been elucidated, such
as the oedema following the ingestion of organic tin compounds, the use of
hexachlorophene, cuprizone, the strongly epileptogenic agent methionine
sulfoximine, isoniazid, cycloleucine, and in Reye's syndrome and hepatic
encephalopathy (Gruner 1958, Aleu et al. 1963, Hirano et al. 1968,
Lampert et al. 1973, Kesterson and Carlton 1971, Gutierrez and Noren
berg 1977, Rizzuto and Gonatas 1974, Blakemore 1972, Greco et al. 1980,
Partin et al. 1978, Groflin and Tholen 1978). The cell swelling particularly
affects astrocytes, but in many intoxications formation of large vacuoles
has been observed in myelin sheaths. The vacuolation of astrocytes and
myelin sheaths gives the tissue a spongy appearance, which has been
described as status spongiosus or spongiform encephalopathy.

Even predominantly vasogenic types of oedema, such as cryogenic
oedema, may often be accompanied by secondary cell swelling. It may be
due to additional damage to cell membranes by the injury or by the action
of factors that are produced in the injury, such as oxygen derived free
radicals, e.g. resulting in a reduction ofNa+K+ ATPase activity and reten
tion of Na+ and obliged water (Cohadon et al. 1984, Cohadon 1987).

Osmotic Brain Oedema

This is the result of water influx into the brain on account of hyper
osmolarity of the brain with respect to plasma. The osmotic gradient may
be due to water intoxication, infusion of fluids of incorrect composition,
retention of water due to inappropriate antidiuretic hormone secretion or
excessive natriuresis, which has been reported after subarachnoid haemor
rhage. Since Na+ is the prevailing cation, these conditions are associated
with hyponatraemia. Osmotic brain oedema may develop during haemo
dialysis, when the blood urea level is lowered too rapidly (Szegedy 1966,
Pappius et al. 1967). As the blood-brain barrier restricts the passage of
urea, brain urea content cannot follow the rapid decline of blood urea
level, and an increasing urea gradient develops between brain tissue and
blood.

Integrity of the blood-brain barrier is not only required for the efficacy
of osmotherapy but also for osmotic brain oedema to develop, as with a
disruption of the barrier the change of plasma osmolarity is readily trans
mitted to the brain parenchyma, abolishing the osmotic gradient required
for the development of oedema (Go et al. 1973b).

Analysis of oedema fluid from cats in which osmotic brain oedema had
been induced by lowering plasma osmolarity, revealed the following com-
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position: Na+ 130 meq/l, K+ 1.6 meq/l, compared to plasma Na+ of 126
meq/l and plasma K+ of 4.6 meq/l (patberg et al. 1976). In the brains of
rats subjected to plasma hyposmolarity (251 mOsm/l), ion-selective micro
electrodes measured the following interstitial electrolyte concentrations: a
decreased Na+ concentration of 124 mmol/l and Cl- concentration of 106
mmol/l, but an unchanged K+ concentration (Lundbaek et al. 1990). The
changes of electrolyte content in oedema fluid are probably due to dilution
and solvent drag in the presence of an increased flow of extracellular fluid
towards the CSF. Under conditions of plasma hyposmolarity a consider
able increase of CSF formation rate has indeed been observed (Di Mattio
et al. 1975), and this probably also accounts for the ephemeral character of
osmotic brain oedema. The short duration of osmotic brain oedema may
explain why in some early experiments no increase of water content was
found two hours after water intoxication (Yannet 1939, Gerschenfeld et al.
1959).

Brain swelling following water intoxication in experimental animals
was observed as early as 1919 by Weed and McKibben. In vitro incubation
of brain slices in hyposmolar solutions resulted in swelling of the tissue,
which could be localized to the non-sucrose space, allegedly the intra
cellular compartment (Pappius 1965). Osmotic cell swelling has been mea
sured in C6 glioma cell suspensions using flow cytometry, with demonstra
tion of an increase of cell volume from a normal mean of 980 Jlm 3 to
1,469 Jlm 3 (Chaussy et al. 1981). Besides an increase of water content, in
osmotic brain oedema generally a decline of the K +, Cl- and Na+ contents
has been reported (Van Harreveld et al. 1966, Gerschenfeld et al. 1959,
Lundbaek et al. 1990). Electron-microscopy showed swelling of perivascu
lar glia in the cerebral cortex, and glial swelling along with enlargement of
intercellular spaces in white matter (Luse and Harris 1960, Wasterlain and
Torack 1968). In addition to cell swelling, there is also extracellular accu
mulation of fluid, which accounts for its drainage into CSF and the feasi
bility of its isolation by the insertion of needles into the tissue. Diffusion
weighted MR imaging of rat brain with oedema induced by hyponatraemia
showed a reduction of the apparent diffusion coefficient for water by '" 8%
(Sevick et al. 1992).

Contrary to acute plasma hyposmolarity with inherent hyponatraemia,
in which there is concomitant brain oedema, chronic hyponatraemia is no
longer associated with elevated brain water content (Holliday et al. 1968).
The regulatory process that normalizes water content involves the decrease
of brain K + content (Rymer and Fishman 1973, Katzman and Pappius
1973), probably in conjunction with the intracellular reduction of organic
osmolyte levels (Trachtman 1992). On the cellular level, loss of K+ has
been observed in several cell types as a mechanism for restoration of cell
volume (regulatory volume decrease) (Grinstein et al. 1984). The cellular
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ion shifts are probably responsible for the symptoms of hyponatraemia,
such as somnolence and epileptic seizures, or the phenomenon of pathocli
sis, i.e. the manifestation of latent neurological disturbances (Espinas and
Poser 1969, Goulon et al. 1971).

In the treatment of prolonged hyponatraemia by the administration of
hypertonic saline, it is advisable not to exceed a rate of 0.5 mmol/l per hour
or a total increment of plasma Na+ of 25 mmol/l in 48 hours, lest the
condition of central pontine myelinolysis is induced (Trachtman 1992).

Hydrostatic Brain Oedema

This type of oedema is actually a transudate or ultrafiltrate with a low
protein content, which has entered the brain parenchyma as a result of a
hydrostatic gradient. Hydrostatic oedema has been observed after experi
mental head injury, with hypertension and vasoparalysis (Schutta et al.
1968), or in experimentally induced hypertension with pronounced hyper
capnic vasodilatation (Meinig et al. 1972), in which the elevated arterial
pressure was transmitted into the capillary bed, unattenuated by auto
regulatory vasoconstriction, and therefore capable of promoting increased
transcapillary fluid filtration. The blood-brain barrier is intact in these
brain areas showing elevated water content, as testified by the absence of
Evans blue staining of the tissue.

Clinically, the most familiar example of hydrostatic oedema is the peri
ventricular oedema in hydrocephalus, which appears as periventricular
hypodensities on CT-scans, and in experimental hydrocephalus is based
upon enlargement of intercellular spaces as visualized in electronmicro
graphs (yVeller and Wisniewski 1969).

Brain Oedema in the Clinical Context

Important clinical conditions such as brain tumours, cerebral ischaemia,
and head injury are almost always associated with brain oedema, which
greatly contributes to morbidity and mortality.

Peritumoural Brain Oedema

Brain tumours are among the lesions that are often associated with sur
rounding brain oedema. Peritumoural brain oedema has been extensively
studied after implantation of tumours in experimental animals, and has
proved to be of the vasogenic type, with blood-brain barrier disruption,
and localization of the oedema in the white matter. Clinically, the vaso
genic nature of peritumoural brain oedema is evident from its preferential
location in the white matter as shown by CT and MRI scans. Measurement
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of tissue impedance during operation has also demonstrated its extra
cellular location (Go et al. 1972b). The defective blood-brain barrier is
mainly based upon a pathologically altered capillary endothelium, showing
fenestrations, separation of tight junctions, and other abnormalities such
as the presence of tubular bodies and an increased number of vesicles in the
cytoplasm, and absence or irregular thickening of the basal lamina (Long
1970, Hirano and Matsui 1975, Lohle et al. 1992).

The mechanism of peritumoural brain oedema formation is related to
the type of tumour as classified into intra-axial tumours (gliomas), extra
axial tumours (meningiomas and neurinomas), and metastatic tumours. As
gliomas arise from the brain tissue itself and tend to infiltrate the sur
rounding tissue, there is no definite border separating the tumour from the
surrounding tissue and restricting the flow of oedema fluid into the sur
rounding tissue; in the glioma the exudate especially originates in the
marginal regions in which the blood-brain barrier is disrupted, as shown by
contrast studies. However, not all gliomas form a solid mass of tumour; a
histologic study of serial stereotaxic biopsies has demonstrated that low
grade gliomas may consist of isolated neoplastic cells scattered within the
brain parenchyma rather than a central mass of tumour (Daumas-Duport
et al. 1987). Extra-axial tumours arise outside the brain; these tumours are
separated by several layers from the cerebral white matter in which oedema
fluid tends to accumulate. These layers are the arachnoid mater, the sub
arachnoid space, the pia mater, and the cerebral cortex, all of which tend
to impede to some degree the spread of oedema fluid from the tumour.
With meningiomas and metastases, the oedema fluid originates from the
tumour, since contrast studies demonstrate that the blood-brain barrier
is not disrupted in the surrounding brain. As has been demonstrated in
meningiomas, the amount of peritumoural oedema appeared to depend
not only on the size and histological type of the tumour, but also on the
integrity of the separating layers (Go et al. 1988a). Although metastases
are usually well demarcated from surrounding brain, they are intra-axially
located and not enveloped by layers which may impede the spread of
oedema fluid from the tumour into the surrounding brain. In oedema
surrounding metastases, the rate of formation of oedema fluid could be
calculated from the spread of contrast agent on CT-scans (Ito et al. 1986,
1988). By using the spread of contrast agent on CT-scans, the rate of
oedema fluid formation was also measured in meningiomas, and it proved
to correlate with the amount and extent of peritumoural oedema (Go et al.
1993a).

The space occupying character of the tumour and of accompanying
oedema may raise intracranial pressure, initially in the vicinity of the
tumour, compromising regional tissue perfusion, but eventually in a global
way, causing more widespread ischaemia. On the other hand, metabolites
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produced by the tumour may cause hyperaemia and increase of local tissue
blood flow. The recent technique of proton magnetic resonance spectro
scopy allows the study of various proton containing metabolites that occur
in adequate concentration in the tissue, such as phosphocholine (CHOL),
(phospho)creatine (CREAT), N-acetylaspartate (NAA), and lactate (LAC)
(Go 1991). Areas of peritumoural oedema generally showed no increase of
the CHOL/CREAT ratio, no decrease of the NAA/CREAT ratio, but
there was an increase of the LAC/CREAT ratio, often to a lesser extent
than in the margin of the tumour, although increased lactate in peritumoural
oedema has been reported to exceed that in the tumour itself (Ott et al.
1993). Since these areas of peritumoural oedema do not contain tumour
cells which might be responsible for the tumour-specific prevalence of
glycolysis, the elevation of LAC may rather indicate hypoxia/ischaemia.
Measurements of tissue oxygen tension have demonstrated low values in
the tumour and in peritumoural oedematous areas, which markedly im
proved after operative decompression and therefore could be attributed
to decreased perfusion (Kayama et al. 1991, Cruickshank and Rampling
1994).

When massive peritumoural oedema and absence of contrast enhance
ment obscure the exact site of a glioma on CT- or MRI scans, localization
of the tumour for biopsy may be accomplished by MRSI on the basis of the
increase of CHOL and LAC, and the NAA void (Go et al. 1994a). Oede
matous areas which still exhibit NAA on the MRSI may be assumed to
contain viable neurones, resection of which may conceivably increase the
functional deficit in functionally critical areas.

In proton MRS the proton containing metabolites that occur in adequate concen
tration, appear as resonance peaks of marked height in the proton magnetic
resonance spectrum. The substance (or a specific proton containing group it con
tains) is characterized by its place on the abscissa of the spectrum, which denotes
the specific chemical shift of resonance frequency it exhibits on the basis of the
specific molecular environment of the proton delivering the signal. Signals of
adequate size may be obtained from I ml of tissue volume. Consequently unit
volumes of tissue (voxels) of I cm3 may be chosen to make up the total volume of
brain to be studied, and in magnetic resonance spectroscopic imaging (MRSI)
reconstructed into two-dimensional matrices representing the spatial distribution
of a certain metabolite in the total volume studied. CHOL appears to be abundant
in gliomas as a constituent of membrane components to be incorporated in the
growing cells of the tumour. The elevation of CHOL in gliomas tends to occur in
the marginal rather than in the central parts of the tumour. CREAT occurs in all
living cells, subserving energy metabolism as creatine phosphate, and is often used
as a reference to express the relative concentrations of the other metabolites. NAA
is a component of neurones, the function of which is still poorly understood. Its
disappearance in tumours presumably indicates that the normal neuronal popula
tion in the lesion has been replaced by tumour cells. LAC also tends to be elevated
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Fig. 18. Proton MR spectroscopic imaging of left parietal malignant astrocytoma:
(A) is a Tz-weighted MRI showing anatomical relations and the area (box) de
picted by the metabolite maps. (B) Choline map showing elevated CHOL, espe
cially in the oedematous area (2) presumably infiltrated by proliferating tumour.
(C) NAA map showing the tumour (1) and the lateral ventricles (between 3 and
tumour), but not the oedematous area (2) being devoid ofNAA. (0) Lactate/lipid
map showing strong lactate signal in the tumour (1) and some lactate in the area
of oedema (2); the strong signals (p) at the periphery derive from subcutaneous

fat

in tumours, presumably on the basis of the predominance of glycolysis, although
another cause may be impaired perfusion due to elevated regional tissue pressure.
LAC elevation occurs with the high-grade gliomas, in particular, and tends to be
located in the core of the tumour rather than in its margin, possibly suggesting
necrosis (Fig. 18).

Glucocorticosteroids have been shown to reduce both the symptoms
and signs in brain tumour patients, as well as the peritumoural oedema.
Calculations on the basis of the spread of contrast agent on CT-scans have
demonstrated a decrease in the rate of oedema fluid formation by steroids,
both in meningiomas and other tumours (Ito et al. 1986).
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Ischaemic Brain Oedema

Brain oedema in ischaemia tends to have a dual nature: initially of the
cytotoxic type, at later stages there is additional vasogenic oedema by
blood-brain barrier breakdown.

With the onset of ischaemia very soon swelling of the tissue develops
due to uptake of water (cytotoxic oedema), with concomitant elevation of
total tissue Na+ and decrease of total tissue K +. Studies of interstitial ion
activities in rat brain cortex by means of ion-sensitive microelectrodes have
demonstrated that in cardiac arrest, for example, the extracellular K+
concentration slowly increased in the first two min, and then abruptly rose
to a plateau at around 80 mM within seconds; the cortical electrical activity
ceased long before the surge in K+ concentration took place (Hansen
1978). Simultaneously, Na+ and Cl- concentrations fell from around
140-110 to 70 mM, and there was concomitant shrinking of the extra
cellular space to about half of its normal size, reflecting the intracellular
water shift.

A Na+jK+-ATPase failure due to the energy deficit can explain only
part of the K+ shift, as it can be calculated that the K+ efflux would
otherwise proceed much more slowly. An additional factor may be the
opening of K+ channels in response to the ischaemic changes (Hansen
1987). The activation of K+ channels is considered to be mediated by
elevation of cytosolic Ca++, which has entered from the extracellular space
(Krnjevic et al. 1978, Harris et al. 1981, Harris and Symon 1984). The
influx ofNa+ may not be only a consequence ofNa+ jK+ pump failure, for
other mechanisms that may contribute to the Na+ shift are the Na+ jH+
antiporter exchanging Na+ uptake for H+ extrusion to alleviate the intra
cellular acidosis, and activation of Na+ channels by glutamate (NMDA)
receptors (Mac Dermott et al. 1986) in response to elevated extracellular
glutamate levels in ischaemia. Other cationic changes include elevation of
tissue Ca++ and reduction of tissue Mg++ content.

Very soon after the onset of ischaemia there is a decrease of the
apparent diffusion coefficient of water, which can be visualized as a signifi
cant change of the signal in the diffusion-weighted image (Moseley et al.
1990). The decrease in the ADC of water is generally ascribed to the
shift of water into the intracellular compartment where diffusion is rela
tively more restricted. It occurs even before increase of T2 (visible as hyper
intensity on the T2 -weighted images) develops, indicating net water
accumulation. After killing of the animal the ADC in the ischaemic area
equals that in the rest of the brain, contrary to the anisotropy which
changed neither during ischaemia, nor postmortem (Van Gelderen et al.
1994).

There is initially no exudation of proteins or of tracers to indicate
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blood-brain barrier breakdown; the oedema is merely of the cytotoxic type,
which is related to the resistance of the blood-brain barrier to the energy
deficit in anoxia. The secondary occurrence of barrier disruption after a
period of latency has been referred to as a maturation phenomenon (Ito
et af. 1976, Studygroup on Brain Edema in Stroke 1977). The latency
period before barrier breakdown tends to be shorter the more severe the
ischaemia. On CT-scans, ischaemic cytotoxic oedema specifically affects
both grey and white matter, contrary to the vasogenic oedema at a later
stage, which preferentially occupies the white matter. The blood-brain
barrier disruption may be verified in animal experiments by the exudation
of Evans blue or of horseradish peroxidase in ultrastructural studies
(Westergaard et af. 1976, Go et af. 1984a), and clinically by the appearance
of a radioactive focus on the isotope brain scan or of contrast enhancement
on the CT-scan, four to seven days after the insult. In animal experiments
the vasogenic oedema has been shown to increase, if the circulation is
restored after prolonged ischaemia (Ito et af. 1979).

The effect of glucocorticosteroids on cerebral ischaemia proved to be
controversial, at best (Studygroup on Brain Edema in Stroke 1977). De
crease of ischaemic oedema has only been achieved in the context of a
reduction of the effects of cerebral ischaemia by protective measures or
drugs, such as hypothermia, hypoglycaemia (Go et af. 1988b), or barbitu
rates (Safar et af. 1978), and drugs abolishing the causes of ischaemia, such
as calcium antagonists (nimodipine) in vasospasm.

Traumatic Brain Oedema

Head injuries occur in various types and of variable severity. On one hand
there is the type resulting from a more or less locally focused mechanical
impact on the head, occasionally complicated by penetration of the skull
and local laceration of the underlying brain. On the other hand there is the
closed type, usually resulting from traffic accidents or falls, in which a large
decelerating force is globally transferred to the cranial contents. The con
sequences of impact and tissue inertia may be a multitude of lesions,
including neuronal damage, vasculare rupture resulting in subarachnoid,
subdural and intracerebral haemorrhages, impairment of vasomotor auto
regulatory mechanisms making the brain susceptible to hypoxia and
hypotension, blood-brain barrier breakdown with consequent vasogenic
oedema, and widespread shear-induced rupture of nerve fibres, called
diffuse axonal injury.

Accordingly, several experimental models of head injury have been
devised. A familiar model is the fluid percussion injury, in which the force
of a swinging pendulum is transmitted to the brain of the animal by way of
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a column of fluid which is in immediate contact with the brain. The model
rather represents injury to the brain stem, in which the maximum site of
strain proved to be located (Thibault et al. 1992). The direct impact models
include blows delivered by a special gun or a piston to the skull, which
rather produce local laceration of the tissue underlying the site of impact.
Diffuse axonal injury has been inflicted in monkeys by decelerating forces
acting in the lateral direction upon the head, which even do not require
direct impact (Gennarelli et al. 1982).

In head-injured patients, intracranial pressure elevation has been found
to be correlated with mortality; among the patients with an intracranial
pressure exceeding 20 mm Hg only 36% had a good outcome or moderate
disability, versus 80% of the patients with normal intracranial pressure
(Narayan et al. 1981). Intracranial pressure elevation following head
trauma may be caused by brain oedema, next to haemorrhage and possibly
also vascular factors (Marmarou et al. 1987). Regarding vascular engorge
ment, however, studies of cerebral blood volume and cerebral blood flow
by means of dynamic stable Xenon-enhanced CT-scanning, have demon
strated decreased cerebral volume, as well as ischaemic flow values in
head-injured patients with raised intracranial pressure.

In animal experiments, local laceration of the brain by direct impact is
invariably associated with blood-brain barrier disruption and consequent
vasogenic oedema as demonstrated by extravasation of Evans blue and
increase of tissue water content soon after the impact (Tornheim and
McLaurin 1984, Shapira et al. 1993). In human head injury, the presence
of brain oedema has been corroborated by the increased water content,
measured in white matter biopsies from both diffuse as well as mass lesions
(Galbraith et al. 1984). MR measurement of water diffusion demonstrated
that in the rat spinal cord, the tissue anisotropy which is normally evident
from a greater apparent diffusion coefficient along the fibre tracts than
tranverse to it, has diappeared after experimental injury (Ford et al.
1994).

However, blood-brain barrier disruption, which has been observed so
frequently and early after experimental head injury, proved to be less
conspicuous in human cases. Remarkable was the paucity (5.7% among 70
patients) of contrast enhancement on the CT-scans of head-injured pa
tients (Mauser et al. 1984). Moreover, MR-contrast enhancement studies
using Gadolinium showed no evidence of blood-brain barrier disruption
one to 4 days after the injury; enhancement was found only in patients who
were studied 6 or more days after the injury (Lang et al. 1991).

The secondary occurrence of blood-brain barrier impairment after
head injury in humans has therefore been considered akin to the situation
in cerebral ischaemia. Indeed, evidence of cerebral ischaemia has been
amply found after head injury. In autopsies of 151 patients who had died
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from head injury, ischaemic damage has been found in 91 %,27% of which
was severe, and 43% moderately severe (Graham et ai. 1978). A consistent
finding after head injury is a raised CSF lactate level, which proved to
correlate with the degree of injury, with a poor outcome, and with eleva
tion of intracranial pressure (Sood et al. 1980, De Salles et ai. 1986).
Predisposing to ischaemic damage are, on one hand, the attenuated cere
brovascular responses to hypoxaemia, and even more to arterial hypoten
sion, as have been found in experimental animals after head trauma
(Unterberg et al. 1988, Andersen et al. 1988, Ishige 1987, 1988), while on
the other hand there is an increase of cerebral energy consumption soon
after the injury, as animal experiments have demonstrated (Nelson et al.
1966, Duckrow et al. 1981).

Histological studies of contused brain after experimental injury, such as
in the rat, showed swelling of astrocytes (cytotoxic oedema). Swelling of
perivascular astrocytes has been related to compression of the microvascu
lar lumen; moreover, other causes of microvascular obstruction were intra
and extravascular clotting (Hekmatpanah and Hekmatpanah 1985). In
biopsies taken from head-injured patients during surgery, astrocytic swell
ing was observed from 3 hours to 5 days after injury, to an extent that it
may account for compression of the vascular lumen. Initially, endothelial
morphology was grossly normal; but from 2 days on the capillary endo
thelial cells in the contused areas showed irregular profiles due to the
appearance of folds and processes on their luminal aspect. No disruption
of endothelial tight junctions was observed. In the white matter astrocytic
swelling was less pronounced than in the cortex, and occasionally there was
marked accumulation of interstitial fluid in grossly disrupted tissue (Bul
lock et ai. 1991).

The findings with diffusion-weighted MRI are controversial in experi
mentally induced head injury. Decrease of ADC has been reported as well
as increase, which may reflect the controversy that exists regarding the
intra- or extracellular nature of the oedema.

Glucocorticosteroids, even in doses higher than conventionally used to
treat peritumoural oedema, have been shown to be ineffective in influenc
ing mortality after head injury (Braakman et al. 1983). Assuming that their
mechanism of action should be directed at the formation of vasogenic
brain oedema, this is to be expected if the type of oedema in head injury is
not predominantly vasogenic. Nimodipine, the calcium channel blocker
that proved so effective in the treatment of vasospasm induced by sub
arachnoid heamorrhage, did not achieve a significant increase in the
percentage of head-injured patients exhibiting a favourable outcome,
although a trend toward a beneficial effect was found in a subgroup
with traumatic subarachnoid haemorrhage (The European Studygroup on
Nimodipine in Severe Head Injury 1994).
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Hydrocephalus

In hydrocephalus the fluid accumulation is located in the CSF compart
ment, as a surplus resulting from CSF production in excess of CSF absorp
tion. Rarely an abnormal increase of CSF formation is the cause of
hydrocephalus; since ventriculocisternal perfusion first enabled us to mea
sure CSF dynamics, abnormally increased CSF formation has only been
measured in choroid plexus papilloma, 1.43 ml/min in one case (Eisenberg
et al. 1974b), and in another case, 1.05 ml/min was found before, and 0.20
ml/min after removal of the tumour (Milhorat et al. 1976). Recently a case
has been described with a 4-fold increase of CSF formation rate and no
evidence of tumour or hypertrophy of the choroid plexus (Casey and Vries
1989).

Usually hydrocephalus is the result of an obstruction of CSF outflow.
In obstructive hydrocephalus, which prior to the era of shunting was the
only type amenable to treatment by draining the ventricles to a cistern, the
obstruction is located within the ventricular system, such as in congenital
atresia of the exits of the fourth ventricle (the Dandy-Walker syndrome),
descent of the cerebellar tonsils (Arnold-Chiari malformation), tumours
or cysts compressing the ventricles or the aqueduct, and stenosis of the
Sylvian aqueduct.

In communicating hydrocephalus the obstruction is located outside the
ventricular system, by factors such as fibrosis, formation of adhesions in
the subarachnoid spaces following meningitis or subarachnoid haemor
rhage, and aplasia of the arachnoid granulations (Winkelman and Fay
1930, Torvik et al. 1978).

Measurement of CSF dynamics in patients with hydrocephalus has
revealed in one category of patients a deficit of CSF absorption based upon
an elevated opening pressure, but normal outflow conductance, whereas in
another category there was a normal opening pressure but a decreased
opening conductance (Lorenzo et al. 1970). In a later study a third cate
gory was recognized with normal opening pressure and normal absorption
at lower CSF pressures, but severely reduced outflow conductance at
higher CSF pressures (Lorenzo et al. 1974). The CSF formation rate in
patients with hydrocephalus was slightly lower (0.30 ml/min) than in chil
dren without hydrocephalus (Cutler et al. 1968) and in adults (0.40 ml/min)
(Rubin et al. 1966).

There are patients in whom dilatation of the ventricular system, and
often of peripheral CSF spaces as well, is a manifestation of a discrepancy
between cranial volume and brain volume, due to a loss of brain tissue by
other causes. These include Alzheimer, multi-infarct and severe posttrau
matic dementias. The ventricular dilatation in these cases is designated as
ex vacuo hydrocephalus, and is not thought to be associated with raised
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intracranial pressure. Therefore it should be differentiated from the syn
drome of normal pressure hydrocephalus, although in the latter instance
prolonged recording may reveal elevated pressures (Hakim and Adams
1965, Symon and Dorsch 1975).

As an illustration of the development of normal pressure hydrocepha
lus, an experiment was carried out in rabbits in which following the
intracisternal injection of kaolin, there was a ten-fold elevation of in
traventricular pressure in the first two days, which returned to normal
values in the following five days. The pressure rise was associated with
ventricular enlargement, which largely persisted after the pressure returned
to normal levels (Edvinsson and West 1971). In rabbits with kaolin
induced hydrocephalus, CSF production appeared to be reduced to almost
50% of normal (Lindvall and Owman 1984). In cats with kaolin-induced
hydrocephalus the development of the normal pressure type has been ob
served in relation to dilatation of the central canal of the spinal cord. After
injection of Evans blue into the ventricular CSF there was blue-staining of
the walls of the spinal central canal and the outer surface of the sacral cord,
indicating that the dye had penetrated through slits in the dorsal columns
of the lumbar cord (Eisenberg et al. 1974a, Nakamura et al. 1983). It is
assumed that the CSF is then absorbed from the spinal subarachnoid
space. The pressure measured in the central canal remained at a reasonably
low level of 8 cm H 20, when 22-43 ,ul/min of fluid was infused into the
ventricular system. The operation of this efflux mechanism may well ex
plain the normal pressure stage of kaolin-induced hydrocephalus. Fluid
infusions exceeding the maximum efflux capacity of 168 ,ul/min provoked
a rapid rise of pressure. The importance of the efflux pathway was demon
strated by ligation of the lumbar cord, whereupon the absorption rate of
47 ,ul/min declined to zero; recording of intraventricular pressure revealed
the development of plateau waves, eventually followed by death of the animal
(Wald and Hochwald 1977). The role of spinal central canal dilatation in
human hydrocephalus is probably negligible, since it has not been observed
on sagittal MRI-scans of patients with communicating hydrocephalus.

In general, re-establishment of drainage of CSF in hydrocephalus, to
account for the cases of spontaneous arrest of its clinical evolution,
is assumed to proceed either by restoration of normal CSF pathways
(Johnston et al. 1984), or because transventricular fluid absorption has
become operative as an alternative pathway, involving the same mecha
nisms as those in the resolution of oedema fluid.

Cystic Lesions

Water collections may occur in cysts; these are unnatural cavities within
the brain parenchyma, in which the tissue is replaced by fluid.
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There exist a multitude of cystic lesions, for which the following classi
fication may be useful: (I) Cysts containing CSF-like fluid; (II) Cysts with
a lining of non-neural epithelium; (III) Cysts accompanying gliomas and
other tumours; (IV) Cysts of infectious origin (Go et al. 1993b). The cysts
with a lining of non-neural epithelium (II) have contents which are clearly
the product of secretion (viz. colloid cysts, Rathke's cleft cysts), or of
desquamation of the cyst wall (epidermoid and dermoid cysts, cysts accom
panying craniopharyngiomas), while cysts of infectious origin (IV) such as
brain abscesses or hydatid cysts have contents which in the former are the
result of the inflammatory process, and in the latter are the secretory
product of the parasite. Therefore, only the cysts containing CSF-like fluid
(I), and those accompanying tumours (III), are relevant to the dynamics
of brain tissue water accumulation, also pertaining to the question why
the fluid persists and is not reabsorbed in the light of transcapillary fluid
exchange.

The cysts containing CSF-like fluid comprise: (A) Ex vacuo type of
cysts; (B) Cysts with fluid secreting walls and CSF-like content. Radio
logically, they appear on CT-scans with the same attenuation value as
that of CSF. On MR-scans they exhibit long T1 and T2 relaxation times,
and like CSF, they are hypointense on T1-weighted images, while on T2 

weighted images they present with a high signal intensity. Since there are
no inflammatory changes with blood-brain barrier impairment in the sur
rounding tissue, there is no enhancement upon intravenous administration
of contrast agents.

Ex vacuo Type Cysts

To understand their pathogenesis it is helpful to reflect upon the course of
events after an injury to the tissue. Disruptions of tissue continuity like
those resulting from surgical resection or cerebral haemorrhage, are ini
tially filled with extracellular fluid (or CSF) when the acute phase of
oedema and heamorrhage has subsided. Then the cavity tends to collapse
and obliterate, with the fluid within the cavity being resolved by reabsorp
tion and drainage to CSF spaces. For the process of reabsorption the
Starling fluid flux equation applies, as discussed before. A cavity will
persist, however, when the loss of tissue is too extensive to be accommo
dated by the elasticity of the surrounding brain. Typical examples of such
ex vacuo types of cyst, i.e. cysts resulting from shortage of brain tissue are
posttraumatic leptomeningeal cysts, ex vacuo cysts remaining after the
resection of tumours; cysts resulting from extensive infarctions; and por
encephalic cysts. Posttraumatic leptomeningeal cysts are in fact pockets of
the subarachnoid space, which are formed by adhesions following trauma.
There is other evidence of the ex vacuo condition, such as dilatation and
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retraction of adjacent ventricles (Taveras and Ransohoff 1953). These fea
tures of the ex vacuo situation are shared by the cavities remaining from
extensive resections and infarctions. The porencepha1ic cysts have been de
fined as congenital cavities which frequently, but not always, exhibit com
munication with the ventricular system or subarachnoid spaces (Heschl
1859). They actually constitute an amalgam of more or less extensive con
genital defects, which may be manifestations of developmental derange
ments (also called schizencephalies), or the results of brain damage due to
vascular occlusion and haemorrhage (destructive encephaloclastic poren
cephaly) (Yakovlev 1946). In view of a shortage of tissue being the cause of
ex vacuo cysts, there is no need to reduce intracranial pressure. Moreover,
communication with normal CSF spaces allows ex vacuo cystic lesions to
empty their contents into these spaces when they are compressed by sur
rounding brain during movements of the head. In terms of craniospinal
pressure/volume relations this implies that unlike incompressible solid
tumours these lesions do not reduce compliance.

It is therefore important to establish the presence of communication
with physiological CSF spaces. Radioisotope scanning may be used to
demonstrate the appearance of radioactivity in the cyst after intrathecal
injection of a radioactive marker; currently CT-scanning is preferred fol
lowing intrathecal injection of an X-ray contrast agent. A non-invasive
method of assessing communication between a cyst and CSF spaces has
been proposed using an interferographic MR-technique which is based on
the RARE-fast imaging sequence. Essentially, the method averages CSF
flow over an ECG cycle and therefore measures net flow rather than
ECG-dependent flow variations, with a sensitivity below 1 mm/sec. This
makes these slow currents visible in physiological CSF spaces and in other
spaces with which they communicate (Hennig et al. 1990).

Cysts with Fluid Secreting Walls and CSF-Like Content

These comprise the arachnoid cysts and neuroepithelial cysts. Arachnoid
cysts contain a fluid which resembles CSF. Nevertheless, there is no exten
sive communication with physiological CSF spaces. During operation it
has been observed that the cyst is separated from adjacent subarachnoid
spaces and cisterns by translucent walls, and after its emptying no fluid
is seen entering the cyst from surrounding cisterns. Also, bleeding within
the cyst does not progress into a subarachnoid haemorrhage, but rather
develops into a subdural haematoma. Pneumoencephalography, radio
isotope cisternography and CT-cisternography with intrathecal contrast
agents generally demonstrate retarded filling from adjacent subarachnoid
spaces. Other features indicate the existence of a mechanism that maintains
or increases its fluid volume, such as expansion, indentation and displace-
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ment of adjoining (developing) brain structures (eventually resulting in
"temporal lobe agenesis"), and recurrence after mere evacuation or after
failure of a previously installed drainage system. Various suggestions have
been made as to the nature of this mechanism, such as an open communi
cation with the subarachnoid space at an early stage of development,
allowing inflow of fluid and sequestration at a later stage by closure of the
opening (Starkman 1958). This mechanism would not explain long-term
maintenance or expansion of cyst volume. Valvular mechanisms have also
been suggested, e.g. by way of a single small opening serving both as an
entrance and an exit of fluid, presumably driven by the CSF pulse pressure.
But it is difficult to envision how the CSF pulse pressure can act as a
driving force and result in fluid accumulation, when the latter may cause
elevation of intracranial pressure exceeding the driving force. Another
mechanism comprises secretion of fluid by the cyst walls. By their posses
sion of several characteristics, such as desmosomal junctions, vimentin
positive cytoplasmic tonofilaments, interdigitating cytoplasmic processes,
large cytoplasmic vacuoles and pinocytotic vesicles, and an underlying
basal lamina, the cells lining arachnoid cysts have been recognized as being
similar to those of the outer layer of the arachnoid mater, designated as
the subdural neurothelium (Go et al. 1978, Rascol and Izard 1969). Fur
thermore, subdural neurothelium has been recognized as constituents of
arachnoid granulations. Like meningiomas and arachnoid granulations,
which may be considered to be derived from subdural neurothelium, the
cellular lining of arachnoid cysts appears to possess progesterone rather
than estrogen receptors (Verhagen et al. 1994). It may be surmised that
the mechanism of fluid secretion involves Na+K+- ATPase. Using the
K-NPPase reaction (a reaction that is based upon the conversion of K
nitrophenylphosphate (K-NPP) by Na+K+ ATPase into a reaction prod
uct that is visible by electron microscopy), enzyme ultracytochemistry has
shown the presence of Na+K+ ATPase in the luminal plasma membrane
of the cells lining arachnoid cysts (Fig. 19), as well as those covering
arachnoid granulations (Go et al. 1984b, 1986). In addition, ion-exchange
and cotransport mechanisms in the cell membrane may be involved,
with the Na+K+ ATPase providing the driving force of the transport.
Similar to the process of CSF secretion by the choroid plexus, it may be
envisaged that the Na+K+ATPase of the cyst wall transports Na+ from
the cell contents into the cyst lumen, with the Na+ then attracting osmot
ically obliged water. Such a biochemical mechanism of fluid secretion is
inherently independent of pressure and may well account for elevation of
intracranial pressure. As to the formation of arachnoid cysts, it is conceiv
able that, (-unlike arachnoid villi or granulations, transporting CSF from
the subarachnoid space into the lumen of a venous vessel-), arachnoid
cysts lack the blood circulation as the drainage pathway, and therefore
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Fig. 19. Ultracytochemical demonstration of the enzyme Na+K+ ATPase on the
basis of the K-nitrophenylphosphatase reaction in the wall of an arachnoid cyst.
The dark (electron dense) reaction product is localized at the luminal membrane
of lining neurothelial cells of the cyst wall. Section unstained in order not to

obscure the reaction product. Scale bar: 0.1 /lm

the transported fluid accumulates in the cyst cavity in the same way as
epidermoid cysts are formed by accumulation of desquamated keratin. The
situation may arise as a developmental defect of the leptomeninges, in the
sense that rudiments of arachnoid villi are developing without the estab
lishment of a connection to draining veins.

Neuroepithelial cysts (also called ependymal cysts) contain fluid similar
to eSF, and unlike arachnoid cysts they are located intra-axially (from the
cerebral convexity to deep within the brain parenchyma). They possess a
lining that consists of ependyma or choroid plexus (Inoue et al. 1985).
From the resemblance of their fluid contents to eSF it may be assumed
that the mechanism of secretion is similar to that in arachnoid cysts.

By virtue of their contents of eSF-like fluid, the cysts with eSF
secreting walls display the same features on eT- and MR-scans as the
ex-vacuo type ofcysts, the only difference being the lack of communication
with surrounding eSF spaces in cisternographic studies. Because of their
lack of communication they have no way of emptying their contents upon
compression, and they tend to behave like real space occupying lesions
which may well reduce cranial compliance.
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Cysts Associated with Gliomas and Other Tumours

Cysts occur in 20%-55% of brain tumours, and typically contain a yellow
coloured proteinaceous fluid, which is not separated from the tissue by a
special cellular lining. In the light of the Starling fluid flux equation for
transcapillary fluid exchange the high protein content (exerting an in
creased colloid osmotic pressure) tends to counteract reabsorption of fluid,
which may account for their persistence in the tissue in spite of the absence
of a special lining.

With respect to the mechanism of their formation, tumour cyst fluid
has been regarded as the product of necrosis, and has been reported to
contain various endogenous cerebral proteins, such as glial fibrillary acidic
protein, S-IOO protein, enolase, and thymidine kinase (Szymas et al. 1986,
Persson et al. 1985). However, analysis of cyst fluid proteins has demon
strated that more than 92% of total cyst fluid protein appears to consist of
plasma protein fractions. This implies that the majority of the cyst fluid
proteins must derive from plasma, while the remainder (less than 8%)
may constitute endogenous brain proteins. This is not consistent with the
assumption of necrosis being the origin of the cyst contents, since endo
genous proteins would then have prevailed. Analysis of cyst fluid pro
teins has also demonstrated that the concentration of the various plasma
protein fractions within the tumour cyst fluid, when expressed as ratios
of their plasma concentrations, appeared to be elevated by as much as
50-fold with respect to their concentration in normal CSF, which indicates
increased barrier permeability. Blood-brain barrier disruption is common
in gliomatous tumours, particularly in those of malignant grade, as may be
inferred from the degree and extent of contrast exudation on CT- or MR
scans. It is also inherent in the formation of vasogenic brain oedema,
frequently associated with the tumours. Histology and electron microscopy
of tumour cyst walls show gradual transition of the spongy appearance of
oedematous tissue to the contents of the cyst lumen (Fig. 20), while at other
places the cyst wall shows a distinct cellular lining. On CT- and MR-scans
the cyst walls tend to show areas, in which delineation from the sur
rounding oedematous tissue is vague, probably reflecting the graduallique
faction of oedematous tissue into cyst contents (Fig. 21). There are also
areas of the cyst wall which are sharply delineated on the scans, probably
representing those sides of the cyst, which impinge upon the tissue by
expansive growth, and histologically probably corresponding to areas
exhibiting a distinct cellular lining (Lohle et al. 1992). With longstand
ing oedema some balance may be assumed to exist between the rates of
oedema formation and oedema resolution, as otherwise the pressure/
volume relations would soon be severely deranged, with elevation of intra
cranial pressure and coning. It may be surmised that cyst formation indi-
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Fig. 20. Electron micrograph of the wall of a cyst, which was associated with a
glioblastoma. There is a gradual transition of the oedematous tissue with enlarged

intercellular spaces (0) into the cyst lumen (L)

Fig. 21. CT-scan of cyst associated with a malignant astrocytoma; vaguely delin
eated area of cyst wall (arrows) is probably the site where oedematous tissue
liquifies into cyst contents; other areas of cyst wall are well defined (arrow heads)
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cates a possible deficiency of the resolution mechanism. Another relevant
factor may be the geometry of cysts, which by their globular shape imply
an unfavourable surface/volume ratio, as resolution may be assumed to
proceed across the surface into the surrounding tissue. Also, ischaemic/
hypoxic factors may account for the gradual liquefaction of tissue in the
areas flooded by oedema fluid, as in these areas the density of feeding
vessels is greatly reduced, and by the increased distance to blood vessels
these areas may experience inadequate supply of nutrients and oxygen. In
this light the finding of low tissue oxygen pressures, measured with in situ
oxygen electrodes in brain tumours and peritumoural oedema, may be
significant. With proton MR spectroscopy, brain tumours, areas of peri
tumoural oedema, and associated cysts, in particular, have been found to
contain increased lactate, which is indeed consistent with the existence of
ischaemia, presumably due to decreased perfusion pressure as a result of
regionally increased tissue pressure (Go et al. 1994b).

On account of their proteinaceous fluid content, tumour-associated
cysts exhibit prolonged T1 and T2 values that are less than those of CSF,
contrary to cysts containing CSF-like fluid. Consequently, they have a
hypointense appearance on T1-weighted, but a reasonable brightness on
T2 -weighted MR-images (Go et al. 1983). The associated blood-brain bar
rier impairment also characterizes them by a rim of enhancement on intra
venous contrast administration. Tumour-associated cysts are among those
that show rapid expansion.
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Transfacial Approaches to the Clivus

Introduction

Until very recently the skull base and adjacent stuctures were only accessi
ble as a result of severe and sustained brain retraction, which inevitably
lead to increased postoperative neurovascular complications, often of a
serious and permanent nature. It is a measure of the success of skull base
surgery that many of these obstacles to a better outcome have been over
come by means of novel applications of operative techniques, some new,
but, more often than not, extant already in the repertoire of disciplines not
overtly concerned in transclival penetration. The major spur to progress
has been the evolution of team-work, without which much of this work
would never have come to fruition. The conjunction of multiple disciplines
to form teams, each bringing complementary expertise to bear on the tasks
in hand, has created a tremendous impetus to the development of the
complex techniques that are often necessary to achieve optimal exposure of
the conditions involving the skull base. It is true to say that there are no
areas of the brain's surface that are denied surgical access, thanks to these
recent innovations. The revolution in radiological imaging techniques has
been an enormous boon to students of this region. The combination of
computerised transverse axial scanning (CT), and magnetic resonance
imaging (MRI) has transformed our perceptions of tumour pathology and
its consequences. Improved diagnosis has resulted in better patient man
agement, and the imaging techniques are invaluable in charting postopera
tive progress, both in the immediate phase, and in the long term. The new
angiographic MRI sequences have largely supplanted invasive angiography
in studying the vascular relationships of skull base tumours, except where
fine detail is still required, or embolisation is being considered, and, of
course, in those cases where ballon occlusion may be necessary.

Anaesthetic advances have contributed to improved operating con
ditions, and increased use of intraoperative monitoring has led to safer
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surgery by sparing brain, nerves, and blood vessels from operative damage.
On the surgical front there have been important technical strides. Equip
ment such as the ultrasonic aspirator and the laser are in everyday use as
operative aids of great value, and a new type of instrumentation has been
adapted or invented to cope with operating at the considerable depths that
exist between the surface of the face and the clivus.

All these developments have been seized upon with gratitude by sur
geons, who have drawn the various strands together to extend and broaden
the scope of surgery. The operative approaches to be discussed in this
chapter would not have been initiated, let alone flourished, without them.

The clivus has been not only a natural barrier between the base of the
brain and the nasopharynx, but has been regarded as a psychological
barrier as well, albeit from a specialist surgical standpoint until very re
cently. It is the purpose of this chapter to describe how these barriers have
fallen, and what lies beyond them to generate such interest and enthusiasm
in the skull base surgical fraternity.

Anatomy of the Clivus

The clivus (Lat. = a slope) is a composite bony structure formed from the
basilar part of the occipital bone and the posterior part of the body of the
sphenoid bone which articulate by a cartilaginous epiphysis until the age of
25 years when ossification takes place. It presents a broad inclined intra
cranial surface, extending from the base of the posterior clinoid processes
above down to the anterior margin of the foramen magnum below. This
aspect is slightly concave from side to side, in its lower reaches CSF sepa
rates its dural surface from the medulla oblongata with the vertebral arteries
interposed between them, and at a higher level, this intimate relationship
is continued as the pons and basilar artery. A groove on each side of the
clivus laterally is occupied by the inferior petrosal sinus, which begins
above at the apex of the petrous temporal bone where it drains the poste
rior end of the cavernous sinus. The sinus in its descending course moves
backwards and slightly laterally along the petro-occipital suture to leave
the skull through the jugular foramen. There are two layers of dura cover
ing the intracranial portion of the clivus in which run a profusion of venous
channels, called the plexus of basilar sinuses (among other things!), which
interconnect the right and left inferior petrosal sinuses, they tend to be
concentrated in the upper third of the clivus and become less numerous as
the foramen magnum is reached. Deep to the dura the anterior margin
of the foramen magnum gives attachment to ligaments passing to the axis:
the membrana tectoria is fused with the dura, in front of this lies the
vertical fibres of the cruciate ligament, and anterior to this are the apical
and the pair of alar ligaments joined to the odontoid process.
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Fig. 1. Inferior aspect of dried skull showing clivus in centre and important lateral
landmarks

The anterior margin of the foramen magnum is thin and in the sagittal
plane expands as it ascends to the region of the sella, producing a wedge
shaped appearance, resembling a slice of pie; compact bone on each surface
of this encloses a central mass of cancellous bone. Just over I centimetre
above the margin of the foramen magnum, and in the midline is situated a
small raised area in the bone: the pharyngeal tubercle, anterior to which
the bone forms the roof of the nasopharynx, the mucous membrane of
which is attached to the periosteum. In front of the tubercle two raised
lines radiate laterally, convex forwards, furnishing attachments for the
prevertebral fascia and the pharyngobasilar fascia (Fig. I). Posterior to
these ridges lie the insertions of the longus capitis muscles on either side
of the midline, with the rectus capitis anterior situated behind and lateral
to them.

Functional Anatomy

No structures of significance pierce the clivus. The fault lines on either side
limit its lateral extension. These are formed by the apices of the petrous
temporal bones above, and the occipital tubercles below. The upper
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boundary is the sphenoid sinus, and the lower the anterior margin of the
foramen magnum. A line drawn though the tips of the mastoid processes
divides the latter into an anterior third and a posterior two thirds, and
divides the occipital condyles in the opposite proportions. A further line
may be drawn from the mastoid tips extending anteriorly from the original
line at 45° as far as the pterygoid tubercles, posteriorly the jugular and
carotid foramina lie within this line, and the foramen spinosum and fora
men ovale more anteriorly are situated just outside it; these represent the
absolute lateral limits to a transclival approach to the brain stem, but
dissection may proceed up to, and even beyond, these boundaries in the
presence of soft tumour infiltrating the skull base. A recent study was
undertaken to try to define more clearly the midline anatomic relationships
as they are likely to be encountered in standard transoral and transpalatal
operations. The appropriate measurements were made in 15 human
cadavers. Landmarks approximating the the midline of the skull base and
the upper cervical spinal canal were defined to assist the surgeon's orienta
tion, but only the former will be noted here (Table I). Taking structures as
they are found from below upwards; the mean distance in the axial plane
between the vertebral arteries as they enter the dura is 2.18 cm, between
the hypoglossal foramina: 2.64 cm, the jugular foramina: 4.32 cm, the
inferior petrosal sinuses (midway between their exit from the cavernous
sinuses and their entrance into the jugular bulbs): 2.94 cm, the medial
aspects of the internal auditory foramina: 4.89 cm, the dural exits of the
VI cranial nerves: 2.18 cm, the medial borders of Meckel's caves: 3.03 cm,

Table I. Intracranial Axial Measurements

Structures

VA-VA
XII-XII
JF-JF
IPS-IPS
lAC-lAC
VI-VI
V-V
CA-CA

Mean distance
(em)

2.18
2.64
4.32
2.94
4.89
2.18
3.03
1.55

Distance between similar structures on intracranial surface of the clivus. VA verte
bral arteries as they enter dura, XII hypoglossal foramen, JF jugular foramen, IPS
inferior petrosal sinus, lAC internal auditory meatus, VI dural exit of VI cranial
nerve, V medial aspect of Meckel's cave, CA medial loop cavernous carotid artery.
Details in text. (After Rock et al. 1993).
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and the inner aspects of the medial loops of the carotid arteries in the
cavernous sinuses: 1.55 cm (Rock et al. 1993). Serious damage to vital
structures may occur if due consideration is not given to these important
measurements during the planning stages of the surgical process.

Surgical Pathology

Pathology relating to the clivus is fortunately rare, which is a compelling
reason for those involved in its management to be experts in the surgical
access to the region, and in dealing with the disorders found there. The
pathology is best considered in terms of the "surgical sieve", and it is
important to note that all the conditions to be mentioned are situated
extradurally until the tumour category is reached, when for the first time
intradural lesions are mentioned. This brief overview of clival pathology
highlights the most common of the unusual clinical conditions found in the
region.

Developmental

These problems are usually situated at the craniocervical junction and can
rarely be considered in isolation. Clival exposure is obviously necessary to
deal with anomalies of the foramen magnum and the arch of the atlas.
These are due to the complexity of the embryological formation of the
region. Multiple related problems are common. In addition to these multi
ple bony abnormalities there may be associated failures of development in
the nervous system itself (List 1941). Thus the neurological picture may not
be resolved by attempts to decompress the bony deformities or segmenta
tion anomalies alone, or by attempts to stabilise subluxation in the pres
ence of coexisting damage to the nervous system, which by definition is
irreversible. The most common lesion in this group is primary basilar
invagination occurring as a consequence of multiple complex develop
mental failures, often associated with other bony abnormalities such as the
Klippel-Feil syndrome, where distortion of the clivus and the cranio
cervical junction produces effects on the brain stem and its vascular supply
leading to neurological symptoms and signs. This disorder may be asso
ciated with abnormalities of the neuraxis such as Chiari malformations,
syringobulbia or syringomyelia (Hurwitz et al. 1966, List 1941, Spillane et
al. 1957).

Metabolic Causes

Secondary basilar impression occurs as a sequel to secondary softening of
bone due to a diversity of metabolic causes. All of them have the same
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effect and culminate in invagination of the skull base by the anterior
margin of the foramen magnum which is subjected to same infolding pro
cess that also affects the rest of the clivus. This disturbance in the sagittal
plane leads to contraction of the axial distances as noted in the section on
functional anatomy and renders the various structures more vulnerable to
surgical damage if this is not borne in mind. Some of the conditions leading
to this include Hurlers syndrome, achondroplasia, rickets, infections,
osteomalacia, osteoporosis, hyperparathyroidism and Paget's disease. De
spite the considerable deformities that may occur at the craniocervical
junction in these conditions the junction is usually stable and so the correc
tion of the deformity can be undertaken by anterior decompression with a
reasonable prospect of success.

Trauma

This is very rare in the clivus and obviously anything in this context that
disturbs its structural integrity is likely to be fatal. Again it is difficult to
consider this structure in isolation; it has to be taken in conjunction with
the atlas and axis. Craniocervical dislocation is usually fatal due to damage
to the spinal cord and/or avulsion of the vertebral arteries as they enter the
dura (Bohlman 1979). These injuries require considerable force to produce
their results, and are commonly the sequel to high velocity impacts asso
ciated with road traffic accidents (Huelke et al. 1981).

Inflammatory Conditions

Some of the earliest reports on the approach to the clivus were concerned
with the need to relieve accumulations of purulent material caused by
bacterial infections, which included tuberculosis (Fang et al. 1962). Acute
inflammatory diseases leading to atlanto-axial dislocation are most com
mon in children; and Greenberg noted the fact that 77% of published
cases of non-traumatic occipito-atlanto-axial dislocation occurred in chil
dren under 13 years of age (Greenberg 1968). The most prominent of the
chronic inflammatory conditions is rheumatoid arthritis. When it occurs
at the craniocervical junction it may be associated with the twin dangers
of a mass lesion on the one hand occurring in conjunction with instability
on the other, to create a spectrum of neurological damage, which, not un
commonly, may lead to fatal consequences. It is said that 50% of people
die within a year of developing a rheumatoid myelopathy (Marks et al.
1981, Meijers et al. 1984) and death may occur as a sudden event (Redlund
Johnell 1984). The need for anterior surgery in this situation has been
highlighted by Crockard and his colleagues in a very extensive series of
cases, who conclude from their experience that the most suitable treatment
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for irreducible subluxation of the craniocervical junction is the combina
tion of anterior decompression with posterior stabilisation (Crockard et al.
1990).

Tumours

Tumours situated in and around the skull base are rare: only 1% of all
intracranial tumours are found in this locality. Because of the rich diversity
of tissues in and around the skull base many very unusual tumours may be
encountered. In many cases the clivus is the principal structure involved,
and the majority are usually extradural. If there are considerable exten
sions laterally on either side then clearly anterior surgery alone is probably
inadequate to deal with them and some form of combined operation is
likely to be necessary. Although the pathology is very variable the tumours
share considerable affinities in terms of their behaviour. They are usually
of low malignancy and therefore non-metastasising, but they are locally
invasive and resistent to radiotherapy. These similarities lead to a degree of
uniformity in management. Some typical examples of the pathology found
here are chordomas (Laws 1985), chondrosarcomas (Stapleton et al. 1993),
giant-cell tumours (Watkins et al. 1992), invasive pituitary adenomas
(Cook et al. 1994) (Table 2), and even softened ligaments in the cranio
cervical junction may behave, in the elderly, as a benign space occupying
lesion (Crockard et al. 1991). Again these are all extradural tumours but an
anterior approach may be considered suitable for surgery upon intradural
lesions such as meningiomas (most frequently), neurofibromas, epider
moids, congenital cysts, and also in dealing with intrinsic brain stem space
occupying lesions with exophytic components erupting onto the anterior
surface of the brain stem, or major cystic abnormalities presenting on the
clival aspect of the brain stem. These may very well lend themselves to an
approach through the clivus (DUley et al. 1989).

Vascular Lesions

Naturally these are all intradural, and take the form of aneurysms occurr
ing on the distal extremities of the vertebral arteries, the vertebrobasilar

Table 2. Histology ofSkull Base Tumours

Chordomas
Chondrosarcomas
Pituitary adenomas (invasive)
Squamous cell carcinomas

Most frequent tumour types in author's series of 46 dival tumours.

15%
15%
15%
10%
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junction, and the trunk and termination of the basilar artery. An anterior
approach is a logical step in view of the anatomical relationships of these
lesions, lying, as they do, between the brain stem and the dural surface of
the clivus. As long as they lie within 1.5 cm of the midline, it is usually
possible to deal with them more satisfactorily from an anterior approach,
in view of the difficulties inherent in postero-Iateral access (Archer et al.
1987, Uttley et al. 1993).

Clinical Presentations

The complex relationships of the clivus are responsible for a diverse range
of neurological findings that are of considerable fascination to the clinical
neurologist. All the cranial nerves fall within the ambit of clival pathology,
together with the pons, brain stem, and upper cervical spinal cord, as well
as the major vascular stuctures lying in front of them. At first sight the
combinations may appear endless, but in fact there is a fairly standard
sequence of involvment as far as the tumour categories are concerned:
about half the patients present with cranial nerve palsies, a third have
headache or neck pain, a third have visual disturbances, another third
present with airway obstruction, and a quarter with bulbar palsy (Table 3).
In the developmental group there may be obvious external deformities
such as varieties of dwarfism, or the cervical deformity of the Klippel-Feil
syndrome. The rheumatoid sufferers should manifest the typical joint de
formities of that condition. Children who complain of neck pain and have
a wry neck after an acute infective illness should be suspected of having an
incipient occipito-atlanto-axial dislocation. Few trauma cases survive, and
this may be just as well for them and their relatives as the degree of
neurological deficit may not be compatible with an independent existence.
Finally the vascular cases present with a typical history of subarachnoid
haemorrhage in the main, but rare giant aneurysms may masquerade as
tumours, and behave as space-occupying lesions.

Table 3. Clinical Presentation: Tumours

Cranial nerve palsies
Headache and/or neck pain
Visual disturbances
Airway obstruction
Bulbar palsy

50%
33%
33%
33%
25%

Frequency of clinical features in author's series of 50 operations for clival
tumours.
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Investigations

1. Plain x-Rays

These have a suffered a decline in popularity since the advent of sophisti
cated scanning techniques. Standard views of the skull in the sagittal and
PA planes have never been particularly useful in demonstrating the clivus.
If it was thought necessary to visualise this region then pluridirectional
tomography was considered to be essential for the purpose. Bony erosion
by, or ectopic calcification in tumours could be seen, but there would
be little help forthcoming as to the exact operative approach that should be
adopted in any given circumstances. Of greater value is the role of plain
x-rays in the determination of stability at the occipito-atlanto-axial joints,
where thin slice tomography may show degrees of subluxation, and reveal
the various types of fracture that may occur in the region locally. When
views in flexion and extension are employed (with caution!) much useful
information may be gleaned as to the extent and level of the dislocation.
A number of eponymous lines have been formulated slicing across and
through the foramen magnum. The distances, angles, and ratios they de
fine may be used as guides to measure the existence of significant dis
crepancies from normal values.

2. Angiography

Here again there has been a recent sea change in the indications for this
investigation. No longer, with pneumoencephalography, is it the automatic
choice for the examination of the posterior fossa in cases of tumour. There
are still major, and so far unchallenged, areas in which vertebral angio
grams are of fundamental importance and the main application is in the
delineation of the detailed anatomy of aneurysms and arteriovenous mal
formations in the posterior fossa. These abnormalities may not be easy to
recognise on the usual lateral and PA views, so oblique views may be
necessary to demonstrate their presence, and subtraction techniques to
illuminate the neighbouring vessels. Angiography for tumour pathology is
important to assess the contribution made to the vascular supply by inter
nal and external vessels respectively, to see if vessels are displaced, distorted,
or occluded, and to determine whether embolisation has a part to play in
the preoperative preparation of the patient. Lastly, useful information
relating to the patency of the venous sinuses may be gained, particularly in
identifying the dominant sigmoid sinus.

3. Computerised Tomography (CT)

The first of the modem scanning techniques to become available has had a
profound influence on the way pathology is regarded by the present gener-
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ation of surgeons. The boundaries, nature, and consistency of the tumour
can be predicted, and in addition the secondary pathological chacteristics,
such as the degree of vasogenic oedaema, necrosis, and its invasive prop
erties may be accurately assessed. Usually an informed opinion can be
given as to the tumour type. The technique has a special place in skull base
surgery, because it is here that thin-slice high resolution bone windows may
determine the nature of the tumour and the actual approach to the lesion.
The ability to process complex information permits the presentation of
data in other forms, so that reformatting of the cranio-cervical junction in
the sagittal plane is a routine component of the examination, and three
dimensional images in any plane may be generated; these, taken with views
in flexion and extension, have led almost to the abandonment of plain
tomograms in this region. The 3-D reformats also playa part in the im
proved precision with which facial osteotomies may be made. CT scans
after the instillation of water-soluble contrast medium into the CSF by
lateral cervical puncture make it possible to outline the CSF pathways in
and around the skull base to show where obliteration and distortion have
occurred.

4. Magnetic Resonance Imaging

This latest developement has marked a further major step in imaging. Its
strength lies in being able to produce high quality images of soft tissues,
separating them into normal and abnormal components, and revealing
borders of great clarity. Signal voids indicate flow in vessels, which enables
decisions to be made regarding displacment and compression of vascular
elements that it may be vital to preserve during the course of surgery.
Taken one step further the angiographic sequences that are now available
help to rationalise operative planning, and render surgery safer, though
the detail is not adequate at present to identify small tumour vessels with
absolute certainty.

5. Evoked Potentials

Visual, brain-stem auditory, and somatosensory evoked potentials (VEP,
BAEP, and SSEP) may all in their different ways make valuable contribu
tions to the acquisition of relevant information in the preoperative phase,
though their role in this process is currently less critical than that of the
imaging techniques.

General Operative Considerations

As many of the points regarding preoperative assessment, posItIoning,
anaesthesia, and post operative management are common to all the trans
facial approaches, it is appropriate to combine them in this section.
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1. Preoperative Preparation

Intensive sterilisation of the nasal pathways or oral cavity prior to surgery
is probably unnecessary. It has been recommended that an accurate picture
of the bacterial flora in these cavities is obtained prior to surgery, and in
addition it has been suggested that antibiotic cream should be applied to
the nasal cavity for three or four days before the operation, and the mouth
treated with mouth washes of appropriate disinfectants for the same time.
These are counsels of perfection as they require some degree of patient
supervision and it is both impractical and prohibitively expensive to have
them in hospital for this length of time prior to surgery. The author's
practice is to assume the normal commensal organisms are present in the
posterior part of the nares or in the oral cavity and that special pre
operative application of topical antibiotics is superfluous, particularly
when it is borne in mind that systemic prophylactic antibiotics are to be
given during the course of the operation. In several hundred transnasal
pituitary operations and over 60 maxillotomy procedures no evidence has
accumulated to demonstrate that this practice has led to serious post
operative infections.

2. General Anaesthesia

An extremely detailed pre-operative assessment of the patient is made by
the surgeon and the anaesthetist and it is during these final stages of
preparation that detailed consent must be sought for the operation that is
undertaken, so that the patient is fully aware of the risks and potential
complications that may occur during the course of surgery. Due attention
should be paid to rectifying preoperative medical problems. If these are
of a chronic nature and already receiving medical attention, special care is
necessary during the operation to make sure that failure to maintain treat
ment does not compromise the conduct of anaesthesia, or lead to deleteri
ous drug interactions. Selection of anaesthetic agents is done with care to
avoid those with a tendency to increase intracranial pressure or produce
systemic hypotension. Ideally they should ensure haemodynamic stability
and a decrease in cerebral metabolic demands. It is our practice to use large
doses of a standard combination of neurosurgical anaesthetic agents from
the beginning of the operation, because it is known that they are likely to
be lengthy procedures, and then gradually to give smaller aliquots of drugs
to maintain anaesthesia for the duration of the operation. Effective peri
operative monitoring is essential for the stability of the operation, while at
the same time being alert to the possibility of sudden changes dictated by
surgical emergencies and requirements, and having a rapid response time
to them. Central venous and arterial lines are essential, and electronic
monitoring of cerebral electrical function and evoked potentials are used
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where necessary. Orotracheal intubation is standard with the transfacial
approaches, the tubing being anchored very firmly to prevent displace
ment, and usually on the left side of the oral cavity. After suitable neuro
muscular blockade, mechanical hyperventilation is instituted to reduce
cerebral vasodilatation and prevent increases in intracranial pressure which
may be induced by the inhalational agents as well as the operative condi
tions. Adequate neuromuscular relaxants are required throughout the op
eration to maintain this steady state and prevent patient movement.

3. Control of Intracranial Pressure

During the anaesthetic preparations an indwelling catheter is placed in the
bladder so that osmotic diuretics can be used safely. The one in everyday
use and by far the quickest in action is a hypertonic solution of mannitol,
with loop diuretics such as frusemide being used for more protracted pur
poses. These are normally only administered if an intradural exposure is
required, otherwise they are of little value. A lumbar spinal drain is in
serted during this stage of the operative preparation which permits con
tinuous CSF drainage during the operation. This is an extremely useful
facility, but again it is more useful if the intention is to open the dura, and
a surgeon will normally request that the drain be opened shortly before this
is undertaken in order to reduce the intracranial pressure. There are no
fixed times for the drain to remain in place after surgery, but it is generally
accepted that for cases where the dura has not been breached the drain
could be removed within 48 hours, particularly if the draining CSF remains
crystal clear. If the dura has been opened then it is more important that a
waterproof seal is obtained and the drain is left in place longer. In this
unit it is arbitrarily removed at 5 days after a short period of clamping,
providing there is no evidence of CSF leakage during this phase.

There are dangers inherent in the use of lumbar drains: a profound fall
in intracranial pressure may delay recovery of full conciousness after the
anaesthetic and this may conceal the insidious accumulation of a postoper
ative clot or a pneumoencephalocoele, the latter may be avoided by drain
ing against a gradient. The important lesson is to resort to frequent CT
scans in the unresponsive patient, during the immediate postoperative
phase when clinical progress may be difficult to assess.

4. Prophylactic Antibiotics

In recent years there has been growing evidence to suggest that these do
have a part to play in combatting postoperative neurosurgical sepsis, par
ticularly in major operations of this nature. The standard practice is to
institute cover at the beginning of the operation with an intravenous injec-
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tion of a cefalosporine (cefotaxime) with or without the addition of met
ronidazole. This antibiotic cover is maintained for the next three days
before being discontinued, but only in the absence of overt infection.

5. Corticosteroids: Replacement

With large tumours involving the clivus there is a distinct possibility that
pituitary function may be defective and most surgeons would recommend
the exhibition of corticosteroids during the beginning of the operation and
then maintainance for several days afterwards. If the patient is obviously
deficient in pituitary hormones prior to surgery, then a wider range of
replacements may need to be given than steroids alone. It is widely believed
by the surgical fraternity that steroids protect the nervous system from
operative damage, but there is little scientific evidence to support this.
Indeed Hout prospectively examined the integrity of the hypothalamic
pituitary-adrenal axis in 88 consecutive patients with pitutiary adenomas
(Hout et af. 1983). In 83 patients in whom it was intact glucocorticoids
were not given before, during, or after pituitary surgery, but they were
closely monitored and their serum cortisol levels were measured in the
early post-operative period and found to be satisfactory. Only two of the
cases were suspected of adrenal insufficiency after surgery and they were
treated accordingly. It therefore appears that even in the presence of a
pituitary lesion the vast majority of patients will not require additional
steroid cover, and its use in current practice may be to bolster surgical
confidence rather than promote neurological protection.

6. Positioning

The patient is normally placed on the table in the supine position with the
head and body tilted upwards at an angle of 20° to the lower extremities,
to facilitate access, and also to reduce the intracranial venous load. For a
very limited objective it may be advisable to use the Mayfield headrest and
pins to stabilise the head, but in more major procedures where access to
different areas is essential it is better to have the head supported on a
horseshoe headrest, so that it can be moved as required during the opera
tion. Care should be taken during these lengthy procedures to pad depen
dent parts, and avoid contact with hard surfaces to spare pressure areas.
Some form of thermal protection should be adopted to avoid dangerous
levels of hypothermia developing during the operation.

7. Blood Pressure Control

This is continuously monitored by the arterial line and the operation is
normally conducted with the pressure in the low-normal range of values. In
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younger patients with few adverse risk factors short periods of controlled
hypotension may be very valuable to the surgeon during difficult technical
manoeuvres. Reductions in blood pressure should be avoided wherever
possible in the older patient where serious consequences may follow. In this
type of surgery blood loss is usually substantial, and of a sudden may
become torrential. Adequate reserves of blood for transfusion should be
available, and should be used at an early stage in the operation to counter
act the possibility of precipitate losses which could have profound hypo
volaemic and hypotensive sequelae, leading to irreversible ischaemic changes
in the nervous system. If large quantities of stored blood are transfused
the possibility of a transfusional coagulopathy may exacerbate the bleed
ing problems, particularly in these lengthy and traumatic operations, with
wide exposures. Even minor abnormalities may have disastrous conse
quences, in the shape of postoperative clots which are very damaging to
the nervous system. A rapid and accurate diagnosis of the nature of the
coagulopathy is essential to rectify it. Most commonly this would take
the form of a dilutional thrombocytopaenia which will respond to platelet
administration. The deficiency of clotting factors is the second most com
mon cause of intraoperative coagulopathy. To counteract this may require
fresh frozen plasma or more specialised haematological products, depend
ing on an accurate laboratory diagnosis.

8. Post-Operative Nutrition

At the end of the major transfacial operations some means of instituting
post-operative feeding has to be implemented. We choose to use a pharyngo
gastric tube which is inserted via a puncture pharyngostomy, through
which fluids may be given on the first post-operative day, provided the
patient is not suffering unduly from post-operative emesis. Aqueous oral
fluids may be given as early as the second day in favourable circumstances,
and may be gradually increased to constitute the major source of nutri
tional replacement at an early stage. With sutures in the oral cavity it is
advisable for milk products to be withheld until the sutures have been
removed at ten to fourteen days postoperatively. Careful measurement and
observation of the fluid balance is essential from the outset, to make sure
that adequate replenishment of fluid losses is given. Diabetes insipidus is
always a potential threat if the pituitary gland has been disturbed by the
presence of large tumours. Appropriate action needs to be taken in these
circumstances. The clinical situation may also be adversely affected by
inappropriate secretion of ADH, and every precaution should be exercised
to avoid what is usually an easily rectified disorder.
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9. Dural Closure

If the dura is opened intentionally or accidentally during the course of the
procedure, the surgeon should be at great pains to ensure that a watertight
seal is achieved before the conclusion of the operation. If the dura has
been torn inadvertently the fact usually becomes obvious with the persis
tent appearance of diluted blood in one part of the operative field, often in
places where bleeding is not expected, and careful search should be made
for these defects, because they demand the same meticulous attention to
closure as a formal dural incision. Failure to do so leads to a CSF fistula
and a high risk of subsequent meningitis. It is always frustrating, and often
futile, to try and close a clival dural defect by suture, as the margins may
well have shrunk after coagulation or manipulation. Great difficulty may
be experienced in the correct placement of sutures, which during tightening
not infrequently cut out of the dura, leaving the remnants in a worse state
for repair than they were originally. The solution to this problem is to place
a layer of dural substitute inside (i.e. on the intracranial side of) the dura
and another on the extracranial aspect, and bond the three layers together
with human fibrin adhesive (Tisseel, Immuno, Vienna), so that the cross
section rather resembles a sandwich, with the original dura featuring as its
filling. After this has been done bone defects may be filled with multiple
layers of oxidised cellulose, again held in place by human fibrin adhesive.
Quite recently coral and hydroxylapatite preparations have been used to
obliterate bone defects. Other materials are available and worthy of con
sideration. Biocompatible osteoconductive polymer (BOP, Diversified Tech
International, subsidiary DTI s.a. Belgium) is another such product which
would promote bone formation and ultimately create a solid barrier be
tween the intracranial cavity and the pharynx. It is important to consider
reconstruction of the clivus in cases where further surgery is not contem
plated, for example following the treatment of aneurysms or the excision of
benign tumours, because it is theoretically possible for such patients to
undergo surgical emergencies where they are unable to explain what has
happened to them in the past, and be subjected to an endonasal intubation
where there may exist a potential for serious injury. In these cases it may be
prudent for patients to carry some form of card to identify their suscepti
bility to these risks. As noted earlier in this section the lumbar drain is
left in place for a minimum of 5 days if the dura has been opened, and
longer if there is evidence of continued leakage. In the face of a recalcitrant
fistula our policy is to re-explore the site and make further efforts to
close the defect, hitherto always successful. The alternative is to insert
a lumbo-peritoneal shunt to lower hydrostatic pressure and divert the
CSF, to provide an opportunity for the defect to be sealed by the healing
process.
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10. Extubation

The crucial question which arises as the operation draws towards its con
clusion is perhaps the most difficult one to be faced in the whole sequence
of the management process, and revolves around the problem of extuba
tion. Our anaesthetic colleagues have identified four factors which they feel
are of prime importance in arriving at a decision. These are: excessive local
haemorrhage, a greater degree of swelling in the airways than is customary
with the type of operation, pre-existing or anticipated bulbar damage or
lower cranial nerve IX to XII dysfunction, and finally whether there is
likely to be depression of the patient's conscious level as a result of the
procedure. If one or more of these criteria are noted extubation is delayed
until a further asssessment is made on the day following surgery. In practi
cal tenus this means that aneurysm patients are extubated on the table, but
occasionally amongst the tumour cases airway protection is needed, though
we have never found it necessary for this to be prolonged for more than 24
hours, and we have yet to perform an immediate tracheostomy.

Surgical Approaches

The transfacial approaches to the skull base are few in number. As noted
previously they are traditionally undertaken through the middle third of
the face. Only one proceedure involves a facial incision, and thus may be
categorised as an open operation. In most instances the incisions are con
cealed, either by working within the nasal cavity, or sublabially within the
mouth. It must also be noted at the outset that some of the approaches
are extremely restricted in terms of clival access, and confined to only a
small portion of it. Only two methods expose the clivus to any reasonable
degree, and only the method to be described last encompasses the whole of
the clivus and the territory above and below it.

Transfacial Approach

This is the technique involving facial incisions which are usually neither
mutilating nor severely damaging to underlying structures. Briefly the ob
ject of the exercise is to mobilise the maxilla medially and then rotate it
laterally on a hinge formed by the flesh of the cheek and an osteotomy
through the zygomatic arch.

In more detail the technique involves orotracheal intubation or even a
tracheostomy if this is thought necessary. The patient is placed in a supine
position with the head slightly elevated and lying on a horse-shoe head rest.
A temporary tarsorrhaphy is first performed and then an incision is made
extending from the vermilion of the upper lip vertically along the philtral
crest on the side of the operation, around the posterior border of the
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Fig. 2. Transfacial approach: skin incision (dotted line)

ipsilateral naris and upwards along the lateral aspect of the nose to the
inner canthus, taking every precaution to preserve the latter. The incision
then becomes horizontal passing laterally beneath the eye to the outer
canthus, and comes to an end by curving slightly downwards over the
zygomatic process (Fig. 2). A vertical incision is now made through the
vestibular sulcus. Next a palatal flap extending from the retrotuberosity
area on the side of the operation to the contralateral bicuspid area is
elevated. Various bony landmarks are now accessible: including the upper
part of the zygoma, the lower half of the orbital rim including the orbital
floor (but taking care to preserve the lacrymal system), the piriform aper
ture from which the nasal mucosa has been reflected as far medially as
possible, and the alveolar process in the paramedian area. A series of
osteotomies are now undertaken (Fig. 3). Firstly a vertical cut is made at
the level of the temporo-zygomatic junction. Another cut detaches the
frontal process of the zygoma, and then a further osteotomy divides the
floor of the orbit behind the orbital rim, and crosses to the highest point of
the piriform aperture, again cautiously preserving the lacrymal system. On
the orbital floor the infraorbital nerve has to be identified and marked,
because it has to be divided. A vertical saw cut is then made in the alveolus
between the central and lateral incisors which is continued posteriorly onto
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Fig. 3. Transfacial approach: osteotomy cuts (dotted lines), note hinge of bony
segment on root of zygoma (curved arrows)

the palate, in the sagittal plane, to its posterior border. The palatine artery
is now freed from its bony channel using an osteotome, thus preserving the
arterial pedicle of the palatal flap. Finally the pterigo-maxillary junction is
divided with an osteotome inserted medially. It is now possible to mobilise
the maxilla, which remains vascularised on the pedicle of the cheek, and
rotates around the hinge formed by the bisected temporal process of the
zygoma. The pedicle is kept in hot saline packs for the duration of the
procedure. If necessary the operation can be performed bilaterally leaving
only the central strut of the palate in position, though clearly this is an
over-elaborate option when simpler alternatives are available. The opera
tion on one side exposes the ipsilateral pterygo-mandibular and retro
maxillary areas, the rhinopharynx, the nasal fossa, the sphenoid sinus, the
ethmoids, the suborbital and subtemporal regions, and proceeding back
wards to the clivus in the central skull base with access to all the foramina
and fissures through which neurovascular structures enter and leave the
skull. This technique was first described by Curioni (Curioni et al. 1984),
and Altemir who describes the method in relation to the removal of a large
angiofibroma with very little blood loss (Hernandez Altamir 1986). One of
the major drawbacks is the extensive packing required for the sphenoid
sinus, the nasal cavity and the maxillary sinus which has to be withdrawn
gradually over the next few days, and the re-suturing of the intraorbital
nerve. The osseus block is replaced and secured in position with wires or
rninicompression plates which achieve a satisfactory cosmetic result.
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Vascularisation of the flap is principally based on the facial and trans
verse facial arteries and the viability of the pedicle is well maintained even
in situations where pre-operative embolisation has been undertaken, or
where ligation of the external carotid artery, on a temporary or permanent
basis, has been deemed necessary during the procedure. Although gener
ally very satisfactory for retro-maxillary lesions including those adjacent to
the clivus, it does not fulfill those ideal desiderata that would make it the
operation ofchoice for a full anterior assault on the clivus. In current usage
it is much more popular with ENT surgeons than with neurosurgeons, and
in this respect accurately reflects their respective interests.

Facial Translocation

In this technique the maxillotomy described in the previous section is allied
to mobilisation of the zygoma which increases the exposure of the skull
base to facilitate better access to lesions arising from it (Arriaga et al. 1989,
Janecka et al. 1990). The method involves a paranasal incision from the top
of the philtral crest to the medial canthus which is divided, the incision then
sweeps around the infaorbital conjunctiva and then severs the lateral
canthus before it reappears on the surface to extend posteriorly across the
temporal region to end at the upper attachment of the ear, where the
incision is carried upwards in the coronal plane to the midline, the incision
is extended in a downwards direction anterior to the tragus as far as the
lower border of the ear, but may be taken down into the neck, when
circumstances require an even greater exposure. Now the scalp flap may be
turned anteriorly. The frontal branches of the facial nerve, the infraorbital
nerve, and the nasolacrimal duct are identified, marked to allow for ulti
mate reconstuction, and then divided.

At this point the temporalis and masseter muscles are dissected away
from their bony attachments to expose the mid portion of the facial skele
ton. Next the cheek flap may be mobilised as far down as the palate;
dissection should be deep to the masseteric fascia in an attempt to preserve
facial nerve branches.

Osteotomies of the maxilla and the zygoma are performed at this stage,
followed by removal of the posterior wall of the maxillary sinus and both
pterygoid plates by means of horizontal osteotomies at the level of the hard
palate and the skull. The temporalis muscle may be mobilised further
inferiorly by a subperiosteal osteotomy and down-fracturing of the coro
noid process of the mandible. At the end of the operation the bony oste
otomies may be reassembled by the application of mini-plating systems.
The nerves may be sutured at the conclusion of the operation, and good
cosmetic results are claimed; the nasolacrimal duct is repaired over a stent
which is removed after six weeks. Temporalis muscle may be used to
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obliterate "dead space", close defects, and protect dura when bone has
been removed; its size and rich vascular supply makes it ideally suited to
these roles. The soft tissue flaps are well vascularised, and heal well with
minimal scarring. This complex procedure offers access to tumours of the
anterior skull base that are extending laterally into the infratemporal fossa,
and combines elements of both the anterior and lateral approaches to
good effect.

Midfadal Degloving

This is another approach born out of the necessity to provide access to
lesions lying in and around the skull base, and, like most of these tech
niques, it can be combined with transfrontal or temporal or palatal opera
tions for the treatment of extensive lesions. The technique was first de
scribed in 1974 (Casson et al. 1974) and more recently in current practice
by Price (Price 1986). General anaesthesia is maintained via orotracheal
intubation, and the tube is firmly secured to prevent it becoming dislodged
during the procedure. The patient is placed in a supine position with the
head slightly elevated at about 30%, and supported by a horse-shoe head
rest during the course of the operation. After the nasal application of
cocaine paste, infiltration with local anaesthetic and a dilute solution of
adrenaline to achieve local haemostasis is undertaken. The nose is injected
first as if for a rhinoplasty, and then the buccogingival sulcus and the
canine fossa are infiltrated next. Temporary tarsorrhaphies or some alter
native corneal protection is provided bilaterally. Complete transfixion and
intercartilaginous incisions separate the nasal tip from the dorsum. The
incision is then extended around the piriform margin to complete a
"circumvestibular" division, and then a sublabial incision usually extends
across the midline to just above the first molars. The soft tissues of the
nasal dorsum are then widely elevated in the subperiosteal plane. Now
the tissues of the face may be elevated from the anterior maxilla: from its
most lateral extension to the nasal bones medially, and then upwards to the
intraorbital rim. The contents of the intraorbital foramen are to be pro
tected as far as possible. The subperiosteal dissection is continued on each
side of the midline as far as the piriform margins. Returning now to work
through the nose, it is possible to release the remaining soft tissue attach
ments from the columella and anterior maxillary spine, and then the nasal
and sublabial incisions are brought into communication. The upper lip
along with the intact nasal columella and nasal tip including the alar
cartilages may be now retracted over the nose to the level of the inferior
orbital rim. At this point exposed bone may be removed to facilitate the
excision of the surgical lesion. The ipsilateral antrum is entered first and
the anterior maxillary bone rongeured away. The bone removal may con-
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tinue up to the frontal process of the maxilla, and then osteotomies are
carried out across the piriform margin superiorly and inferiorly to com
plete the medial maxillectomy. Ethmoidectomy and sphenoidectomy may
be carried out under full vision at this stage, and the entire nasal septum is
then accessible and may be released and deflected or resected up to the
cribriform plate. If reqired these processes may be duplicated on the oppo
site side to improve access. Complete exposure of the naso-pharynx requires
removal of the posterior wall of the maxillary antrum and the ascending
process of the palatine bone. It should be noted that brisk bleeding may be
experienced from the palatine arteries. The pterygoid muscles and plates,
the posterior wall of the sphenoid sinus and the clivus form the posterior
limits of resection. The cribriform plate and the adjacent portion of the
floor of the anterior cranial fossa are the upper limits. The lateral limit of
the dissection is the coronoid process of the mandible and the inferior
boundary is the palate, although this too can be mobilised should the need
arise. The major vascular supply of the flap includes facial, infraorbital and
supratrochlear vessels, all of which are preserved in this procedure, with
the result that ischaemic complications are exceptionally rare.

At the conclusion of the procedure a considerable amount of packing is
required to obliterate the spaces. It has to be carefully applied so that it
may be sequentially removed as the days go by. The nasal tip is carefully
repositioned with a transfixion suture and a second suture placed at the
base of the columella. The vestibular skin is then sutured to the piriform
mucosal margin. The central frenulum of the sublabial incision is carefully
approximated, and then a one layer closure of the oral membranes is
completed.

Price described this operation as being of value for most ENT condi
tions involving the maxilla and its surroundings including chondromas,
chordomas and chondrosarcomas, which presumably arise from the neigh
bourhood of the clivus (Price 1986). The operation has the merit of being
suitable for large lesions because the potential for a bilateral approach to
lesions much simplifies the surgery of this region, and is therefore in this
respect superior to the more cumbersome transfacial approach. There are,
of course, only minimal facial scars in what is an almost wholly "con
cealed" approach, but there may well be complaints of facial numbness in
the distribution of the intraorbital nerves, although this tends to become
less noticeable with time. Cosmetic problems may arise if too much of the
anterior wall of the maxilla has been removed.

In a further article Price commented that the procedure was extremely
useful in a wide variety of conditions and versatile in application, so that
with bilateral medial maxillectomies and complete ethmoidectomy, there
was ample access for dealing with lesions of the sphenoid sinus and clivus
complex. A combination of this operation with other approaches may be



Transfacial Approaches to the Skull Base 167

used in very extensive lesions. It was noted that resection of the clivus was
undertaken three times in their series, but the results were not analysed
independently of the other lesions with which they dealt (Price et al. 1988).

Transsphenoidal Approach

In the early days of neurosurgery it was the case that surgical approaches
were focused on the pituitary gland and only in the last 20 years or so that
they have been extended to involve other structures. It is perhaps surpris
ing that both the transsphenoidal and the transfrontal approaches to the
pituitary fossa were being postulated at approximately the same time, and
perhaps even more surprising to realise that this was almost a 100 years
ago. It was Giodano who first suggested the transsphenoidal route after
cadaveric dissections in 1897. This was an unacceptably mutilating opera
tion in which the nose was split down the midline and the septum and
turbinates were removed before access was gained to the sphenoid sinus
and the region of the pituitary. Other propositions included reflecting the
patient's nose laterally and them resecting the septum and turbinates, and
the first successful operation of this nature was performed in 1907 (Schloffer
1907). These alarming procedures were rapidly discarded when more so
phisticated alternatives appeared and Kaneval was one of the first to de
velop an infranasal transseptal approach, which was much preferable to
the original methods, in that it preserved normal nasal function and facial
appearance (Kanavel 1909). Cushing followed Halstead's suggestion
(Halstead 1910), to adopt the sublabial transseptal approach, and used it
between the years 1912-1925; he operated on a total of 231 patients using
this approach with an operative mortality of 5.6% (Henderson 1939).
Unfortunately his early enthusiasm for this method was dampened by
several problems which included impaired visibility due to the considerable
haemorrhage which occurred, and the lack of adequate magnification and
illumination in the pre-microscope days. This led to portions of the tumour
being left behind, and thus to an unacceptably high recurrence rate when
compared to the transfrontal method, and, lastly, and perhaps most impor
tantly, the degree of uncertainty regarding the exact nature and location of
the pathology before modern imaging techniques became available. The
historical evolution of pituitary surgery has been traced in an elegant
review (Wellbourn 1986). In Edinburgh Norman Dott continued with this
transseptal approach throughout his career (Rosegay 1981), and passed on
the torch to Guiot (Guiot 1978), from whom Hardy adopted the method
and introduced it into the canon of modern neurosurgery (Hardy et al.
1965), to the point where, in the last 20-30 years, it has superseded the
transfrontal route. So much so that Guiot in 1978 did more than 90% of his
pituitary operations by the transsphenoidal route (Guiot 1978), and Wilson
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six years later indicated that he only employed the transfrontal route in 1%
of his pituitary operations (Wilson 1984). Clearly the success of the opera
tion is predicated by the size of the sphenoid sinus. If this is commodious
then the operation is much easier than in the presence of a small or absent
sinus, when a good deal of bone dissection would need to be undertaken to
approach the clivus. It is clear that only the small portion of the clivus that
lies behind the sphenoid sinus and immediately inferior to it are likely
to be accessible by this means. It is essential for an absolutely mid-sagittal
plane to be followed during the operation to avoid damage to the impor
tant neurovascular structures which lie on either side of it in the skull
base or cavernous sinus.

The sublabial technique is extensively used throughout the world. In
its original form it was first proposed by Halstead (Halstead 1910) and
then used subsequently by Cushing to complete his large series of cases
(Henderson 1939). As a prelude to all the transnasal approaches the nasal
mucous membranes are given a liberal application of cocaine paste, which
helps to reduce vascularity, and produces long-lasting post-operative local
analgesia. The technique consists of infiltrating the gingival margin above
the upper incisors with a mixture of local anaesthetic and a 1: 200,000
solution of Adrenaline, and then dividing the margin in a horizontal plane
parallel to the teeth and the floor of the nose. The mucosa is then dissected
away from the nasal spine and floor of the nose and, as far as possible,
from the nasal septum. The bony spine is then removed and the septum is
either incised and deflected laterally or excised in its turn. It is now possible
to place the self retaining speculum between the two layers of nasal mucosa
and extend the dissection backwards and upwards to the region of the
vomer. This structure almost always lies in the mid sagittal plane and is
naturally a most important landmark. The actual direction of this nasal
dissection can be monitored on the image intensifier to make sure that it
always takes place in the direction of the sphenoid sinus. When the vomer
is encountered, both it and the anterior wall of the sphenoid sinus can then
be removed using bone forceps or a small osteotome to gain entry; follow
ing this the size of the window into the sinus may be increased using
Kerrison punches. At this stage reference to a pre-operative CT scan in the
transverse axial plane will suffice to demonstrate the position and number
of the sphenoid septa; these should be removed together with the covering
mucosa which normally harbours only comensal organisms. One can then
either remove the anterior wall or the floor of the pituitary fossa and
approach the gland, or excise the posterior wall of the sphenoid sinus
which at this point is the uppermost portion of the clivus.

In 1909 Hirsch proposed the anterior endonasal transseptal approach
which he used successfully for many years (Hirsch 1909). The problem with
both this and the preceeding method is the amount of tedious dissection
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that is necessary at the beginning of the operation. The approaches are
to a variable extent rendered difficult by significant septal deviation. In
addition the sublabial method will produce the additional unacceptable
complications of anaesthesia and possible discolouration of the upper
front teeth.

In the course of the 1970s surgeons in various countries began to take
account of the cardinal feature of the vomer, which was its almost invari
able position in the midsagittal plane. This led to the development of
the posterior endonasal approach (Griffith et ai. 1987), which the author
helped to pioneer. In this method septal deviation becomes irrelevant. The
speculum can be placed in the most capacious of the nares, either left or
right; it is then possible to identify the spine of the vomer which normally
lies in the same vertical plane as the posterior end of the middle turbinate.
This means that the speculum is placed in the nostril at approximately
45° to the floor of the nose, and with the help of the image intensifier a
probe is placed through the mucosa, into what is considered to be the
anterior aspect of the sphenoid sinus. Using the image intensifier, adjust
ments are made to the probe until this position is achieved. At this point
the speculum is retracted several millimetres and then opened widely to
fracture the cartilaginous septum from the vomer. This normally produces
linear ischaemia in the septal mucosa in which an incision is made from
above downwards in a vertical plane with a fine knife. The mucosa may
then be dissected away from the junction of septum and vomer very easily
so that the anterior aspect of the sphenoid sinus is visualised on one side,
and then by dissecting on the opposite side of the vomer the mucosa is
reflected away from the adjacent anterior surface of the sphenoid sinus. By
insinuating the arms of the speculum between the two leaves of the nasal
mucosa posteriorly and then distracting them, it is possible to expose the
vomer and the anterior wall of the sphenoid sinus, looking rather like the
keel of a boat. Bony dissection may be then made using either bone forceps
or an osteotome through the anterior wall of the sphenoid sinus, and then
the operation proceeds as did the sublabial procedure by stripping out the
mucosa and the septa which divide the sphenoid sinus.

This simple technique is easy to teach: it avoids the complications to the
teeth, and the nasal septum with its covering mucosa is retained intact
(problem areas inherent in the sublabial approach), also it saves precious
operating time. It is essentially a transsphenoidal approach and confines
the operator to the posterior wall of the sphenoid sinus and the portion of
the clivus immediately adjacent to it. The transsphenoidal approach is not
suitable for lesions which are larger than the bony exposure, which extend
laterally, or which are very vascular, because of the limitations imposed by
the restricted access. On the other hand it must be admitted that it is by far
the best way of dealing with pituitary microadenomas, and most of the
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macroadenomas which are situated in the sagittal plane. The operation will
retain its established popularity for these conditions (Uttley 1994).

It is important when dealing with a clivus lesion or with a pituitary
tumour or, indeed, pathology which straddles both regions, to ensure that
there is no CSF leak following dural tear. This may happen in macro
adenomas which have thinned the capsule and where the arachnoid has
been torn, or it may occur if the clival dura has been divided for the
clipping of a terminal basilar aneurysm. This may be repaired in the man
ner already described and then the pituitary fossa and the sphenoid sinus
should be packed. Various materials have been used including muscle from
the thigh, or fat from the abdominal wall. It is superfluous to embark on a
second operation because it is usually satisfactory to use some form of
oxidised cellulose held in position with human fibrin adhesive.

At the conclusion of the operation the nasal mucosa is forced together
by packing both nares with paraffin gauze ribbons, which have been soaked
in an antibiotic suspension. These are left in place for 24 hours before
they are removed. Patients are advised not to blow their nose for about a
month following surgery by which time the mucosa will be thoroughly
healed.

Transethmoidal Approach

First described by Chiari (Chiari 1912), this method is even more limited as
a means of exposing the clivus than the transsphenoidal one and is really
only suitable for removing strictly intrasellar lesions. In its customary
form the pituitary fossa was viewed through the ethmoidectomy exposure,
with the instruments being passed to the target via the nostril (James 1967).
It had a short-lived vogue when hypophysectomy was being used as a
treatment for the control of metastatic bone pain and diabetic retinopathy,
but it has no part to play in the treatment of pituitary macroadenomas, or
of adjoining dival disturbances. The eyelids on the side where the opera
tion is to take place are sutured as a preliminary, and then a semicircular
skin incision is made around the medial angle of the eye down to the lateral
edge of the nasal bone. The periosteum is separated from this structure:
great care being taken to preserve the periorbita, the trochlea and the
medial canthal ligament. The eye is mobilised laterally to expose the
lamina papyracea and the ethmoid sinuses. These are opened anteriorly
and the mucosa over the lateral aspect of the nose is dissected away from
the bone and displaced medially. During this part of the procedure the
ethmoidal arteries are preserved as far as possible as they lie above the
plane of the exposure, below this level the anterior wall of the sphenoid
sinus is encountered. This can then be opened in the manner already
described and the anterior wall of the pituitary fossa should then be visible.
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The limitations of this approach are firstly that it starts from a lateral
position and attempts to move medially so that difficulties may occur in
orientation. Secondly the floor of the anterior fossa slopes downwards
towards the pituitary and forces the plane of surgery inferiorly into the
sphenoid sinus thus limiting the exposure of the anterior wall of the pitu
itary fossa and certainly preventing any attempt to operate on the plane
above it. At the conclusion of the operation the cavity is filled with gauze
which is led out through the nasal cavity and which is removed over the
next few days. Periosteum and skin are sutured and the eyelids are then
opened. The immediate post-operative cosmetic effect is not particularly
pleasing as there is usually a good deal of swelling, but this settles down
over the course of the next few days to leave an acceptable appearence.

The Transantral Transsphenoidal Approach

In this rather roundabout procedure the buccal mucosa is reflected from
the anterior wall or the maxillary sinus, which is then removed. This facili
tates the resection of the medial bony wall of the sinus to expose the
mucosa of the nasal cavity which may be displaced medially to increase the
operative field. A lower ethmoidectomy is then performed, as a result of
this the anterior wall of the sphenoid sinus is exposed and may be opened
to provide a limited exposure to the pituitary fossa and the adjacent clivus
(Svien et al. 1965, Hamberger et al. 1961). It is difficult to manipulate the
operating microscope around the cavity. The operation has a sinister repu
tation for being excessively bloody when compared to the other methods.
It is much more time consuming and the considerable cavity that remains
requires very large packs that have to be removed piecemeal over a period
of several days thus increasing the hospital stay.

Le Fort 1 Maxillotomy

This operation has been a standard part of the maxillofacial repertoire for
many years. As with so many other surgical "firsts" the method was de
scribed by von Langenbeck (von Langenbeck 1859) as a horizontal osteo
tomy crossing the maxilla from side to side, at the same level that Ie Fort
subsequently designated as his Type 1 fracture line in 1901 (Drommer
1986). Severe haemorrhage circumscribed its value as a surgical technique
during the latter part of the 19th century and the early part of this one, thus
limiting visibility and obscuring the surgical detail in the days prior to the
operating microscope becoming an everyday tool. It was therefore used
only fitfully until the 1930s when it became more widely used in the correc
tion of skeletal deformities of the face; and as one of a series of osteotomies
it gained an established role in this context (Drommer 1986). In recent
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years the author and his colleagues have adapted it for use in another role
when they recognised its potential to provide excellent exposure of the
central skull base, and in particular the clivus. Not only has it been used
for the resection of tumours, but also for treating aneurysms at the junc
tion of the vertebro-basilar arteries, and mid-line basilar trunk aneurysms
with considerable success (Dttley et al. 1989, Dttley et al. 1993).

All the operations are performed under general anaesthesia with
orotracheal intubation, care being taken to secure the tube very firmly so
that it does not become displaced during the course of the operation.
The preliminaries have been described earlier in this chapter. Patients are
placed supine on the operating table with a head-up tilt of 15-30° to suit
surgical access, operator comfort, and to reduce haemorrhage. The oral
cavity is sterilised with an aqueous solution of povidone iodine before an
incision is made above the mucogingival reflection, extending from one
upper molar area across the midline to the same position on the opposite
side of the mouth. A bilateral low level bone cut is then made with an air
powered sagittal saw through the malar buttress to the maxillary tubero
sity laterally and the nares medially (Fig. 4a, b). This exposes the mucosa of
the nasal floor and gives access to the pterigo-maxillary fissure. At this
stage the positions of the Luhr compression plates, necessary for accurate
reapposition and fixation of the maxilla at the end of the operation, are

a b

Fig. 4. Osteotomies for Ie Fort 1 maxillotomy: (a) on lateral aspect of dried skull
(dotted line), and (b) through nasal septum on medial aspect of split skull (repro

duced by kind permission of the editor of Journal of Neurosurgery)
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marked out on either side of the osteotomy. The nasal septum is divided at
its inferior midline junction with the maxilla and palate before a curved
chisel is used to separate the lateral pterigoid laminae from their maxillary
attachment. It now becomes possible to "down fracture" the maxilla main
taining its blood supply, which is generally thought to be dependant on the
integrity of the greater palatine arteries. It should be noted that on occa
sion we have sacrificed one of them, and very rarely both, without postop
erative ischaemic consequences, the implication being that sufficient blood
supply is maintained through the mucosal blood supply of the faucial
pillars. This mobilisation of the maxilla permits the detached portion to be
lowered into the oral cavity through a distance equivalent to the normal
range of mouth opening from before backwards, which is an important
consideration in terms of access, and of even greater value in the eden
tulous (Fig. 5). The mucosa of the nasal floor is elevated on each side to
expose the nasal septum and vomer. The inferior turbinates are excised
using heavy scissors and the vomer may be removed to expose the roof of
the nasopharynx and the clivus which lies immediately posterior to it.
Sometimes the vomer comes away bringing with it the anterior part of the
sphenoid sinus, on other occasions it is necessary to remove it piecemeal. It
is then possible to insert a modified Dingman gag (Fig. 6) to retract the

Fig. 5. Detached portion of maxilla lowered into oral cavity. Solid black arrows
indicate exposure of skull base (medial aspect of split skull)
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Fig. 6. Modified Dingman gag used in Ie Fort operation

cheeks laterally and displace the maxilla downwards. With this in position
the mucosa of the posterior pharyngeal wall is exposed, and the midline
structures of the skull base from the middle ethmoids down to the foramen
magnum become accessible. On rare occasions the anterior arch of the
atlas may be reached, usually in the edentulous. The tissues overlying the
clivus are divided by an incision in the midline from above downwards to
its lower border. The posterior pharyngeal wall is very firmly adherent to
the bone in this region. Subperiosteal resection by sharp dissection is usu
ally required before these rather rigid layers can be retracted to each side,
using an instrument of our own design, to expose the whole of the anterior
aspect of the clivus. The compact bone over the pharyngeal surface of
the clivus, together with the underlying spongy bone, may be removed with
a high speed drill and the cutting burr, but when compact bone on the
dural aspect is encountered it is wise to change to a diamond burr, so that
the bone may be removed very gradually and with such delicacy that
the underlying dura is not torn. When the dura is exposed over a small
area it can be separated from the bone to which it is attached quite
readily using a blunt dissector. The bone margins of the exposure may
be enlarged more rapidly now by using a combination of the drill and
Kerrison bone punches. One of the more disagreeable complications arises
as the bone removal edges superiorly, and this takes the form of profuse
venous bleeding from the basal sinuses. To the uninitiated this may be
quite alarming, but control is achieved using either an angled mono
polar coagulator to force the dural sinusoid against the bone and then coa
gulating it, or using a combination of oxidised cellulose mixed with a
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sterile absorbable bone sealant to pack the sinusoids (Abseal, Ethicon,
Edinburgh). Pathology in the clivus is fairly obvious so that bone removal
is continued until normal bone margins are encountered again, or until it is
considered that a radical removal has been accomplished and that further
dissection is hazardous. Blood is transfused from an early stage to prevent
sudden catastrophic losses which could lead to serious hypovolaemic and
ischaemic consequences.

Opening the dura may be necessary when tumours extend intracranially
e.g. meningiomas, and is always required when dealing with aneurysms.
The dural incision may be made in any direction as repair will be achieved
using an adhesive "sandwich", not by sutures. The method of dural repair
has been dealt with in the introductory section of this chapter, and the
reconstitution of the clival defect has also been touched upon there. When
these have been accomplished the overlying pharyngeal mucosal edges are
approximated and bonded together by means of the fibrin adhesive. The
maxilla is replaced and anchored in position with Luhr Vitallium mini
compression plates applied in their pre-determined sites, and after this the
buccal mucosa is closed by interrupted black silk sutures.

Post-operative nutrition is maintained with a puncture pharyngostomy
through which a pharyngogastric tube is passed and secured to the skin
on the side of the neck. The criteria for extubation and discontinuation
of the lumbar drain have already been dealt with in the introductory
section.

An extension of this procedure has been developed by James and Croc
kard, and is known as the "open door" or extended maxillotomy (James et
ai. 1991). In this the method is the same as regards the maxillotomy, but in
addition the maxilla is divided into two halves from before backwards by
a saw cut along the midline suture from above. The bone between the
central incisor teeth is divided using a fine osteotome to avoid damage to
the adjacent dental roots and the median section is completed by dividing
the soft palate in the midline posteriorly. Once more the blood supply to
the maxilla proved satisfactory, presumably from the mucoperiosteal ves
sels, and vascularisation appears to be as generous and forgiving in this
situation as it was for the maxillotomy alone. The two separated halves of
maxilla not only pass down into the mouth but also swing laterally to
afford a better view of the craniocervical junction as well as the clivus. This
technique has been of unique value in the management of hitherto un
treatable neuraxial compression caused by basilar invagination in cases of
osteogenesis imperfecta, and it also has a role to play in the treatment of
patients with very long extradural space occupying lesions that extend
below the foramen magnum, though much the same exposure may be
obtained by combining the standard maxillotomy with a transoral ap
proach and moving the maxilla up and down as required.
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Complications (Table 4)

With major surgery of this order it is scarcely surprising that there are a
variety of complications, some of them leading to a fatal outcome. Amongst
the most mild are cranial nerve lesions, especially involving the sixth cra
nial nerve in operations at the upper end of the clivus but other cranial
nerves may be injured as they pass through their bony foramina, and it is
important to bear in mind that the distances from the midline to the
foramina measured on a dried skull may have no relevance in situations
where there is extensive tumour involvement or bony deformity. Of partic
ular consequence are the lower cranial nerves IX to XII, as damage to these
will lead to major difficulties in respect of maintaining an effective airway
and a coordinated swallowing mechanism. Patients who suffer this compli
cation live under the perpetual threat of aspiration: rather than being
pleasures, eating and drinking become high risk activities, only to be
undertaken with the utmost caution and life-long vigilance. The dangers of
an aspiration pneumonia cannot be overstated: one of our patients with
a clival meningioma succumbed in just this way after what was otherwise
a very satisfactory complete excision of the tumour. An over-enthusiastic
attack on the tumour may precipitate a premature encounter with the
brain stem with deleterious consequences; fortunately this is rare in expert
hands.

Major neurological trauma is usually secondary to vascular damage,
which may either be delivered directly to the vertebral or basilar arteries
during the course of dissection or manipulation, or alternatively to spasm
which may occur as a result of mechanical irritation of the vessels, but
which is seen more commonly as a consequence of subarachnoid haemor
rhage, in the majority of cases where this has its origin in the posterior
fossa. If this is seen at angiography, surgery is delayed until such time as

Table 4. Complications: Transfacial Approaches

Cranial nerve:

Brain stem:
CSF fistulae:
Airway obstruction:
Local:

Mortality:

VI Common
IX-XII Serious (Aspiration pneumonia)
Ischaemic
Meningitis
Tracheostomy
Facial anaesthesia
Dental anaesthesia
Palato-nasal fistulae
Velo-pharyngeal incompetence
< 4% (Author's series of 62 operations)

Potential complications of transfacial surgery.
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the spasm is judged to have disappeared, because to operate during its
developement may lead to potentially catastrophic ischaemic damage. The
final way in which vascular damage may occur is when suddenly the
vertebo-basilar vessels have to assume a radically new contour following
the removal of a major deforming mass. It is a matter of conjecture as to
whether this may lead to distortion and mechanical occlusion of the basilar
artery itself, or of the small perforating vessels arising from it, but occa
sionally infarction of the brain stem occurs after otherwise blameless sur
gery, and this is a plausible mechanism by which it may be mediated.

CSF fistulae have been discussed earlier, and the need for meticulous
attention to dural closure has been stressed. The obvious danger of this
complication is that meningitis may supervene, and this, even in the era of
modern antibiotics, carries a significant morbidity and mortality.

With operations involving the upper respiratory tract there is always
the potential danger of airway obstruction developing. Fortunately in our
experience tracheostomy is required only rarely, and in these situations it is
usually sufficient to begin with a minitracheostomy before contemplating
anything more radical.

In terms of purely local damage it is theoretically possible for the
viability of whole bone segments to be compromised, causing extensive
ischaemic necrosis which would necessitate considerable surgical ingenuity
in order to restore aesthetic and functional integrity. In the extended maxi1
lotomy procedure there is the risk of instability developing between the two
halves of the palate, which may necessitate further measures to restore
essential functional rigidity. It is possible that focal damage to the palate
may occur, leading to the formation of a palato-nasal fistula. This is obvi
ously a matter of greater moment when the underlying pathology has
been responsible for bone softening. Surgical repair of these fistulae is
not usually particularly satisfactory and they are best occluded by a den
tal plate. Of even greater consequence is the development of velo-pharyn
geal incompetence. This is a severe defect not readily treated by any
method. It is caused by scarring and shortening of the soft palate which
then fails to occlude the nasal passages during the course of swallowing
resulting in nasal regurgitation and potential problems in terms of airway
management, as well as significant changes in the patient's voice. Some
form of palatopharyngoplasty is the best way of dealing with this major
complication.

Comparison with Other Methods

In this section the advantages and disadvantages of various other ap
proaches to the clivus are evaluated and compared to the transfacial
approaches.
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Lateral or posterior fossa approaches are more commonly used for
approaching skull base tumours than are the anterior approaches, although
the latter are gaining in popularity and being used more extensively. The
lateral and posterior approaches are essentially transdural techniques,
which means that one has to open the dura overlying the cerebral or
cerebellar cortex before having to open the dura yet again for extradural
lesions in the clivus. This seems to be an otiose manoeuvre, particularly as
there may be difficulties in achieving a CSF proof seal by this type of
approach. None of these methods gives consistently troublefree access to
the clivus, and none of them afford adequate exposure to the whole of the
clivus without a considerable risk of sacrificing major neurovascular struc
tures due to strenuous retraction. It is presumably a long-term familiarity
with these methods which leads to their continued employment: they are
not exactly ideal for the purpose, and it would appear to be stretching their
practical limitations to the utmost to persist in their use unless the circum
stances permit of no alternative. It does have the benefit for those who find
it difficult to work in a team to continue to work in isolation; but there is
nothing to suggest that these methods are so intrinsically superior to the
anterior approaches that their benefits may be offset against the increased
morbidity that must inevitably accrue to them due to the effect of the
greater degree of retraction required for the exposure of the pathology.

The fronto-temporal or pterional approach (Yasargil et of. 1978) has
been described for rostral clival tumours with extension into the middle
fossa, and for tumours located on and around the anterior clinoid pro
cesses and extending mainly anteriorly. This route is also suitable for the
treatment of most basilar tip aneurysms. Large tumours involving more of
the clivus than just the posterior clinoid processes would not be dealt with
adequately using this method. Superior access may be obtained using the
fronto-zygomatic approach with or without additional local osteotomies,
because this reduces the depth of the operating field by 2-3 cm and greatly
increases the angle of approach, from being high and acute to low and
obtuse on the floor of the middle fossa (Fujitsu et of. 1985, Neil-Dwyer
et of. 1988, Dttley et of. 1991). But for the same reasons that limit the
pterional approach it is not satisfactory for lesions of the middle and lower
clivus. The most useful of the transcranial approaches is the subtemporal
transtentorial approach (Malis 1985, Yasargil et of. 1980). If necessary
the posterior limb of this incision may be extended down over the squamous
part of the occipital bone so that a retromastoid lateral suboccipital
craniectomy may be performed at the same time, thus giving access to
virtually the whole of the ipsilateral aspect of the clivus (Samii et of. 1989).
The vein of Labbe should be carefully preserved throughout, and Malis
(Malis 1985) has suggested a means of leaving this intact whilst still ob
taining generous petrosal access, and by the same token it is possible to
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preserve the sigmoid sinus (Samii et al. 1989). The disadvantages of the
method are those of any middle fossa approach, namely that brain retrac
tion may lead to epilepsy and aphasia in the dominant hemisphere due to
temporal lobe retraction (Yasargil et al. 1980). Frequent release of the
retractors for short periods is said to minimise this risk, but manoeuvres of
this sort tend to interfere adversely with concentration. As one approaches
the clivus the risk of causing damage to cranial nerves or to the perforating
branches of the vertebro-basilar system appreciably increase. These com
plications are present to the same extent when one adopts the lateral
sub-occipital approach to the clivus (Malis 1985). Indeed the risks to the
lower cranial nerves are greater here if one has to operate between and
around the multiple tiny roots out of which they are formed. And likewise
for vascular damage. If the tumour spreads within the dura to involve the
nerve roots and/or vascular structures there is only a remote chance of
safely achieving a complete removal, but even in these unfavourable
circumstances the lateral sub-occipital approach may act as a means of
providing a useful decompression, especially when dealing with indolent
meningiomas. In Mayberg's series only 4 (15%) of 26 patients who had a
subtotal removal of their meningiomas showed signs of clinical progres
sion, and these cases went on to die (Mayberg et al. 1986).

There are a number ofextradural lateral approaches which may be used
for a limited approach to the clivus. The transcochlear approach intro
duced by House and Hitselberger (House et al. 1976) accomplishes its pur
pose by extending in an anterior direction the translabyrinthine aperture
they had utilised for operations in the cerebellar pontine angle. Clearly this
technique must involve mobilisation of the facial nerve which therefore
places it in jeopardy. The bone removal extends centrally as far as the
ipsilateral internal carotid artery. The method may be used for excising
lesions of the petrous apex and tumours directly arising from the adjacent
portion of the clivus. It would appear to be satisfactory only for small
lesions, and not suitable for the very large lesions that one finds not un
commonly in this region. The operation automatically results in ipsilateral
deafness and a significant risk of facial paresis, which is a high price to
pay for access, although in mitigation it should be noted that cerebellar
and brain stem manipulation is obviously reduced in comparison to the
transcranial techniques. The infratemporal fossa approach as described
by Fisch (Fisch et al. 1979) also involves unilateral deafness, loss of facial
sensation due to the division of branches of the Vth cranial nerve, a slight
risk of facial paresis, and, in common with all the lateral approaches, it is
most suitable for use in tumours at the petro-clival junction rather than
those centrally situated in the clivus. Again this method would appear to
work best for relatively small lesions rather than for larger ones, due to the
limitations imposed on extensive dissection in terms of the depth of the
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operative field and the restricted angles through which the surgeon has to
operate. In over a hundred cases of the infratemporal fossa approach there
was a 7% complication rate of CSF fistulae, and approximately half of
these cases developed meningitis (Fisch et af. 1979). A combined intradural
subtemporal and extradural infratemporal preauricular approach has been
described which gives access to the ventral portion of the brain-stem be
tween the dorsum sella and the hypoglossal foramen (Sen et af. 1990), but
it would appear more suitable for lesions of the petrous apex than clival
pathology, and suffers from the common restraints on ease of repetition
that it shares with the other lateral approaches.

The lateral transtemporal transsphenoidal approach to the skull base
avoids some of the morbidity and access problems that may occur with the
transcochlear and infratemporal approaches. The tedious dissection asso
ciated with these two techniques is replaced by a much more straightfor
ward procedure (Holliday 1986). Although it is essentially an extradural
method it could readily be adapted to deal with intradural pathology. It
offers the same advantages as the fronto-zygomatic approach in that the
zygoma may be mobilised and rotated out of the surgical field, and in
addition the temporomandibular joint may be disarticulated and retracted
inferiorly to provide access to the infratemporal region. Holliday, who
describes the method, records four clival dissections in his series (Holliday
1986).

The use of a high cervical incision offers an alternative lateral ap
proach, but it does involve mobilising the distal portions of the extra
cranial carotid arteries which may be damaged, and involves the sacrifice
of some of the upper cervical nerves. The technique was one of the earliest
to be described in the approach to the clivus as it avoided bacterial contam
ination from the oral cavity (Fox 1967, Stevenson et al. 1966, Wissinger
et al. 1967), and it has been described again in this context more recently
(McAfee et al. 1987). Even with the additional modification of a labio
mandibulotomy the surgical exposure does not permit access to the upper
part of the clivus (Biller et al. 1981, Krespi et af. 1984), though Ammirati
et af. in a series of cadaveric dissections have extended this approach to
encompass a mandibulotomy linked to detachment of the pharynx from
the skull base as being the vital elements of a combined oral and cervical
attack that gives access to both the midline and the lateral compartments
of the skull base, with total exposure of the clivus and cranio-cervical
junction, and the added benefit of complete neurovascular control of the
internal carotid arteries and lower cranial nerves (Ammirati et al. 1993).
The original advantage of this lateral extradural method was that CSF
leaks occurred into a sterile environment and did not pass into the contam
inated nasal and oral cavities, but this has long ceased to be an important
consideration with the widespread use of prophylactic antibiotics and ef-
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fective waterproof seals. With all the lateral approaches, whether they are
transcranial or extradural, the major objection to their use in this type of
surgery is the considerable difficulty and danger that would be experienced
in trying to repeat the operation through dense scar tissue for clinical
recurrence, and it is perhaps an index of the hazards involved that none of
the authors comment on this crucial aspect of management.

Anterior approaches to the clivus have evolved over the last 20 years as
a result of surgeons having to think afresh about pressing clinical prob
lems. These have forced themselves onto the surgical agenda by a revolu
tion in imaging which has changed radically the perception of skull base
disorders, together with comparable advances in surgical technology that
enable them to be dealt with more effectively. Few of the methods are new.
Most of them were described many years ago in other contexts, long before
their conscription into the current canon of skull base surgery under the
banner of surgical teamwork. This in its turn has been a spur to innova
tion, and considerable ingenuity has been exercised in determining how to
exploit these technical advances most profitably. After the first flush of
enthusiasm for each new application there has been a period of retrench
ment where more sober counsels have attempted to assess its efficacy
against exisiting standards, and this process is reaching a point where
reasoned operative protocols are becoming available in certain instances.

The simplest of these methods is of course the transoral approach
which was first used for the drainage of retropharyngeal abscesses (Fang et
al. 1962), but has equally successfully been used in a variety of conditions
including resection of the odontoid peg for basilar impression in rheuma
toid disease (Crockard et al. 1990, Scoville et al. 1951), atlantoaxial dislo
cation (Greenberg et al. 1968), congenital anomalies of the craniocervical
junction (Gilsbach et al. 1983, Menezes et al. 1988), excision of extradural
(Mullan et al. 1966) and intradural (Uttley et al. 1989) tumours and clip
ping of vertebrobasilar aneurysms (Archer et al. 1987, Uttley et al. 1993).
A number of modifications have been made to the method to improve
access, namely splitting the palate (Alonso et al. 1971, Kennedy et al. 1986)
or division of the mandible (Arbit et al. 1981, Delgado et al. 1981, Gilsbach
et al. 1983, Krespi et al. 1988), or both. Even with these improvements
access to the clivus is limited by the retracted soft tissue, particularly
bilateral retraction of the divided soft palate which interferes with exposure
of the upper parts of the clivus so that only the lower 50% of it is readily
accessible with these methods. The fear of CSF fistulae and subsequent
meningitis has lead some authors to suggest that this should only be used
for extradural lesions, but this is a view that cannot be sustained in the light
of present practice.

The transbasal approach of Derome (Derome 1988), and the more
recently described "extended" transbasal approach using orbital osteo-
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tomies (Sekhar et al. 1992), give access to the ethmoid sinuses and to
the whole of the clivus apart from that portion that lies in the vicinity of the
pituitary fossa. Dissections of the lower part of the clivus down to the
foramen magnum would appear to be difficult in view of the distances
involved and exceptionally long instruments are required for this purpose.
The possibility of producing tiny unrecognised dural tears in the anterior
fossa and in the clival dura are high, thus great care has to be taken in the
repair of both the dura and the floor of the anterior fossa and clivus. In
Derome's early work it was suggested that autologous bone grafts should
be used for this purpose, but recent work has demonstrated that this is
unnecessary and an adequate repair may be .achieved using a graft of
fat to close the anterior fossa floor, which also reduces the surgical diffi
culties if the operation has to be repeated (Sekhar et al. 1992).

The transsphenoidal approach permits access to the region of the sella
and the uppermost part of the clivus, but even if the floor and anterior wall
of the sella are removed and attempts to rotate the pituitary forwards are
successful, the exposure is confined to the region of the posterior clinoid
processes and the adjacent part of the clivus, which is where the basilar
venous sinusoids are most prolific. The control of these is notoriously
difficult because of the constraints imposed by the restricted access, and
thus it would appear sensible to reserve this technique for the purposes of
biopsy in this region rather than definitive tumour removal, which may
prove costly (Laws 1985). Transethmoidal and transantral approaches to
the clivus are even more limited in terms of clival exposure than the trans
sphenoidal approach and have the disadvantage that they are not true
anterior approaches, which may lead to difficulties with orientation during
dissection, and although they are well known they are unsatisfactory for
the resection of extensive clivallesions.

The transfacial approaches (Curioni et al. 1984, Hernandez Altemir
1986) are superior to the transantra1 approach in that although it is essen
tially the same pathway that is used, exposure is very much better due to
the mobilisation of the cheek and the maxilla being hinged laterally on the
zygoma, which enables the microscope to be employed with greater free
dom in this situation, although again it is not the most satisfactory means
of approaching the clivus.

The more extensive approach of the midfacial degloving operation,
offers better access to the central skull base and a wide variety of lesions
have been excised using this method (Price et al. 1988). The inevitable
complications of the method, namely infraorbital and dental sensory loss
are relatively minor and usually resolve (Fig. 7).

For reasons outlined earlier the Ie Fort 1 maxillotomy is the most
logical approach for dealing with extensive clival lesions. The method
exposes the whole of the clivus including adjacent structures up to the
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Fig. 7. Clival exposure (shaded black) of anterior approaches: 1 transbasal, 2
transfacial, midfacial degloving, 3 transsphenoidal, transethmoidal, transantral,

4 transoral, and 5 transcervical

middle ethmoid air sinuses (always), and down to the craniocervical junc
tion (infrequently) (Fig. 8). Very often no additional manoeuvres are re
quired, although it is possible to split the palate and/or mandible in dealing
with large midline tumours extending above and below the foramen mag
num; it may be conveniently combined with the transbasal technique,
or even with lateral exposures where circumstances demand it. Recent
techiques have helped to render the method extremely safe by enabling
CSF fistulae to be obliterated more easily after dealing with intradural
lesions, so that the complication rate and mortality are gratifyingly low for
the excellent exposure that is obtained (Uttley et al. 1989). Finally, and
most importantly, bearing in mind the type of pathology that is present in
this region, its superiority is demonstrated by the facility with which the
method may be repeated over and over again, if it becomes necessary,
without increasing the difficulties of surgery or escalating the risks of
damage to the neurovascular structures which unfortunately bedevil all the
other approaches (Uttley et al. 1989).
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Fig. 8. Clival exposure (shaded black) of Ie Fort 1 maxillotomy

Conclusions

Recent investigative and surgical developements have kindled a growing
interest in skull base surgery and paved the way for a new look at methods
for attaining access to lesions in the vicinity of the clivus. A number
of operative strategies exist, and their respective merits have been dis
ccussed in this chapter. It would appear that the Ie Fort I maxillotomy
provides optimal exposure of this region, and in its "extended" mode gives
access to the adjacent upper cervical spine.

New materials have enabled a waterproof dural closure to be achieved
routinely, so that it is possible to operate upon intradural lesions safely.

In view of the pathology encountered in this region operations should
be capable of repetition without unduly increasing technical difficulty or
escalating the risks of neurovascular damage.

In an ideal world this type of work should be undertaken in designated
centres professing a special interest in skull base problems, which are fully
equipped to provide up-to-date facilitites for the overall management of
patients by a dedicated multidisciplinary team.
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Introduction

A critical component of many skull base approaches is the safe removal
of the petrous bone (Brackmann et al. 1994, Baldwin et al. 1994, Spetzler
et al. 1992, Sekhar et al. 1994, AI-Mefty et al. 1988, Hitse1berger and
House 1966, House 1979, Morrison and King 1973). Petrosectomy opens a
corridor of exposure to the center of the skull base. The transpetrosal
approaches include the retrolabyrinthine (Spetzler et al. 1994), translaby
rinthine (Brackmann et al. 1992, House 1979, Morrison and King 1973),
transcochlear (House and Hitse1berger 1976), and middle fossa approaches
(House and Shelton 1992, Brackmann et al. 1994). Still, exposure gained
from these approaches can be limited medially at the region of interest or
inadequate for larger lesions. Therefore, transpetrosal approaches have
been used in combination with other approaches to gain even more expo
sure. For example, the combined supra- and infratentorial approach joins
the subtemporal and transpetrosal exposures (Daspit et al. 1991, Spetzler
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et al. 1992, Spetzler et al. 1991, Hitselberger and House 1966) and the
far-lateral combined supra- and infratentoria1 approach adds to them the
far lateral exposure (Baldwin et al. 1994, Heros 1986, Sen and Sekhar 1990,
Sen and Sekhar 1991, Spetzler and Grahm 1990b, Baldwin et al. 1995).
We have continued to experiment with combination approaches, and one
that has proven useful is the orbitozygomatic-combined supra- and infra
tentorial approach. This chapter reviews the surgical anatomy and tech
niques involved with the transpetrosal approaches, discusses the various
combination approaches that use petrosectomy as their foundation, and
identifies the current indications for these techniques.

The Transpetrosal Approaches

We categorize the temporal bone dissection into three variations: retrolaby
rinthine, translabyrinthine, and transcochlear (Table 1). The retrolaby
rinthine approach removes temporal bone between the semicircular canals
anteriorly and the posterior fossa dura on the posterior aspect of the
temporal bone. The semicircular canals are skeletonized, but not violated,
to maximize this working space. The translabyrinthine approach removes
the semicircular canals, which causes loss of hearing (Brackmann et al.
1992, House 1979). Their removal increases the exposure anteriorly to the
internal auditory canal (lAC). The transcochlear approach requires the
facial nerve to be dissected from its bony canal and transposed to gain
access to the cochlea for its removal (House and Hitselberger 1976). This
approach enables almost complete removal of the petrous bone, with maxi
mum exposure of the brain stem and clivus. The three types of temporal
bone dissections represent a graduated increase in the amount of petrous
bone resected with a corresponding increase in anterior exposure. The price
of this increased exposure is progressively greater sacrifice of function of
the seventh and eighth cranial nerves.

Extended Retrolabyrinthine Approach

The patient is positioned supine with the head turned away from the lesion,
bringing the midline parallel to the floor and inclined slightly downward.

Table 1. Preservation ofCranial Nerve Function

Approach

Retrolabyrinthine
Translabyrinthine
Transcochlear

Hearing

Preserved
Sacrificed
Sacrificed

Facial nerve

Preserved
Preserved
Transient paralysis or paresis
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The mastoid bone becomes uppermost in the operative field. A shoulder
roll under the ipsilateral shoulder minimizes neck rotation. The skin is
incised at the zygoma 1 cm anterior to the tragus and curves gently around
the ear to the mastoid tip. The scalp flap is retracted inferiorly with fish
hooks and a Leyla bar (Spetzler 1988).

Basic mastoidectomy is performed first. We prefer the MedNext (Med
Next Co., Riviera Beach, FL) high-speed drill over the Osteon (Zimmer
Assoc., Santa Barbara, CA) drill used previously because it is more
powerful, weighs less, and has less torque. The operating microscope and
suction-irrigation are essential. An initial cut is made along the temporal
line, the ridge that continues from the superior border of the zygomatic
arch posteriorly to the mastoid cortex, marking both the inferior limit
of temporalis muscle insertion and the floor of the middle fossa (tegmen
of the temporal bone). A second cut is made perpendicularly, running
inferiorly to the mastoid tip immediately behind the posterior canal wall.
Mastoid cortex is then removed widely and rapidly with a large burr. It
is important that the neurotologist remove superficial bone extensively,
because residual bone along the posterior canal wall or mastoid tip con
stricts operating space, limits viewing angles, and obscures anatomical land
marks. Bone in the sinodural angle and covering the sigmoid sinus is
removed completely to allow retraction of the sinus posteriorly.

The sigmoid sinus, middle fossa dura, and sinodural angle between
them are the first important landmarks. The superior petrosal sinus lies
deep to the sinodural angle and represents the posterior-superior margin of
the temporal bone. Dissection into the mastoid antrum reveals the hori
zontal semicircular canal, which leads the surgeon to other anatomy, in
cluding the external genu of the facial nerve medially and inferiorly, the
posterior semicircular canal posteriorly, and the epitympanum and supe
rior semicircular canal anteriorly. The posterior and superior semicircular
canals are skeletonized, drilling as far anteriorly as possible (Fig. 1). Resec
tion of temporal bone above and below the otic capsule exposes medial
middle fossa dura, the superior petrosal sinus, and the jugular bulb. A
large dural surface is thereby exposed which, when opened, accesses the
cerebellopontine angle. The retrolabyrinthine approach provides excellent
exposure of the angle but does not provide exposure of the anterior brain
stem.

Translabyrinthine Approach

The translabyrinthine approach is used when greater exposure is needed.
The initial part of this approach is the same as the retrolabyrinthine
approach. The neurotologist proceeds by removing all three semicircular
canals and skeletonizing the posterior half to two-thirds of the lAC
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Internal carotid - cervical portion Facial nerve

\
Internal carotid - horizontal portion

Fig. I. The extended retrolabyrinthine approach consists of mastoidectomy and
skeletonization of the semicircular canals. [With permission of Barrow Neuro

logical Institute®]

Fig. 2. The translabyrinthine approach removes the semicircular canals and skele
tonizes the descending segment of the facial nerve and internal auditory canal.

[With permission of Barrow Neurological Institute®]
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(Fig. 2). The medial walls of the vestibule and superior semicircular canal
ampulla represent the lateral wall of the lAC fundus, so minimal bone
removal at this location exposes lAC. The superior vestibular nerve lies
posterosuperiorly in the canal and is encountered first. This nerve is sepa
rated from the facial nerve anterosuperiorly by a shelf of bone, Bill's bar.
Therefore, the superior vestibular nerve is an important landmark in iden
tifying the facial nerve as it exits the lAC and courses anteriorly to the
geniculate ganglion. The facial nerve is guarded carefully throughout the
drilling with the aid of facial nerve monitoring. It is skeletonized with a
diamond bit along its horizontal (tympanic) segment, external or second
genu, and descending (mastoid) segment. The nerve is left in its thinned
bony canal to minimize risk of injury. Additional exposure is gained by
removing bone anteriorly and medially above the lAC in Kawase's tri
angle. Typically, the sigmoid sinus is unroofed to the jugular bulb to
maximize inferior exposure beneath the lAC.

After this extensive bone removal, the exposure is more anterior than
that of the retrolabyrinthine approach. The cerebellopontine angle, antero
lateral brain stem, and inferior clivus are visualized. However, the expo
sure is obtained at the expense of ipsilateral hearing and has an increased
risk of cerebrospinal fluid (CSF) leakage.

Transcochlear Approach

The trancochlear approach is a forward extension of the translabyrinthine
approach that mobilizes the facial nerve, removes the cochlea, and opens
into the cerebellopontine angle to expose anterolateral brain stem and
clivus (House and Hitselberger 1976). This approach gives the maximum
exposure that can be achieved by a transpetrosal approach by essentially
resecting the entire petrous bone (Fig. 3).

The initial procedure is the same as for the translabyrinthine approach,
except the external auditory canal is transected and oversewn in two layers.
The facial nerve is skeletonized along its course from its entrance into the
internal auditory canal to its exit from the stylomastoid foramen. An
extended facial recess opening is performed. The facial recess is a tract of
air cells bounded medially by the descending segment of the facial nerve,
laterally by the chorda tympani, and superiorly by the fossa incudis. Open
ing the facial recess exposes the middle ear space, the stapes and incus, the
promontory of the cochlea, Jacobson's nerve, and the horizontal segment
of the facial nerve. The facial recess is opened into the epitympanum and
the ossicles are removed. The chorda tympani is sectioned inferiorly at its
origin from the descending portion of the facial nerve, allowing the facial
recess to be extended inferiorly to the hypotympanum and retrofacial area.
The greater superficial petrosal nerve is sectioned anteriorly at its origin
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Fig. 3. The transcochlear approach requires transposition of the facial nerve
posteriorly and removal of the cochlea. [With permission of Barrow Neurological

Institute®]

from the geniculate ganglion. These maneuvers free the facial nerve, which
is transposed posteriorly after dissection from its bony canal.

The cochlea is then drilled out completely, beginning with the promon
tory that houses the basal turn. Bone removal is carried forward to the
septum between the basal turn and the internal carotid artery. The internal
carotid artery and internal jugular vein leave the carotid sheath and enter
the skull base in proximity to each other. The jugulocarotid septum, a
ridge of bone that separates the carotid artery as it turns anteriorly from
the jugular vein as it turns posteriorly, is removed to expose the jugular
bulb completely. The close relationship of the ninth, tenth, and eleventh
cranial nerves must be remembered to avoid injuring them. During the
extensive drilling of the temporal bone, the dura of the internal auditory
canal is kept intact to protect this part of the facial nerve.

When the drilling is completed, the entire tympanic portion of the
temporal bone is removed. Superiorly, the superior petrosal sinus is
exposed from the sinodural angle laterally to Meckel's cave medially.
Inferiorly, the inferior petrosal sinus and jugular bulb are exposed. Bone
removal extends medially to the clivus and anteriorly to the internal caro
tid artery and periosteum of the temporomandibular joint. The bone sur
rounding the carotid artery can be removed superiorly to the middle fossa
floor and medially to the siphon, thereby creating the exposure needed for
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a saphenous vein bypass graft from the petrous segment to supraclinoid
segment of the carotid artery, if necessary (Spetzler et al. 1990a).

The transcocWear approach gives the greatest exposure of the trans
petrosal approaches. A wide triangular corridor is opened leading directly
to the clivus. The approach sacrifices hearing and increases the risk of CSF
leakage. Mobilization of the facial nerve increases the risk of facial paresis
or paralysis (Spetzler et al. 1994, Spetzler et al. 1992).

The Combination Approaches

Combined Supra- and Infratentorial Approach

There are three essential components of the combined approach (Daspit et
al. 1991, Spetzler et al. 1994, Spetzler et al. 1992, Spetzler et al. 1991,
Hitselberger and House, 1966). First, one of the temporal bone dissections
described above is performed. Second, a supra- and infratentorial cra
niotomy is made that crosses the transverse sinus. Third, the tentorium is
divided to connect the supra- and infratentorial compartments. Extensive
exposure of the medial petrous and clival regions and associated neuro
vascular structures is obtained with minimal brain retraction.

When the neuro-otologist has completed the temporal bone drilling, an
edge of middle fossa dura is exposed above the petrosectomy defect and an
edge of posterior fossa dura is exposed behind the sigmoid sinus (Fig. 4).
These epidural locations serve as burrholes for a subtemporal-suboccipital
craniotomy that crosses the transverse sinus. A large dural surface is ex
posed with visualization of the transverse, sigmoid, and superior petrosal
sinuses. Before the dura is opened, the brain is relaxed with hyperventila
tion, mannitol, and removal of CSF through a lumbar drain. The dura is
incised anteriorly over the temporal lobe and curves posteriorly and infe
riorly to the superior petrosal sinus below where it enters the sigmoid sinus.
A second dural incision is made inferiorly in front of the sigmoid sinus,
curving up to the superior petrosal sinus. The superior petrosal sinus is
cauterized or clipped and divided. The surgeon should be aware of a
low-lying vein of Labbe that could be injured during the dural opening.

The sigmoid sinus may be sacrificed if the contralateral transverse and
sigmoid sinuses are patent angiographicaBy and communicate with the
ipsilateral transverse and sagittal sinuses through a patent torcular hero
phili. As an added assurance, sigmoid sinus pressures are measured before
and after test occlusion of the sigmoid sinus. We have observed no eleva
tions of more than 7 mm Hg when angiographic patency of the sinuses has
been confirmed (Spetzler et al. 1992). If the pressure were to rise by more
than 10 mm Hg with test occlusion, the sinus should be kept intact. These
measurements are made after the superior petrosal sinus has been divided.
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Fig. 4. The dural incision for the combined supra- and infratentorial approach
crosses the superior petrosal sinus below where it enters the sigmoid sinus, thereby
preserving the sigmoid sinus. [With permission of Barrow Neurological Institute®]

Fig. 5. Incising the tentorium medially to the tentorial incisura exposes the cranial
nerves, brain stem, vasculature, and clivus. Note that the sigmoid sinus has been

divided. [With permission of Barrow Neurological Institute®]
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The sigmoid sinus can be sacrificed safely when these angiographic and
hemodynamic criteria are met. It is divided below its confluence with the
superior petrosal sinus. The vein of Labbe consistently and reliably enters
the transverse sinus above this junction and will therefore drain contrala
terally. Notwithstanding these safety concerns, division of the sigmoid
sinus is only necessary when additional exposure is needed and we have not
sacrificed the sigmoid sinus in more than 3 years.

When the dural incisions are completed and the superior petrosal sinus
has been divided, the tentorium is incised medially to the tentorial hiatus,
posterior to the fourth cranial nerve (Fig. 5). This crucial maneuver con
nects the supra- and infratentorial compartments and relaxes neural struc
tures. The posterior temporal lobe is elevated, while the surgeon is careful
to preserve the vein of Labbe which is tethered to the transverse sinus. The
petrous region, clivus, brain stem, cranial nerves, and vessels of the poste
rior circulation are well visualized. The lesion is accessed by working be
tween adjacent cranial nerve bundles. The approach gives wide exposure
along the skull base from the foramen magnum to above the dorsum sella
with minimal brain retraction.

Far Lateral-Combined Supra- and Infratentorial (Combined-Combined)
Approach

Occasionally petroclivallesions span the entire length of the posterior fossa
from above the petrous apex to below the foramen magnum. For these
lesions, a combination approach joining the transpetrosal, subtemporal,
and far-lateral approaches overcomes the limitations ofjust a transpetrosal
approach (Baldwin et al. 1994, Baldwin et al. 1995). This approach is the
most extensive of the combination approaches and is referred to as the
"combined-combined" approach. The far-lateral approach has been well
described elsewherelSpetzler et al. 1994, Heros 1986, Sen and Sekhar 1990,
Sen and Sekhar 1991, Spetzler and Grahm 1990b) but is simply a lateral
extension of a unilateral suboccipital approach that removes additional
lateral occipital bone, the inferior foramen magnum, the posterior half of
the condyle, and the arch of the first cervical vertebra. Bone removal gives
a more anterior angle to the inferior clivus and upper cervical region,
enabling access to the anterolateral brain stem, lower cranial nerves, and
the vertebrobasilar junction. When used with the combined supra- and
infratentorial approach, the entire petroclival region is exposed.

An important modification to the far-lateral approach is the patient's
position (Spetzler et al. 1994, Spetzler and Grahm 1990b). We use a mod
ified park-bench position with the patient on his or her side, lesion side
upward. The operating table is extended by placing a 3/4-inch plastic board
under the mattress and pulling both the mattress and board 20 cm beyond
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the edge of the table. The patient is positioned so that the dependent arm
hangs over the extended end of the table, cradled in a padded sling in the
gap between the Mayfield head holder and its attachment to the table. This
position improves venous return, minimizes brachial plexus compression,
and enables better positioning of the head.

Unlike other transpetrosal approaches, the head is not placed in the
straight lateral position. Three maneuvers position the head optimally: (1)
flexion in the anteroposterior plane until the chin is one finger's breadth
from the sternum, (2) rotation 45° away from the side of the lesion (down),
and (3) lateral flexion 30° down toward the opposite shoulder. The clivus
is then perpendicular to the floor, allowing the surgeon to look down the
axis of the basilar artery and work between horizontally arrayed cranial
nerves. The ipsilateral mastoid process becomes the highest point in the
operative field, and the posterior cervical-suboccipital angle is opened
maximally to increase the surgeon's operating space.

The hockey-stick incision used for the far-lateral approach is enlarged,
beginning anteriorly at the zygoma, coursing superiorly around the pinna
and toward the inion, and ending inferiorly in the midline at C4. A myocu
taneous flap is elevated to expose the lateral temporal bone, mastoid,
posterior cranium, and laminae of CI and C2. A cuff of nuchal fascia is left
to reattach the cervical muscles at the end of the procedure.

Bone removal consists of four parts: petrosectomy, CI laminotomy,
craniotomy, and condylar expansion. The neuro-otologist first drills the
temporal bone. Rotation of the head can be adjusted during the petro
sectomy to bring the head parallel to the floor to facilitate drilling. The
arch and lateral mass of Clare exposed, and the vertebral artery is dis
sected along its course from the transverse foramen to its dural entry point.
The arch of CI is removed with the Midas Rex (Midas Rex™, Inc. Fort
Worth, TX) drill. The lateral cut is made at the sulcus arteriosus, and
additional atlantal bone is removed until the transverse foramen is reached.
If necessary, the foramen can be opened dorsally and the artery mobilized.
The craniotomy cut then connects the foramen magnum with the anterior
margin of the petrosectomy overlying the inferior temporal lobe, crossing
the transverse sinus. A second cut connects the lateral foramen magnum
with the posteroinferior margin of the petrosectomy, immediately behind
the sigmoid sinus. The underlying dural sinuses are dissected carefully from
the bone flap, which is then removed. Finally, the lateral aspect of the
foramen magnum, jugular tubercle, and posteromedial two-thirds of the
occipital condyle are removed. The extreme lateral removal of bone mini
mizes retraction and maximizes exposure of the anterior brain stem along
this route.

The dura can be opened either in two flaps in front of and behind the
sigmoid sinus to preserve this structure or in a single flap that sacrifices
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the sigmoid sinus. The two dural flaps are simply the standard openings for
the combined approach plus the standard opening for the far-lateral ap
proach. The latter opens the dura in the midline at the C I level and extends
laterally in an L shape below the dural entry point of the vertebral artery
and extends superiorly to the sinodural angle. The lateral cuts enable the
dura and vertebral artery to be pulled laterally against the margin of the
craniotomy. When the presigmoid dural opening of the combined ap
proach is completed, two windows of exposure are opened on either side of
the preserved sigmoid sinus. In contrast, sacrificing the sigmoid sinus and
crossing it below the sinodural angle join these two incisions to create a
single flap extending from the anterior margin of the craniotomy over the
temporal lobe, across the sigmoid sinus, and down to the CI level (Fig. 6).
When the tentorium is incised to the hiatus, a large unobstructed opening
is created that exposes the anterolateral brain stem from the midbrain to
the upper cervical spinal cord (Fig. 7). Arachnoid dissection reveals the
second through twelfth cranial nerves, both vertebral arteries, posteroin
ferior cerebellar arteries, anterior spinal artery, vertebrobasilar junction,

Fig. 6. The dural opening for the far-lateral-combined supra- and infratentorial
("combined-combined") approach. Alternatively, the dura can be opened in two
flaps in front of and behind the sigmoid sinus to preserve this structure. (From
Baldwin HZ, Miller CG, van Loveren HR et al. (1994) J Neurosurg 81: 60-68.)

[With permission of Journal of Neurosurgery]
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Fig. 7. An overview of the exposure provided by the far-lateral-combined supra
and infratentorial ("combined-combined") approach. (From Baldwin HZ, Miller
eG, van Loveren HR et al. (1994) J Neurosurg 81: 60-68.) [With permission of

Journal of Neurosurgery]

basilar artery, and the entire length of the clivus (Fig. 8) (De Oliveira et al.
1985). Division of the dentate ligaments facilitates surgical manipulation of
neural structures.

The Orbitozygomatic-Combined Supra- and Infratentorial Approach

We have continued to experiment with new combination approaches to
provide the exposure needed for complex skull base lesions. An approach
that we have used extensively in recent years is the orbitozygomatic ap
proach (Hakuba et al. 1986, Hakuba et al. 1989, McDermott et al. 1990,
Ikeda et al. 1991, Lee et al. 1993). The technique removes the superior
orbital rim and roof, lateral orbital rim and wall, and zygomatic arch in a
single piece to allow downward retraction of the globe and an upward
viewing angle to the anterior brain stem. It is ideal for gaining added
exposure of the basilar artery terminus for high-riding aneurysms. We
began using this approach mainly for such lesions and have had good
results. The orbitozygomatic approach also provides a route to cavernous
malformations that surface on the anterior midbrain. In addition, remov-
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Fig. 8. A close-up view of the exposure provided by the far-lateral-combined
supra- and infratentorial ("combined-combined") approach. (From Baldwin HZ,
Miller CG, van Loveren HR et at. (1994) J Neurosurg 81: 60-68.) [With permis-

sion of Journal of Neurosurgery]

ing the zygoma gives the surgeon wide exposure of the middle fossa and an
upward angle to medial lesions. When the orbitozygomatic craniotomy is
combined with the combined supra- and infratentorial approach, the ante
rior, middle, and posterior fossae are widely exposed. A lesion at the center
of the skull base encasing important arteries and cranial nerves can be
accessed from various angles to optimize the dissection of these structures.

Current Indications for Transpetrosal Approaches

We have developed a plan for selecting the best approach or combination
of approaches for dealing with petroclival lesions (Table 2). The critical
factors are lesion location, size, pathology, and the patient's preoperative
neurological function. Classically, the clivus is divided into thirds, and
lesions located in the upper third are treated with a pterional or subtempo
ral approach. This orbitozygomatic approach has largely supplanted the
pterionaljsubtemporal approach at this institution, but we routinely drill
down lateral temporal bone as part of the orbitozygomatic craniotomy to
provide subtemporal exposure if needed. Lesions confined to the middle
third of the clivus are accessed through one of the transpetrosal ap
proaches, and lesions of the lower third of the clivus are exposed through
a far-lateral craniotomy.
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Table 2. Selection ofAppropriate Approach

Lesion location

Orbitozygomatic
Transpetrosal

Retrolabyrinthine
Translabyrinthine
Transcochlear

Far lateral
Combined
Combined-combined
Orbitozygomatic-combined

CP cerebellopontine.

upper 1/3 of the clivus
middle 1/3 of the clivus
CP angle
CP angle and anterolateral brain stem
CP angle and anterior brain stem
lower 1/3 of the clivus
upper 2/3 of the clivus and middle cranial fossa
entire clivus and middle cranial fossa
upper 2/3 of clivus, entire middle cranial fossa,

and anterior cranial fossa

Usually, small lesions can be exposed adequately with one of these
approaches. However, larger lesions are more likely to need one of the
combination approaches. If the lesion involves the entire clivus and
foramen magnum, the combined-combined approach may be required.

Once a decision has been made to drill the temporal bone, the surgeon
must estimate the amount of temporal bone resection needed to obtain
adequate exposure. This evaluation is balanced with an assessment of
preoperative neurological function, specifically the function of the seventh
and eighth cranial nerves. When the patient has good preoperative hearing
and the surgeon wants to preserve it, temporal bone removal is limited to
a retrolabyrinthine drilling. This approach exposes only the cerebellopon
tine angle and not the anterolateral brain stem, but it preserves both hear
ing and facial nerve function. Patients with poor preoperative hearing are
well suited to translabyrinthine drilling, which gives anterolateral exposure
of the brain stem at the expense of hearing and an increased risk of CSF
leakage. When large lesions compressing the brain stem produce preopera
tive hearing loss and facial nerve deficits, a transcochlear approach is ideal.
The increased exposure of the anterior brain stem is often critical, and
preoperative deficits lessen the impact of the greater risk of facial paresis or
paralysis.

Pathology is an important factor in selecting the approach. Vascular
lesions typically require a more focused area of exposure. The pial surface
of a cavernous malformation and the neck of an aneurysm must be visual
ized adequately (Sekhar et at. 1994). Such visualization can often be
accomplished through more limited exposures that spare the patient exten
sive temporal bone drilling. In contrast, tumors typically require wide
exposure and extensive temporal bone resection is unavoidable, as is the
case with meningiomas, chordomas, chondrosarcomas, glomus tumors,
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and skull base carcinomas. However, some tumors are soft and more easily
removed, and less exposure is needed for their removal. Schwannomas,
epidermoids, and dermoid tumors may be dealt with through a more con
servative craniotomy (Yasui et al. 1989).
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Introduction

The decision on which approach to choose when dealing with pathology
involving the thoracic spine depends on a number of factors such as the
topography of the lesion, its extension, its relationship with the neural
structures, its probable nature, its texture and vascular supply, the degree
of resection one wishes to accomplish, and the need to stabilize the spine.
Furthermore, the age and clinical status of the patient, and the prognosis
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of the disease, as well as the experience of the surgeon, should also be taken
in consideration. It is clear that the simpler and the less traumatic the
procedure, the better it is tolerated by the patient, who, particularly in
cases of infectious or neoplastic processes, is often quite sick.

The posterior approaches, through a standard laminectomy, are not
suitable for lesions involving the vertebral bodies, or located anteriorly
to the cord, be they intra or extradural. The exposure achieved by a
laminectomy gives limited access, not allowing a radical removal, or an
adequate decompression of the cord, and may cause significant morbidity
[16].

The anterior approaches to the thoracic spine, particularly through a
thoracotomy, were initially developed to treat Pott's disease, in which it
was found to be ideal to achieve all the objectives: cleaning of the septic
foci, wide decompression, and secondary stabilization [11, 30]. This
approach was later adopted to deal with infections of other aetiologies,
tumours, complex fractures, congenital anomalies, vascular disorders, and
various degenerative conditions such as the sinister thoracic herniated disc
[1, 10,30,34,48,50, 76]. In this review, we will not deal with the traumatic
pathology, and will use the herniated disc as the paradigm of the lesion
to be approached anteriorly, although other surgical alternatives will be
briefly discussed.

The anatomic peculiarities of the various segments-superior, mid and
lower-, and the nature of the pathology, may require distinct avenues of
approach. We emphasize the absolute requirement of a wide exposure,
good visibility, and the use of microsurgical techniques and instrumenta
tion.

For the upper thoracic spine from Tl to T3 the anterolateral, trans
pleural exposure through a thoracotomy is usually inadequate. A useful
alternative is the median transsternal approach.

For the mid thoracic spine we prefer a transpleural route. The side of
the thoracotomy depends on where is the bulk of the pathology located,
and its nature. One should enter one or two intercostal spaces above the
level, so a perpendicular view to the area involved is gained. One may also
choose the space related to the lesion, so the rib directly connected to the
pathology may be resected.

For the lower thoracic segments and the thoracolumbar transition we
prefer a thoracoabdominal route, with a transpleural access through the
10th intercostal space, releasing the diaphragm at its costal attachment and
exposing the upper lumbar vertebras retroperitoneally after section of the
pillars of the diaphragm. This approach is easier on the left side, because of
the difficulty of retracting the liver on the right side.

In this review we shall describe briefly the surgical anatomy relevant to
the various surgical procedures, the general operative steps, the modifica-
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tions dictated by the kind of pathology one has to deal with, and the
complications the surgeon may have to face, based on our experience of
more than sixty procedures for various kinds of disease process.

Surgical Anatomy

To approach the thoracic spine through an anterior route a detailed knowl
edge of the regional anatomy is indispensable [45]. During our description
of the various operative procedures, we will point out the anatomical
details we feel should be taken in consideration. Here we will emphasize the
main general morphological features we deem particularly revelant (Figs.
1,2).

I. The vertebral body has roughly a triangular shape. The posterior
wall is markedly concave, the midline being 2-4 mm deeper than the lateral
contours.

2. The width of the pedicle at its insertion, represents about half of the
width of the body.

3. The head of the rib is connected to the articular facets present in the
lateral surface of the vertebral body. These are two independent joint
surfaces, which are separated by the posterolateral portion of the inter
vertebral disc. The inferior articular surface-which is numbered the same

Fig. 1. Diagram of the lateral thoracic spine at the T7 to T9 segments. Note
the relationships between the rib and the articular facets on the body and trans
verse process. The foramen and posterior aspect of the disc are hidden by the rib
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Fig. 2. Diagram depicting the relationships between the vascular and neural struc
tures and the vertebra. Note: 1. The concavity of the posterior surface of the body.
2. The cord is anchored by short dural sleeves, and is central or slightly anterior,
making it vulnerable to anterior compression. A aorta, S sympathetic trunk, V

segmental vessels

way as the rib-has a height which is slightly larger than the pedicle,
and its posterior limit corresponds to the point of insertion of the pedicle.
Its height represents about a t of the height of body. In contrast the
superior facet represents only half the height of the inferior facet.

4. The intervertebral foramen is circumscribed anteriorly mostly by the
vertebral bodies. In fact only t corresponds to the intervertebral disc.

5. The insertion of the head of the rib is made through the radiate liga
ments which are fused with lateral ligaments that connect the vertebral
bodies. The area of insertion occupies! or t of the height of the vertebral
body.

6. At the lower thoracic spine the 12th, lIth and occasionally the 10th
rib are articulated only with the respective vertebral body and marginally
with the disc.

7. The rib is also connected with the transverse process of the corre
sponding vertebra. The anterior limit of this union and the costal tuberosity
where the corresponding inferior costotransverse ligament inserts, outline
the posterior border of the foramen. The neck of the rib thus hides the
pedicle, so to expose it, one has to remove the head and neck of the rib.

8. Lateral surfaces of the vertebral bodies are markedly concave.
9. The anterior longitudinal ligament is strongly adherent to the ante

rior contour of the disc, and more loosely attached to the bone surface. It
thins out laterally, where it fuses with the expansions of the costovertebral
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ligaments. Its thickness, elasticity, and resistance, makes it an excellent
point of reference as the bone is progressively removed in cases of neo
plastic or infectious pathology.

10. The posterior longitudinal ligament is also thicker in the midline.
Its fibers are axially oriented, and this explains the possible occurrence
of longitudinal lacerations following, for instance, hyperflexion of the
spme.

II. The intervertebral disc has a height that corresponds to t or ! to the
height of the adjacent vertebras.

12. The thoracic spinal canal is almost cylindrical. The normal thoracic
kyphotic curvature results from the wedge configuration of the bodies
and discs. The pedicles are strictly oriented in a straight anteroposterior
plane.

13. Between T4 and T7 the aorta has a close relationship with the left
lateral surface of the vertebral bodies. It then moves medially to occupy
a more anterior position, and at the level of the diaphragm is strictly
prevertebral.

14. The superior hemiazygos vein occupies, on the left side, a position
lateral to the aorta receiving collateral branches down to the 6th or 7th
interspace. The azygos vein is lateral to the oesophagus on the right side,
running inferiorly to join the superior vein cava at the 4th interspace. At
the point where it turns medially it may receive some branches, which may
be divided if necessary.

15. The segmental arteries run horizontally following the concavity
of the vertebral body. At the level of the foramen they bifurcate into a
radiculomedullary and an intercostal branch. There may be an anastomosis
between adjacent vessels at this level.

16. The principal medullary artery, the artery of Adamkiewicz, is lo
cated on the left side in about 60% of the cases, and originates mostly
between T9 and Til. This should be kept in mind when approaching the
lower thoracic segment.

17. The sympathetic chain runs vertically, and lies on top of the heads
of the ribs, at the anterior edge of the foramina. From the intercostal
nerves the chain receives rami communicantes. Section of a few of these
will be of no functional consequence as long as the major chain is pre
served. From the inferior thoracic ganglia larger trunks are derived; these
constitute the splanchnic nerves, and should be spared.

We deliberately omit the anatomical details of the posterosuperior
mediastinum or of the thoracolumbar transition and the reader should
consult the literature on the subject. Some of these procedures should be
performed as a team approach with thoracic or general surgeons, if one
is not familiar with the anatomical details and safe surgical routes in these
areas.
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Anterior Surgical Approaches [1, 10, 16,30,34,42,48,49,62, 75, 76]

Thoracotomy

For the left transthoracic approach the patient is placed in right lateral
decubitus with a 30° posterior rotation. Adequate padding is placed under
the right axilla, the right leg is flexed and the left is held semiflexed. The left
upper limb is elevated and the patient is held securely with wide adhesive
tape and a variety of supporting devices.

The left hemithorax, and the iliac crest are scrubbed. The cutaneous
incision extends from the lateral border of the paraspinal muscles, to
slightly beyond the anterior axillary line close to the chondrocostal joint
(Fig. 3). The subcutaneous tissue and fat are incised with cautery down to
the underlying muscles. The latissimus dorsi is dissected bluntly and cut,
following the cutaneous incision. Underneath it, the serratus is released
from the rib cage and sectioned; the lateral border of the trapezius may
also have to be divided. The 6th or the 7th ribs are then identified, and the
periosteum is separated with care not to harm the neurovascular bundle
laying in the inferior groove.

The rib is then sectioned at the level of chondrocostal joint and at the
posterior angle and the pleural cavity entered. A Gausset retractor is then
placed and the lung gently collapsed manually and displaced anteriorly,
thus exposing the posterolateral gutter and the aorta. The appropriate area
is then identified with the help of an image intensifier. The following

Fig. 3. Classic thoracotomy incision (6th or 7th interspaces) for a right side ap
proach
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surgical steps vary depending on the nature of the lesion and will be
discussed in the ensuing sections.

After the lesion is dealt with, the pleura is closed, and the thoracic
cavity drained in the usual fashion with two independent tubes. The
periosteum and the intercostal muscles are closed with running sutures and
the wall muscles closed in separate planes with reabsorbable material. The
drains are kept with low pressure suction for 3 to 4 days.

Toraco-Abdominal Approach [27, 75, 76, 79]

To expose the TIl T12 and upper lumbar vertebrae, we open the 10th
intercostal space, with or without rib resection. Once the pleura is opened
and the lung collapsed, the diaphragm is sectioned from within about 1.5
cm of its posterior costal insertion to the lateral pillar. With digital blunt
dissection a retroperitoneal plane is developed and the viscera displaced
anteriorly and secured with a Doyen retractor.

The section of the arcuate ligament exposes completely the thoraco
lumbar transition. Care should be taken to preserve the sympathetic chain.

Transsternal Approach [1, 6, 34, 39,48,51,62,65, 72, 73]

This approach to the anterior upper thoracic spine may be undertaken
through a skin incision that follows the anterior border of the sterno
cleido-mastoid muscle and is prolonged downwards to the level of the
xyphoid process, or through a T incision in which the horizontal limb
follows the lower cervical crease [39].

The strap muscles may have to be divided at their clavicular insertion,
and the clavicle may be detached from the sternum on one side. After the
pretracheal and precervical fascia are divided a sternotomy is done. After
exposure and gentle retraction of the thymus, the left innominate vein is
ligated and divided. The dissection then proceeds through the space be
tween the left common carotid on one side, and the innominate artery,
trachea, oesophagus and thyroid on the other. The anterior surface of the
thoracic spine down to T5 is thus exposed.

Another alternative, the so-called "trap door" exposure, may be
adopted. In this procedure the sternum is split down to the fourth inter
space, and the incision carried out laterally through the fourth interspace
[51]. This is entered after ligation of the internal mammary vessels, splitting
of the pectoralis major muscle, and incision of the intercostal muscles. The
dissection in the neck follows the anterior border of the sterno-cleido
mastoid, transecting the omohyoid muscle, until the carotid sheath is visu
alized. All major vessels are dissected and isolated, the vagus, recurrent
laryngeal nerve and phrenic nerves are identified. The trachea, larynx,
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thyroid, and oesophagus are gently displaced and the vertebral bodies
exposed. This approach will give good anterior visualization, as well as a
nice anterolateral approach on the side of the exposure.

Quite recently, a lateral approach combining a cervicotomy and a stan
dard thoracotomy, with a costal flap situated at the level of the scapula,
was also proposed [19]. The reader is referred to the original paper for the
technical details of this complex procedure.

In any of these procedures a multidisciplinary approach is strongly
recommended. It should be kept in mind that the surgeon is working
between very delicate structures, with substantial risk of injuring the left
recurrent laryngeal nerve, and is approaching the anterior column, with the
dural tube completely hidden, so that the dissection has to proceed very
cautiously.

Other Surgical Approaches

Although the main subject of this chapter is the transthoracic approaches
to the spine, brief mention should be made of two alternative routes.

Transpedicular Approach

This was first proposed by Patterson and Arbit [52] for herniated discs; it
may be used for laterally placed lesions [37], but gives limited access to
midline hard discs or osteophytes.

This exposure is made through a midline incision, and subperiosteal
dissection of the paraspinal muscles. After correct identification, the joint
is partially removed with small Kerrison rongeurs and drills and the upper
most half of the pedicle of the inferior vertebral body, which is adjacent to
the disc, is removed with fine drills. The disc is then identified. Care should
be taken not to injure the root. The disc may then be entered with a
# 11 blade and part of its content removed. The space may be further
enlarged with drills, and by carving the vertebral plates, particularly of the
inferior body. With a small reverse curette and variety of other tools, the
posterior longitudinal ligament may be brought into the cavity, and the
disc fragments retrieved. This may be possible with soft, easily dissectable
pieces, but the visualization is limited. If there are intradural fragments it
may be necessary to open the dura, and this may require a laminectomy,
but again, utmost care is required.

Posterolateral Thoracotomy [25, 28, 31, 35, 38,44,61,66,67,81]

This approach is a modification of the classic costotransversectomy first
performed by Menard in 1900. This type of thoracotomy is undertaken
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with the patient in a i prone position. A paramedian, longitudinal or
arciform incision is done, and the muscles are cut parallel to the midline,
exposing at least two ribs, the lower one being the reference to the involved
disc. The ribs are then isolated subperiosteally to the posterior tubercle,
exposing 7 or 8 cm of the rib, which is then cut. The transverse processes
are also removed. The parietal pleura is separated by blunt dissection, and
the space should again be identified by appropriate image techniques. The
superior ~ of the adjacent pedicle is then removed and the juxta-foraminal
segment of the disc visualized. As in the transpleural routes this interso
rnatic opening may be enlarged, and the disc material is removed as
previously described. If the pleura is injured inadvertently, it should be
promptly sutured, and no drainage is required.

We believe that the angle of vision is less favorable than with the
transthoracic approach and the exposure of the anterior dural surface
more constrained. This approach may also be indicated in infectious
processes, when there is not a major intracanal component, or a major
reconstructive procedure is not required [30, 57].

Herniated Thoracic Disc

Although the true incidence of herniated thoracic discs is difficult to ascer
tain, they represent less than 1% of all operated herniated discs. Of these,
50% are at the T8 T9 and T9 TIO interspaces, this pathology being exceed
ingly rare above the T41evel [38, 53, 59, 60, 61, 81].

They usually occur between the ages of 30 to 60, with a peak between
45 and 55 years. Interestingly, most of these patients will not demonstrate
striking degenerative changes at either the cervical or lumbar segments but,
quite often, there will be calcifications of the nucleus pulposus of the
involved disc, and sometimes of the adjacent ones, without decrease in its
height. Asymptomatic calcified intervertebral thoracic discs are frequently
found in middle aged people but the risk of herniation is certainly ex
tremely low.

From both the clinical and pathological points, it is useful to distin
guish three different entities. The acute herniated disc is usually median,
large, and heterogeneous in appearance (Figs. 4-6). Quite often there is a
history of trauma, a few weeks prior to the sudden onset of the symptoms.
This suggests a two step mechanism with an initial disruption of the
annulus and laceration of the posterior longitudinal ligament, which is
usually linear, axial, and close to the midline. Following additional motion,
probably with an axial or flexion vector, there is extrusion of the degener
ated disc material. Since the dural sac is anchored anteriorly by the short
nerve roots, the dural sac is distended over the disc material, which is
contained at this level, and this also facilitates its penetration into the
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Fig. 4. Soft, central, extruded disc occupying half of the area of the spinal canal.
Note that the fragment is "embraced" by the dura, tented by the emerging nerve

roots

Fig. 5. CT. Horizontal cut at T9-no interspace demonstrating a calcified disc
with a large herniated fragment, extruded through the posterior longitudinalliga

ment
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Fig. 6. CT. Horizontal cut-midline hard herniated disc at TlO-TIl
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subdural space. In our experience, in only one instance was there a
descending migration of the extruded fragment (Figs. 7, 8). The herniated
material consists of creamy or liquid whitish material, and fragments with
the typical appearance of degenerated fibrous cartilage.

The clinical history is often biphasic, with an initial history of violent
direct trauma or fall. Except for acute, localized, midline pain, which
subsides spontaneously or with strong analgesics, there are no other
neurologic symptoms or signs. After a period of two to eight weeks, follow
ing a movement of flexion or rotation of the spine, a sudden severe neuro
logical deficit, affecting both the motor and sensory pathways, develops,
often without pain. Quite commonly the deficit is not symmetrical, and the
patient presents a Brown-Sequard syndrome, even when imaging demon
strates a midline lesion. The sensory level corresponds to the level of the
pathology. Compression of the corresponding spinous processes may in
duce acute pain or a Lhermitte's sign. Sphincter control is also lost. We
have observed a symmetrical motor deficit only in the cases where diagno
sis was delayed, or following an ill advised thoracic laminectomy. In less
severe cases the motor pattern is segmental, involving the flexors of the
thigh or the extensors of the leg and foot. Two cases presented an asym
metric posterior column syndrome, interpreted as a demyelinating disease.
The prognosis is obviously much better in such patients. Acute pain, with
an intercostal nerve radiation, with or without pyramidal signs, is rarer,
even when the fragment is laterally located.

In some cases the evolution is subacute, and the neurological picture is
progressive, slowly or in a stepwise fashion, although a sudden deteriora-
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Fig. 7. MR. Horizontal cut at no level. Note the inferiorly migrated fragment
(arrow)

Fig. 8. MR. Sagittal cut at the T6 level. In this case there were multiple herniated
disc fragments, one of which migrated inferiorly
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tion may follow a fall or a sudden effort. As a rule, the motor deficit is not
as pronounced, the sensory level not as clearly defined, and unilateral
radicular pain quite striking. In such cases the herniated disc is usually
asymmetrical, posterolateral or foraminaI. The extruded component is not
as pronounced but there are osteophytic spurs, which elevate the posterior
longitudinal ligament. In our experience these changes are present at the
lower thoracic segments, in congenitally narrowed canals, and may be
aggravated by calcified ligamenta flava. A vascular component due to
compression of a radicular artery cannot be excluded.

Chronic herniated discs, calcified osteophytic lesions, cause a progres
sive, slowly evolving picture suggestive of compressive myelopathy. There
may be previous episode of spine trauma, and recurrent episodes of pain,
ascribed to "rheumatism" or mechanical factors. The lesions responsible
are true osteophytic spurs, that grow inside the canal from the vertebral
plates, displacing the posterior longitudinal ligament, which may be par
tially calcified (Fig. 9). In addition, one may find small calcified nodules
originating in the ligament itself, or in previously extruded disc material.

In more than half of cases of acute herniated discs calcification of the
nucleus pulposus of one or more intervertebral discs is found. This is
clearly seen in sagittal radiographs, as areas of hyperdensity, fluffy in
appearance, with irregular contours, reaching the posterior border of the
disc [31]. When there is a single disc involved this is usually the symptom
atic one. When there is more than one calcified, only one of them is the
cause of the neurological symptoms. On plain radiographs is quite difficult

Fig. 9. MR. Sagittal cut. Hard herniated disc at Tll-Tl2 level, in a 73 year
old man with a small soft component (arrow)
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to evaluate how extensively the canal is compromised by osteophytic spurs,
although conventional linear tomography may be of help.

Computerized tomography is most helpful [4], and demonstrates the
calcification of the disc material and how it impinges upon the neural
structures. In acute cases the intracanalar lesion is spherical, with high
density, displacing the cord. Unless sagittal reconstructions are made,
extrusions below the disc level are hard to diagnose. In some cases the
disc material is isodense with the neural structures, and may be difficult
to identify, particularly when the lesion is small and occupies a lateral,
paraforaminal position. In such cases the intrathecal injection of contrast
may help to demonstrate the lesion.

Magnetic resonance is, of course, the technique of choice, identifying
the lesion, its exact location, its characteristics, its relationship with the
neural structures, and the presence of migrated fragments.

Surgical Treatment

The initial steps for the transthoracic approach were described previously.
Once the thoracic cavity is entered we have to identify correctly the disc
space involved. We use the image intensifier and an antero-posterior pro
jection. To avoid possible errors it is preferable to begin counting from
the last lumbar segment upwards, and identify the last rib and the TI2
vertebra. The disc space is then entered with a needle (GI4) which is
visualized with fluoroscopy. One can also palpate the ribs below the level
of the pathology, and, occasionally, osteophytic spurs are so clearly visible
that we have no doubt about the interspace we are aiming at.

Following the correct identification, the collapsed lung and if necessary
the diaphragm are gently held with the help of malleable retractors, which
are secured with a Gausset retractor. The operating microscope is then
brought into the field.

The pleura is then incised, and it is important to call the attention to the
fact that the approach is somewhat different for the T6 T7 to the T9 TIO
levels, than for the lower thoracic levels. In fact, in the upper segments, the
head of the rib articulates with both vertebral bodies, so that the most
posterolateral part of the disc cannot be visualized. In this case, the pleural
incision should start approximately 4 cm lateral to the foramen, and
should run medially to the anterior third of the lateral surface of the
vertebral body. It is then enlarged as a T following the longitudinal axis,
thus exposing the vertebral bodies. Care is to be taken to save the circun
ferential vessels, as well as the sympathetic chain, and the splanchnic
nerves. To this effect, the incised pleura is carefully lifted and separated
from the underlying tissues with blunt dissection. At the TlO-TIl and
TII-TI2 levels the heads of the ribs articulate with the lateral face of the
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respective vertebral body, I to 3 mm below the vertebral plate. Here we
prefer to make a double T, the horizontal incisions following the ribs
adjacent to the involved space and then completed with a longitudinal cut
that goes slightly beyond the exposed vertebral bodies. The pleural flaps
are then suspended with 2-0 silk sutures (Fig. 10).

Once the areolar tissue that lies underneath the pleura is exposed, the
head of the rib, the neck, and the superior tuberosity are identified with a
blunt dissector. The vascular bundle that runs horizontally on top of the
vertebral body is followed to the foramen, and the sympathetic chain
isolated. Quite often the branch that exits through the foramen, joining the
chain slightly below, has to be divided, so that the sympathetic chain is
released, and slightly pulled forwards with a vessel loop, thus uncovering
the foramen and the head of the rib. Using bipolar coagulation and gentle
dissection, the bone structures and the costovertebral and costransverse
ligaments are exposed. These are sectioned with a # 11 blade, and with a
small curette the joint space is identified, and the rib slightly separated
from the vertebra. The head of rib and its neck are then removed with
rongeurs, thus exposing the joint surfaces of the vertebral bodies and the

(
I

\

Fig. 10. Transthoracic approach-operative diagram. The lung (L) is collapsed,
and the pleura widely opened and held by stiches. The sympathetic chain is gently
displaced. Note the aorta and segmental vessels (V), running along the lateral

surface of the vertebral bodies. The prominence of the disc (D) is clearly seen



220 A. MONTEIRO TRINDADE and J. LOBO ANTUNES

disc. For the lower levels (TlO, TIl, T12) there is usually no need to resect
the rib.

The disc space is easily identified by its lateral bulge and the annulus is
incised with a # 11 blade. The disc space is entered and the degenerated
material removed with small pituitary rongeurs. We usually avoid at this
point the most posterior part of the space which is limited by the annulus
and the posterior longitudinal ligament, structures which are usually fused.
The cartilage plates are curetted. Using high speed drills of various diame
ters we proceed to enlarge the intervertebral space. We usually begin at the
point were the ribs articulate, enlarging it to a square of about 1 cm
in size, extending to a depth of 1.5 cm (Fig. lla, b). Hemostasis is easily
achieved with bone wax. With careful drilling, under constant irrigation,
we are left with a very thin lamina of bone underneath the posterior
longitudinal ligament which can be removed with small curettes (Fig. 12).
One should keep in mind the concavity of the posterior surface of the
vertebral body. After this maneuvre is completed, the residual annulus and
ligament, as well as the posterolateral lip, are removed with the drill or fine
Kerrison rongeurs.

Most the acute herniated thoracic discs are extruded and enter the
epidural space through a small defect in the ligament. Occasionally,
liquefied, whitish material enters back into the space created in the verte
bral bodies. With a blunt hook the orifice of the extrusion is identified and
carefully enlarged with a fine straight Kerrison rongeur or, alternatively,
the ligament is incised starting at the foramen, gently pushing the ligament
anteriorly (Fig. 13). The disc material can then be removed with a variety
of different instruments (Figs. 14, 15). This step should proceed very cau
tiously, as the dura might have been transgressed and a fragment of disc is
lying in the anterior subarachnoid space.

Some of the larger acute herniations have the configuration of small
spheres, which have carved a niche in the anterior surface of the dural
sac. Any attempt to pull the dural sleeve should be avoided. One should
start by removing the visible component without any manipulation of the
dura. As the dura expands slowly, we are then able to inspect it for the
presence of any defect through which a small arachnoidocele may prorude.
Very rarely there is a small intradural fragment which should be removed.
We have not observed a massive intradural extrusion, nor have we found a
piece within the subarachnoid space. In such cases, the dural sac may be
opened longitudinally, but of course a wider exposure is necessary. Any
small dural defect may be sutured or closed with a small piece of muscle
secured in place with fibrin glue.

The chronic thoracic discs may result from either a calcification of a
previously herniated "soft" disc, or from osteophytic spurs associated with
a calcified posterior ligament. As a rule, they are more frequent at the
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Fig. 11. (a, b) After the intersomatic disc is removed the adjacent bodies are
drilled down to the posterior cortical bone. The intercostal nerves and rami com

municantes are also depicted
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Fig. 12. The posterior cortical bone is being removed with a small curette

Fig. 13. The extruded fragment comes into view after opening the posterior longi
tudinalligament

lower segments, occupy the whole width of the disc space, and occur in
congenitally narrow spines (Fig. 9). Exceptionally, they are eccentric and,
together with calcified, hypertrophic ligamenta £lava, may lead to an asym
metrical compression of the neural structures (Fig. 16). We do feel that
the transthoracic route affords a much safer approach to these most
treacherous lesions, and strongly advise against posterior or posterolateral
techniques.
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Fig. 14. The extruded piece is removed under direct vision with pituitary rongeur,
allowing clear visualization of the anterior dura

Fig. 15. Transthoracic approach to the T9-no disc-operative photograph. The
disc has been removed, and the ventral dura is exposed
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Fig. 16. CT. Horizontal cut at the Tl0-TIl interspace, showing a hard lateral
herniated disc in a 38 year old woman

Hemostasis of epidural venous plexus is sometimes quite tedious, but
may be achieved with bipolar coagulation and small pieces of surgicel or
microfibrillar collagen.

In two of our cases the herniated fragment migrated caudally, and this
had been clearly visualized by the pre-operative image studies. In such
cases, we had to enlarge our bone window, and remove a larger segment of
the posterior ligament. In most cases, there is no need to perform an
arthrodesis either with autologous bone or instrumentation, and we simply
fill the space in the vertebral bodies with Gelfoam. The edges of the parietal
pleura are then approximated with separate 2/0 Vycril sutures, and the
wound closed as described previously.

Tumours

In the last decade, neoplasms of the spine have become an area of in
creasing interest. This is due, in part, to the development of image tech
niques and particularly magnetic resonance, which allow an earlier diagno
sis and a detailed evaluation of the topography of the pathological process,
and the introduction of more reliable stabilization techniques, allowing
more radical resections. About 50 to 60% of all tumour pathology of the
spine is localized to the thoracic segment and primary tumours represent
about 5-10%. The diversity of histological types is explained by the multi
ple cell lines that can be the source of neoplastic proliferation. The
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remammg 85-90% of the tumours in this location are secondary or
metastatic deposits. The great majority of these originate in the vertebral
body, and invade the anterior epidural space, causing neural compression.
The incidence of these lesions thus justifies the interest in alternative ante
rior surgical approaches to the thoracic spine [54, 60, 63, 68, 71 ,76].

Clinical awareness of this pathology has also increased in recent years,
and the diagnosis is now made, quite often, in the early stages of the
natural history. Pain is the hallmark of these lesions and may start insidi
ously or, more rarely, quite suddenly. It may be persistent or intermittent,
with typical nocturnal exacerbation, or aggravated by motion or certain
postures. It may be localized or follow an intercostal irradiation. There
may be a local muscle spasm, associated with a scoliotic tilt, or, less often,
a conspicuous local deformity. More dramatic presentations, with sponta
neous fractures and sudden catastrophic neurological deficits, are less fre
quent [3, 64].

The neurological signs may initially be absent but, as the disease
evolves, a Brown-Sequard syndrome, or a more symmetrical neurological
deficit leading to paraplegia, will ultimately develop.

Appropriate image studies are indispensable [5, 18]. In most cases there
is a variable degree of bone destruction, and the more malignant the
tumour, the larger the erosion [21]. Less aggressive neoplasms will have a
geographical pattern with a well defined outer margin. In many instances,
there are areas ofcalcification, which in tumours ofcartilaginous origin are
flocculent or fleck like, or will have a onion pell pattern in cases of Ewing's
sarcoma or osteogenic sarcoma. CT scan and MRI are indispensable to
assessment of the degree of bone destruction and compression of the neural
structures and the extension of the soft tissue component. Spinal angio
graphy should be performed when a vascular lesion-aneurysmal bone
cyst, hemangioma, or certain metastases-is suspected, or if one wants to
define better the vascular anatomy of the cord. Pre-operative embolization
is extremely helpful in cases of vascular tumours [80].

Benign tumours of the spine include, among others, osteoid osteomas,
osteoblastomas, osteochondromas, chondromas, fibromyxochondromas,
hemangiomas, eosinophilic granulomas, aneurysmal bone cysts, and giant
cell tumours [3, 13, 15, 22, 32, 43, 54, 60, 64]. The majority of these lesions
affect mainly the posterior neural arch. The most notable exception is the
vertebral hemangioma, also the most common tumour, albeit asympto
matic in the great majority of the cases. Indeed vertebral hemangiomas are
present at autopsy in about 10% of cases, and only rarely cause neurologi
cal manifestations. This may occur when the lesion expands inside the
canal, leads to collapse of the body and subsequent angulation, or bleeds.
As a rule, this lesion remains confined to the body, but may extend to the
neural arch, or may erode the cortical bone, thus extending to the adjacent
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paraspinal space or the vertebral canal. Treatment is required in cases of
persistent intolerable pain, neurological deficit, or threatening vertebral
instability. Low dose radiotherapy, embolization with supraselective angio
graphic techniques, vertebroplasty either through a transpedicular or a
transsomatic approach with various substances, and radical surgery may
all be considered [20, 80].

Giant cell tumours or osteoclastomas may cause substantial bone de
struction, leading to instability and tend to recur if not excised radically, so
that an aggressive surgical strategy is advisable.

As we mentioned before, the remaining benign tumours usually start in
the posterior neural arch and are dealt through dorsal or posterolateral
approaches. In Fig. 17 we show an exception to this general rule, a giant
aneurysmal bone cyst which required a thoracotomy, resection of two ribs,
and partial removal of the vertebral body without secondary arthrodesis.

Metastatic tumours are much more frequent than primary malignant
neoplasms [6, 7, 12, 17, 24, 47, 54, 69, 77, 82] (Fig. 18). It should be
emphasized that one in every five patients with a malignant neoplasm will
develop secondary deposits in the spine, and this incidence is even higher in
autopsy studies. These bony metastases are the third most frequent loca
tion, after lung and liver, and the most common sources are lung, breast,
prostate, kidney and thyroid. The lumbar segment is more frequently af
fected followed by the mid and low thoracic spine. Not infrequently we
are dealing with a solitary lesion, confined to the vertebral body, thus

Fig. 17. MR. Horizontal cut. Giant aneurysmal bone cyst destroying the rib,
pedicle and part of the body
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Fig. 18. MR. Sagittal cut. Metastatic collapse of Til in a patient with severe
osteoporosis

justifying aggressive radical excisions [7, 70]. Metastases in the vertebral
bodies may remain silent and be detected only by imaging [24]. Collapse of
the vertebral body, epidural extension of the lesion and vascular compro
mise of the cord are responsible for the neurological compromise in these
cases [12,17,21].

The group of primary malignant tumours includes the plasmocytoma,
Ewing's sarcoma, osteogenic sarcoma, chordoma, chondrosarcoma, fibro
sarcoma, lymphoma (Hodgkin and non-Hodgkin), and angiosarcoma [71,
77, 78]. Plasmocytomas are probably the most common among the pri
mary malignant tumours [56] (Fig. 19). The spine is involved in approxi
mately 50% of all skeletal lesions. The process usually starts in the verte
bral body, extending to the pedicles, and more rarely to the neural arch. As
the tumour expands, the cortical bone is eroded, and disappears, and the
displaced bony fragments, often seen in metastatic deposits, are not pre
sent. The ligaments are displaced by the expanding lesion, which appears
as a homogeneous, moderately contrast-enhancing mass in both CT and
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Fig. 19. MR. Sagittal cut. Plasmocytoma of the T9 vertebra. Note the collapse of
the body with excellent perservation of the disc

MRI scan. The clinical course may be quite rapid, due to the collapse of the
vertebral body, angulation of the spine, or the development of an epidural
mass, and may be associated with signs and symptoms of the systemic
illness typical of multiple myeloma [23,33,41,56, 74].

Osteosarcomas may occur spontaneously or develop in a patient with
Paget's disease, with a previously benign irradiated bone tumour, or other
predisposing lesions [15, 46] (Fig. 20). It represents about 6.4% of all
primitive tumours of the spine. These are destructive lesions, which may
contain areas of calcification. Radical surgical resection is advisable.

Chondrosarcomas seem to show predilection for the thoracic spine.
Radiographically, they may present as a pure osteolytic lesion, or with
areas of increased density, with a reticular or punctiform appearance.
About half of them are confined to the body, while in the other half the
joint processes, the pedicles and the neural arch are involved. Radical
excision followed by adjunctive therapy is the treatment of choice.

Other less common lesions of mesodermal origin are the fibrosarcomas
and the malignant fibrous histiocytomas. They cause variable degrees of
local erosion and expansion into the paravertebral space. Ewing's sarcoma
occurs in young patients and affects the spinal column in about 5% of the
cases. Chemotherapy followed by radical surgery is currently the proposed
treatment. Chordomas are exceedingly rare in the thoracic spine and re-
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Fig. 20. MR. Sagittal cut. Osteosarcoma in a 44 year old man
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Fig. 21. MR. Sagittal cut. Chordoma of the T7 vertebra. The tumour has caused
destruction of the adjacent discs. There is major invasion of the canal following

complete destruction of the posterior longitudinal ligament
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quire wide surgical resection (Fig. 21). Lymphomas may cause rapid and
extensive destruction of one or two adjacent vertebral bodies, with collapse
and spinal cord compression. They may also present with an exophytic
mass invading the adjacent structures, or grow into the canal. Chemother
apy and/or radiotherapy are mandatory, but surgery may be indicated,
particularly when there is instability of the spine.

Surgical Treatment

The surgical approach to the neoplastic lesions of the thoracic spine has to
be planned according to the topography of the tumour, and usually has to
give wider access than when dealing with degenerative or infectious pro
cesses. Thus, it is imperative that the relationship of the tumour with both
the prevertebral and intraspinal structures be clearly defined pre-opera
tively, and that the exposure allows the radical removal of the lesion and,
when required, the stabilization of the spinal column [28,34,48,50,55, 72,
73].

As mentioned before, high thoracic lesions at the TI and T2 levels,
and eventually at C7 and T3, should be approached anteriorly through a
cervicosternal approach [39, 51, 75] since transaxillar [39] or suprasterno
clavicular techniques do not afford the wide exposure necessary in these
cases. The transthoracic transpleural routes are quite adequate for lesions
between T3 and T9. The choice between a left or a right approach should
be made according to the degree of paravertebral expansion and the topog
raphy of the bone pathology (foraminal encroachment, destruction of the
adjacent rib, pedicle, or articular facets, or invasion of the retropleural or
retrovertebral space). At the TIO to Tl2 level, and at the thoracolumbar
transition (T12 to L2) we prefer a combined thoraco-abdominal approach,
opening the pleural cavity [27].

Once the involved segment of the spine is exposed it is usually easy to
identify the tumour by the bulge of the parietal pleura. The pleura is
coagulated along the posterior segment of the adjacent ribs, for about 3 cm
and is incised to the vertebral bodies, and separated from the underlying
neoplasm, thus exposing the adjacent foramen and the exit of the neuro
vascular bundles. Dissection is carried out bluntly over the vertebral bodies
and the pleura is suspended with 2.0 silk sutures.

Once the limits of the vertebral lesion are defined, the intact discs above
and below are identified and removed with curettes. The vascular bundle is
coagulated or ligated with clips and sectioned at the transition between the
anterior and lateral aspects of the vertebral body, and pulled gently off the
lateral ligaments displaced by the tumour.

When there is a significant exophytic component or major invasion of
the paravertebral spaces it is often necessary to start by removing the
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tumour, before the vertebral body is clearly identified. In such cases, and
particularly with large masses, care should be taken to spare the intercostal
vessels to prevent ischemia of the neural structures. One can however,
divide vessels over the anterolateral surface of the vertebral bodies without
problems, if the foraminal branches of the intercostal arteries are spared.
We have often resorted to the use of preoperative angiography to obtain
the necessary information on the vascular anatomy. Intraoperative moni
toring of sensory evoked potentials is also done routinely.

Once the lateral surface of the tumour is exposed, it is coagulated exten
sively with bipolar cautery. We then open a square window of about
I cm2 in size, and try to remove with suction and a variety of rongeurs as
much tumour as possible. This is a crucial step, particularly in very vascu
lar or soft tumours. Pre-operative embolization is, of course, most useful.
Care should be taken not to put pressure on the posterior surface. We can
then achieve a temporary hemostasis, and proceed to delineate the contour
of the neoplasm, starting at the level of the intact disc spaces, identifying
the foraminal structures, the posterior face of the body and the posterior
longitudinal ligament. It may help to remove, partially or totally, the
pedicle of the affected vertebra, regardless of whether it is invaded or not,
using a small oblique Kerrison rongeur or a microdrill.

Removal continues gradually from the periphery of the tumour to the
area initially decompressed. A total excision can thus be achieved. Occa
sionally, such as in cases of plasmocytoma, it may be possible to leave parts
of the vertebral body that appear to be intact.

Greatest care is required to remove any tumour that protrudes into the
canal. Manipulations should always be away from the dural sac, and the
epidural vessels carefully coagulated, although this may be quite tedious.

The choice of technique to reconstruct the vertebral body depends on
the nature, prognosis, and local extension of the tumour, and will be
discussed separately.

Infections

We will consider here only the pyogenic spondylitis and spondylodiscitis,
including Pott's disease. The indication for an anterior transthoracic ap
proach arises when there is anterior spinal cord compression, a large ante
rior collection of pus, or the need to proceed with correction of a deformity
and stabilization of the spine [2, 29, 30,40,57, 58].

It is well established that both tuberculous and non-tuberculous pyo
genic infections of the spine are being diagnosed with increasing frequency,
due to a number of biologic, immunological and socio-economic factors.
Tuberculous spondylitis (Pott's disease) is reappearing even in countries
where tuberculosis was thought to have been irradicated. In more ad-
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Fig. 22. MR. Sagittal cut. Pott's disease in a two year old boy involving T3 to
T5 vertebral bodies. This patient had already undergone a laminectomy at another
institution, which contributed to the kyphotic deformity (see Fig. 28 for the post-

operative result). The boy had only a mild paraparesis

vanced countries, it affects mainly the elderly, debilitated or immuno
supressed, and we have noted a predominance in the fifth decade, although
we have treated a number of young children (Fig. 22). The thoracic
segments below D9 are the ones more often involved, but the segment
between D4 and D6 is another site of election. The infection usually starts
at the anterior part of the vertebral body, and spreads to the adjacent
vertebrae often destroying the disc space. The destructive process may
affect 3 or 4 vertebrae. Atypical forms include involvement of a single
vertebral body-simulating a metastatic deposit-or the posterior arch,
and the epidural abscess. The disease may be the result of an acute infec
tion or the reactivation of an old focus in the vertebral body. The disc
space is infected quite early, the infection spreading to the l'odies above
and below, with the development of an abscess with multiple, sequestered
fragments, initially contained by the longitudinal ligaments (Fig. 23). As
the erosion of the cortical bone advances, the body collapses, and simulta
neously a paravertebral abscess may form (Fig. 24). It is at this stage that
the neurological symptoms appear, as the result of several factors: the
intraspinal expansion of the abscess, the angulation of the spine with a
kyphotic deformity, and, probably, vascular compromise with obstruction



Anterior Approaches to Non-Traumatic Lesions 233

Fig. 23. CT. Horizontal cut. Pott's disease. Extensive destruction of the disc
and body with multiple sequestra and a voluminous paravertebral abscess. There

is also an anterior epidural purulent collection

Fig. 24. MR. Coronal cut. Pott's disease. There is a paraspinal abscess at the
T7 level with relative sparing of the bone structures. The discs are intact
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of the venous drainage. The typical "cold abscess" may displace the pari
etal pleura, and extend down several segments, reaching the diaphragm, or
even below it. More rarely, rupture may occur into the pleural cavity or
through the paravertebral muscles, to the subcutaneous space. Clinically,
tuberculosis of the spine will present as a subacute or chronic disorder,
with non-specific back pain with a mechanical component; only late in the
evolution do neurological symptoms appear, quite often associated with
systemic signs of infection.

Pyogenic spondylitis or spondylodiscitis of the thoracic spine will rarely
cause a severe destructive process that will justify a major surgical interven
tion to drain the infectious focus and the spine. In contrast, we have
observed this in the lumbar spine, where the degree ofdestruction is similar
to Pott's disease. Of interest is that in four patients we have detected
a mixed flora where the mycobacterium was found in association with
Staphylococcus, Pseudomonas, Serratia and Streptococcus (Fig. 25) Al
though we have a large experience with Brucella spondylitis we have
not yet found the need to approach these infections transthoracically.
Staphylococcus aureus (Fig. 26) is the most common offending agent, but
Proteus, Escherichia coli and other Enterobacteria may also be isolated. A
previous history of sepsis, phlebitis, furunculosis or urinary infection may
be present.

Fig. 25. MR. Sagittal cut. This 25 year old man had a mixed infection
Mycobacterium and Serratia-spondylitis
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Fig. 26. CT. Horizontal cut. Staphylococcus spondylitis. In this case there was
erosion of the body but no sequestra, associated with a circumvertebral abscess

The early diagnosis of a vertebral infection is virtually impossible. At
later stages, three to four weeks after the onset, diminution of the disc
space, disappearance of the cortical bone of the vertebral plates, and irreg
ularity of the bodies with areas of hypodensity associated with foci of
calcification are quite characteristic. Later, reduction in height of the verte
bral body and secondary angulation may develop.

CT scan changes in Pott's disease are quite typical. The structure of the
vertebral body virtually disappears, with multiple sequestra within hetero
geneous areas of hyper and hypodensity, partially contained by the liga
ments, and associated with pockets of isodense or slightly hyperdense
material. The disc is not identifiable and the spinal canal may appear
occupied by bone fragments and purulent material. In mo'st cases the
pedicles remain intact. The presence of paraspinal abscesses is pathogno
monic. In contrast, in non-tuberculous infections the bone sequestra are
smaller, do not project beyond the limit of the cortical bone, even when
this has disappeared, and the collection of purulent material in the.
paravertebral spaces is not as large. The dural and neural structures are
usually better preserved. In these cases, the intravenous injection of con
trast may outline a capsule, and the epidural component is more clearly
visualized.

All these changes are also clearly documented by MRI, with gado
lineum enhancement, which is now the image technique of choice. The
volume, extension and compressive effect is well demonstrated, which is of
crucial interest in planning the surgical approach.
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Surgical Technique

As mentioned before, the major goals of any surgical procedure for an
infectious process of the spine are the cleaning of the contaminated area,
decompression of the neural structures, and stabilization and correction of
the spinal deformity. In some cases, needle biopsy guided by CT is quite
useful to confirm the diagnosis.

The levels most commonly affected are the mid and lower thoracic, and
the approach has to be planned accordingly. In general, only two adjacent
vertebrae are involved, but in cases of Pott's disease, more than two verte
brae may be affected.

The side of approach is dictated by the extension of the purulent collec
tion into the paravertebral spaces, and once the area is exposed the focus of
infection is easily identified. We begin by aspirating the purulent material
for the appropriate microbiological studies. Some degree of decompression
is immediately obtained. The pleura is then coagulated and incised in a T
fashion, the horizontal branch following the axis of the spine so that the
adjacent vertebral bodies are exposed completely. In tuberculous processes
the pleura is often quite thick and adherent to the underlying structures
requiring patient blunt and sharp dissection.

The identification of the various anatomical structures is not easy at
times, so it may help to start at the disc space following the axis of the neck
and head of the rib, which may be resected following division of the
ligaments. The residual disc material is removed gradually, and the adja
cent, partially destroyed vertebral bodies, are similarly cleaned using small
angled and straight curettes and rongeurs. The identification of the pedicle
and the limits of the foramen is an important step for the delineation of the
posterior surface of the body, but this may not be possible until a large
decompression of the vertebral bodies and disc is achieved. The anterior
and posterior longitudinal ligaments are useful landmarks, and may be
preserved due to their unusual thickness. After a thorough cleaning of the
infected area, a thin shell may persist posteriorly. We are always concerned
about the possibility of secondary compression, so we like to remove it.

The procedure is usually easier than for neoplastic processes, as the
evacuation of pockets of pus, and the removal of bone sequestra or carti
lage pieces, may be performed safely. In chronic lesions, however, the
existence of areas of sclerotic reaction may require the use of high-speed
drills. The curettage of the bone should proceed until a normal looking
structure, judged by its aspect, consistency and bleeding characteristics is
found. Hemostasis usually does not pose any difficulty.

The cavity thus formed is often quite irregular in contour, so it has to
be shaped to accept a bone graft, usually from rib or iliac bone. In tubercu
losis and brucellosis we always irrigate the exposed area with warm saline
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containing rifampicin and we place gelfoam impregnated with antibiotic
on the surgical bed.

Once the bone graft is secured the pleura is approximated with re
absorbable sutures and a drain is left in the pleural cavity.

Stabilization Techniques

Whenever more than a half of the volume of a vertebral body is removed,
structural reinforcement of the weakened segment is recommended [8]. The
transthoracic approach spares the posterior elements, so a "replacement"
procedure usually suffices. The material used to fill the gap created by the
procedure varies according to the pathology.

When there is a previous deformity and simultaneous compromise of
the posterior pillar, as it is often the case in Pott's disease, simultaneous or
sequential anterior and posterior stabilization procedures may be required.
We will not dwell on the various devices that have been introduced in
recent years, as every surgeon seems to have his favourite [14, 20, 26, 28,
42, 50, 55, 70, 79].

In most cases of degenerative disc pathology, the amount of the bone
removed is usually limited, and there is no need to place a graft. If we are
concerned by the presence of severe osteoporosis we usually place an auto
logous bone graft, using rib struts (Figs. 27, 28). One or two segments are

Fig. 27. Intra-operative view of patient depicted in Fig. 22 after removal of the
diseased vertebral bodies and correction of the deformity. Rib struts are inserted

in the gap. Note the perserved segmental vessels
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Fig. 28. Post-operative radiograph of patient depicted in Fig. 22. Stabilization
was performed anteriorly with rib struts (arrow), and posteriorly with TSRH

instrumentation

cut to fit into a groove carved in the lateral wall of the vertebrae. The
parietal pleura, sutured on top of the area, will hold the graft in place.

The wide resection required in cases of infection, which often entails the
removal of one or two bodies and three discs, makes it necessary to place a
graft between the intact bodies. A bundle of rib struts, held together with a
titanium or steel wire, may be carefully impacted in the spongy bone of
the superior and inferior bodies. We have also used quadrangular blocks
fashioned from the iliac crest. This may be held in place with a titanium
plate.

When dealing with neoplastic processes in patients with limited prog
nosis we have used acrylic (methyl-methacrylate) stabilized by Steinmann
pins introduced vertically in the adjacent vertebral bodies (Figs. 29, 30).

In benign tumours we again use a block of autologous bone, which is
secured with multiperforated lateral plates, which in addition will have a
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Fig. 29. Stabilization with methyl-metracrylate and Steinmann pins. The poste
rior longitudinal ligament may be perserved or removed

compressive effect, such as the titanium Z Plates-ATL (Figs. 31,32). These
have the advantage of MR compatibility. We have also used these in
association with acrylic in some malignant lesions which run a more pro
tracted course.

Operative Complications

Among the intra-operative complications, probably the most disturbing is
the excessive bleeding that may occur, which may increase neurological
deficit, not only because of ischemia of the cord, but also because it makes
the surgical removal of the offending lesion much more hazardous. Hem
orrhage may be due to injury to a major vessel, or come from the lesion
itself. We believe that pre-operative angiography is extremely useful, and
should be followed by embolization in the case of very vascular tumours.
The use of a "cell-saver" device may be of great assistance.

The removal of lesions with an extension into the spinal canal is often
difficult, because the normal anatomical landmarks may be obscured by
residual pathology or bleeding, and the axis of vision is often not optimal.
Neurological deterioration may thus be the result of the rough handling of
the neural structures, or of inadequate technique such as the placement of
excessive amounts of hemostatic material. Good visualization, meticulous
technique and the use of the operative microscope and appropriate instru
mentation should minimize these risks. The principle that only after an
adequate internal decompression is achieved, should one deal with the edge
of the lesion, should be kept in mind.
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Fig. 30. Stabilization with methyl-metracrylate and Steinmann pins in a patient
with metastatic disease

The penetration of the dura either by the pathological process or by the
surgeon, may be the source of a CSF leak, and this should be immediately
recognized and repaired with sutures or, when not possible, sealed with
fragments of muscle and fibrin glue.

Collapse of the lung, if done atraumatically should cause no untoward
problems. Pleural laceration should be meticulously repaired. We have had
no excessive bleeding into the pleural cavity, as we carefully check the
hemostasis in all cases.

Complications from the stabilization procedures should not occur if the
graft or prosthetic material is correctly inserted. We favour the use of a
corset in the ensuing three to six months, in every case in whom one or
more vertebral bodies are removed. The application of the various pros
thetic materials may however be hazardous. Adequate protection of the
dura and copious irrigation are mandatory when acrylic is used. In addi
tion, placement of pins or plates should be carefully planned. We have not
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Fig. 31. Stabilization with a lateral plate. Usually four screws are inserted, af
fording excellent compressive stabilization

Fig. 32. Stabilization with methyl-metacrylate and a Z plate-ATL. Same patient
as Fig. 19. (a) AP radiograph. (b) Lateral radiograph. (c) CT. Horizontal cut. Note
that the plate is placed laterally and secured by screws inserted in the intact

adjacent vertebral bodies
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yet reoperated a patient due to displacement of the prosthesis. In cases of
Pott's disease we have observed lateral displacement of the rib segment
used in the intersomatic arthrodesis, but no instability or overgrowth of the
bone callus was encountered.

During the post-operative period medical complications may super
vene, particularly in patients with neoplastic or infectious disorders since
they are often quite ill. Poor healing in areas of previous irradiation,
metabolic disturbances, respiratory infections, renal insufficiency, and
phlebitis should all be promptly recognized and treated [36, 50, 73, 79].

Aggressive antibiotic coverage is particularly important in cases of
Pott's disease. Two of our patients died following surgery from dissemi
nated infection. Adequate pre-operative pulmonary care is crucial to pre
vent subsequent respiratory difficulties.

Despite the fact that a great number of our patients had significant risk
factors in about 60 transthoracic approaches, we had only three fatalities
one from pulmonary embolism and two from dissemination of a tubercu
lous infection.

Conclusions

In conclusion, in our view, the choice of a transthoracic approach for
nontraumatic lesions of the spine is based on three main grounds:

I. The need to have a sufficiently wide exposure, with good visualiza
tion of the operative area, which allows the removal "in toto" of any
pathology which impinges upon the dural sac. This is particularly impor
tant in cases in which there is a marked deformity and potential compro
mise of the neural elements by a lesion emerging from the vertebral body
or the disc space.

2. The need to remove simultaneously the intrathoracic expansion of a
lesion primarily located in the spinal column, such as happens in infectious
processes or voluminous tumours that destroy one or more vertebral
bodies, some of which are in close proximity to important mediastinal
structures.

3. The need the reconstruct the anterior column, when the disease
itself, or the decompressive procedure, threaten the stability of the spine.
Anterior stabilization will suffice in many instances but whenever the
middle and posterior columns are compromised, posterior stabilization
may be necessary, and this can be done simultaneously or in successive
interventions.

Following these general principles, we feel that the transthoracic route
is particularly suitable for degenerative pathology be it a soft disc, an
osteophyte or a calcified ligament, which by their size, texture and localiza
tion, make a posterior or posterolateral route hazardous. We will not
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deny the fact that extrapleural posterolateral approaches in the hands of
experienced surgeons, may be equally effective, but we do believe that,
when there are no clear medical contraindications, the transpleural ap
proach is a more reliable procedure with very little morbidity.

The increase in incidence of infectious spondylitis, and particularly
Pott's disease, makes it mandatory for the neurosurgeon to be familiar
with these techniques. Here again, these procedures allow a wide exposure
and the achievement of excellent stabilization in a single procedure.

The same statements could be made, "mutatis mutandis", for the
neoplastic disorders of the spine, which often develop in the anterior bone
elements. We certainly feel much more comfortable in dealing with a vas
cular neoplasm in a wide field, than when we are confined in our approach.

Some disadvantages should be pointed out, and perhaps the most sig
nificant is the need to violate the pleural space, with its attending complica
tions. Good preparation and aggressive postoperative care will minimise
the risks. It is also true that whenever there is a component of posterior
compression, and when there is a need to stabilize posteriorly, this route
cannot be used.

We will emphasize again the necessity ofcarefully planning the surgery.
Whenever possible the exact nature of the pathology should be determined
beforehand, and needle biopsy guided by CT may be very valuable. Fur
thermore, detailed imaging studies, including of course MRI, are indis
pensable in all cases, and spinal angiography should be used in cases of
suspected vascular lesions or when information on the vascular supply of
the cord is of interest.

All this anatomic information is of crucial importance, particularly in
cases in which the surgeon has to deal with the pathology before reliable
anatomic landmarks come into view. Quite often, the surgeon has to move
expediously, but without ever losing reference points that are crucial for
the safe pursuit of his goals.

It is often assumed that these are difficult procedures, because some of
the initial steps are not intrinsically "neurosurgical" in nature, requiring
manoeuvres and the use of tools we are not familiar with, and work in the
vicinity of structures such as the lung or the aorta which we consider "tiger
country". But these are additional reasons why a multidisciplinary ap
proach, particularly when gaining experience with these procedures, is of
great importance. The cooperation of a skilled anesthesia team is also
required.

It is our opinion that when good clinical sense, careful planning,
detailed anatomical knowledge, precise operative technique, and a multi
disciplinary team are combined, transthoracic approaches to the spine are
safe and quite effective. We strongly believe that we, neurosurgeons, have
to be familiar with them, because no other specialty is so well prepared to
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improve or preserve the neurological function so dramatically threatened
in these patients.
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Introduction

The diagnosis of extreme lateral lumbar disc herniation (ELLDH) as a
cause oflumbar radiculopathy was first described by Abdullah in 1974 [1].
This discal pathology has been recognized for many years as an occasional
cause of negative disc exploration and immediate failure of classical disc
surgery in sciatica [I, 18, 24, 25, 29, 31, 30, 31, 33, 35,41]. Only since the
introduction of computed tomography (CT) for the diagnosis of lumbar
disc disease have the characteristics of ELLDH become fully appreciated
[3,6, 13, 17,23,30,32,47]. Myelography alone was an insufficient diagnos-
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tic tool to detect this specific pathology. With the rapid development of
neuroradiologic diagnostic imaging, including magnetic resonance imaging
(MRI) [13, 32], recognition of this particular type of lumbar disc disease
has increased its incidence, ranging from 0.7% to 11.7% of the total oper
ated herniated discs [1, 22, 24, 45]. In a recent review of our series of
patients with lumbar disc disease we found an overall incidence of ELLDH
of 5.8% over a period of 8 years [38]. 78% of all ELLDH occured at the
L4-L5 and L5-S1 levels, with an almost equal frequency, but the overall
incidence of ELLDH per level varied relative to the level of the pathologi
cal disc.

Parallel with the improvement in neuroradiological imaging, the surgi
cal techniques were modified with a particular interest in microsurgery [10,
28, 42, 46, 50]. The advantage of microdissection is brilliant coaxial illumi
nation, together with the high magnification it affords, allowing meticu
lous preparation in the depth with minimal retraction.

Using the microscope, the approach to ELLDH was restudied [11, 12,
14, 16,21,27,43]. In the past, ELLDH were usually reached in the course
of an extended interlaminar approach, including total removal of the facet
joint [1, 2, 22, 24, 29, 35, 39, 41]. There is justified concern about the
removal of a potentially important structure, although single facetectomy
does not necessarily lead to gmss radiological instability. The enlarged
interlaminar approach with medial removal and undermining of the facet
joint remains a satisfactory technique to handle some of the far lateral
lumbar disc herniations. ELLDH however protrude or extrude in a lateral
and cranial direction and come to lie underneath the dorsal root ganglion
or even between the upper pedicle and the nerve root. This region is
difficult to reach by undermining the facet joint without compromising the
strength of the facet.

Before 1985 we performed total facetectomy, but we now favour the
lateral transmuscular or paramuscular route as the least invasive possible.
This approach has long been known to orthopaedic and neurological sur
geons for the aim of intertransverse fusions, excision of occasional disc
herniations [44, 49] or ganglionectomies [34].

Clinical Presentation

The clinical presentation of ELLDH has been discussed in several articles
[3, 18,29,39,45,40] but in the earlier literature there is some disagreement
concerning the frequency and presentation of ELLDH at different levels.
We analysed the clinical signs and symptoms and physical parameters in
a retrospective review of the clinical records of 178 cases operated for
ELLDH in our department between January 1982 and December 1989
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[38]. The overall incidence of ELLDH compared to the number of para
median lumbar disc herniations during the same period of time was calcu
lated as 5.8%. Of a total of 226 disc herniations in the upper lumbar spine
(L2-L3 and L3-L4) there were 39 ELLDH with an incidence of 17.2%. In
the lower lumbar spine (L4-L5 and L5-S1) we noted 139 ELLDH among a
total of 2821 disc herniations which corresponds to an incidence of 4.9%.
Assuming that all classical paramedian disc herniations cause a lower root
syndrome and all ELLDH cause an upper root syndrome we calculated the
probability of an ELLDH for each nerve root syndrome: there was a 4.4%
probability ofan ELLDH in L5 radiculopathies, a 32.2% probability in L4
radiculopathies and even a 43.6% probability in L3 radiculopathies. The
age and sex distribution did not differ from classical disc herniations, with
a peak incidence in the sixth decade. The first and dominant clinical sign of
radiculopathy was leg pain, either of the sciatic, the femoral or the diffuse
type. We did not find a typical pain radiation in the expected dermatomal
segment in every case of ELLDH, which is in contrast with the findings of
Epstein et af. [12], who noted an unequivocal pain distribution in patients
with diagnosis of ELLDH. We must emphasize, however, that leg pain in
all ELLDH was strictly unilateral.

Observations concerning low back signs and symptoms in patients with
ELLDH differ widely from author to author. Abdullah [1] and Osborne
[33] described absence of low back pain in their first series. Several other
authors [12-14, 18,22,24,45] confirmed the presence oflow back signs in
the majority of their cases with eventually reproduction of pain by lateral
bending towards the side of the lesion. 158 patients out of 178 (88.8%) in
our series complained of low back pain of various degrees. It is worth
emphasizing however that ELLDH at upper lumbar levels (L2-L3, L3-L4)
usually produce no or minor low back signs.

The mechanism of amplified compression of the nerve root caused
by nerve traction test remains unchanged in extreme lateral lumbar disc
diseases. The femoral nerve traction test should therefore be positive in all
ELLDH at or above the level L4-L5 because of upper nerve root compres
sion. Knowledge concerning the relative increased incidence of ELLDH at
upper lumbar levels, combined with a positive femoral traction test on
physical examination, should raise the degree of suspicion of ELLDH.
More than 30% of femoral pain syndromes but less than 5% of sciatica
pain syndromes are due to ELLDH.

Motor and sensory deficits do not differ in ELLDH as compared to
classical paramedian disc herniation.

There are no specific clinical characteristics of ELLDH but, rather, a
clinical constellation including advanced age, pain pattern of the femoral
type with positive femoral nerve traction test, minor low back pain and a
monoradicular motor deficit of an upper lumbar nerve root.
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Anatomical Review

The relationship between bone structures, ligaments, vascular structures,
intervertebral discs and nerve roots in the lumbar spine, and especially in
the lateral interpedicular compartment (LIPC), is rather complex, but is
well described in different texts [4,5, 7-9, 19,20,26,36, 37,40,44]. There
exists some confusion about different nomenclatures of this lateral zone:
Macnab [25] introduced the term "hidden zone" describing in a general
way the concerned region. Terms like intervertebral canal, intervertebral
foramen, foraminal zone, subarticular zone, far-out zone or extracana
licular zone are not always well defined. We adopted the term lateral
interpedicular compartment (LIPC) since the "intervertebral canal" is a 3
dimensional area demarcated primarily by the pedicles. The entrance and
exit of this compartment are "foramina".

Paravertebral Muscles and Fasciae

The paravertebral muscles are covered dorsally by the cross-hatched poste
rior layer of the thoracolumbar fascia and the longitudinally orientated
fibres of the erector spinae aponeurosis (ESA). Between these two layers
some adipose tissue can be found (Fig. 1). Immediately ventral to the ESA
are the lumbar erector spinae muscles, laterally, and multifidus muscle
medially. The lumbar erector spinae are composed of the lumbar fibres of
the longissimus thoracis, medially, and the iliocostalis lumborum, laterally.
The lumbar fibres of the longissimus and iliocostalis are attached to the
transverse processes and their accessory process. The multifidus muscle is
attached to the mamillary process and the articular capsule and covers the
facet joint (Fig. 2). The ideal surgical approach therefore is transmuscular
between the multifidus and the longissimus (Fig. 1). Underneath these
major muscles, the smaller intertransversarii mediales and laterales muscles
extend between adjacent segments (Fig. 1). The intertransversarius me
dialis muscle runs from the accessory process and the mamillo-accessory
ligament to the next lower mamillary process and covers the isthmic area
dorsally (Fig. 2). The intertransversarius lateralis muscle courses between
two adjacent transverse processes lateral to the operative exposure. The
intertransverse ligament (ITL) is a fascial sheet between the transverse
processes just anterior to the intertransverse muscles and has a distinct
horizontal and vertical leaf (Figs. 1-3). This ligamental (ITL) tissue ranges
from a thin membranous to a thick ligamentous structure sometimes diffi
cult to separate from the intertransversarius lateralis muscle. Immediately
ventral to the horizontal and lateral to the vertical leaf lies the psoas muscle
(Fig. 1). We distinguish therefore 3 compartments formed by the ITL:
antero-Iaterally the compartment with the psoas and the nerve plexii,
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Fig. I. Axial schematic of the lumbar spine. 1 skin, 2 thoracolumbar fascia,
3 erector spinae aponeurosis, 4 multifidus muscle, 5 longissimus muscle, 6 ilio
costalis muscle, 7 middle layer of thoracolumbar fascia, 8 lateral raphe, 9 aponeur
osis of m. transversus abdominis, 10 anterior layer of thoracolumbar fascia, 11
quadratus lumborum muscle, 12 horizontal leaf of intertransverse ligament (ITL),
13 vertical leaf of ITL, 14 lumbar artery medial to vertical leaf, 15 emerging nerve,
16 thecal sac, 17 psoas muscle, 18 nerve plexi, 19 intertransverse muscle. The ITL
is continous with the anterior and middle layer of the thoracolumbar fascia. A

transmuscular approach, B paramuscular approach, C midline approach

antero-medially the lateral interpedicular compartment (LIPC) and adja
cent structures, and posteriorly the intertransversarii and posterior para
spinal muscles.

The Lumbar Arteries and Veins

The lumbar arteries arise from the back of the aorta in front of each of the
upper four lumbar vertebrae, and pass backwards around the related verte
bral body, covered by the tendinous arch of the psoas muscle. Upon reach
ing the level of the LIPe, the artery divides into several branches to supply
the paravertebral muscles, the zygoapophysial joints and eventually the
abdominal wall. Opposite the intervertebral foramen, the lumbar artery
(LA) courses between the emerging nerve, medially, and the vertical leaf of
the ITL, laterally (Fig. I), and gives off 3 medially directed branches. These
are the anterior spinal canal branch, the posterior spinal canal branch and
the radicular artery. After giving off these branches, the LA penetrates the
horizontal leaf of the ITL along with the accompanying veins. This pene
tration site is an important landmark for the lateral limit of the surgical
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Fig. 2. Posterior view of lumbar spine. 1 multifidus muscle, 2 mamillary process.
IThe medial intertransverse m. 4 arises from the accessory process 5, the mamillo
accessory "ligament" 6 and the mamillary process, and attaches to the mamillary
process of the vertebra below. The lateral intertransversi 3 course between the
transverse processes (TPs) lateral to the operative exposure. II 9 Lumbar artery
LA, 7 horizontal leaf of the ITL, 8 lateral border of yellow ligament. III After
removal of part of horizontal leaf. LA medial to vertical leaf 10, exiting dorsal 13
and ventral 12 rami within the psoas muscle 11, iliolumbar ligament 14. IV ITL re
moved. Dorsal root ganglion 15, dorsal ramus 16 and its lateral 17 intermediate 18
and medial 19 branches. The medial branch passes beneath the mamillo-accessory
ligament. These branches innervate the paraspinal muscles, posterior vertebral

elements and skin

exposure. Veins accompanying the arteries and rich anastomoses of venous
plexii are found in the intertransverse space.

Lumbar Spinal Nerves and Their Relationship to the LIPe

Each spinal nerve is connected centrally to the spinal cord by a dorsal and
ventral root, separated by a septum but enclosed in a common dural
sheath. Peripherally, at the exit of the LIPC, each spinal nerve divides into
a large ventral ramus and a smaller dorsal ramus. The ventral ramus
courses lateral to the caudal pedicle, where it crosses the vertical leaf of the
ITL to enter the psoas muscle (Figs. 3,4). The spinal nerve itself is conse
quently quite short and no longer than the width of the lateral inter
pedicular compartment in which it lies. The dorsal root ganglion (DRG) is
located within the LIPC immediately inferior to the cranial pedicle, and the
subarachnoid space terminates just proximal to the DRG.
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Fig. 3. Right oblique view of lumbar spine. The psoas muscle arises from the
anterior aspect of the TPS 20, lateral aspect of intervertebral disc, and the fibro
tendinous arch 21 over the lateral concave side of the body. It courses anterior to
the TPs and sacral ala into the pelvis. The exiting ventral ramus is medial to the
vertical leaf of the ITL until it pierces it to enter the psoas muscle. The dorsal
ramus pierces the horizontal leaf and trifurcates near the junction of the caudal
superior articular process 22 and TP. The LA and the lumbar veins pierce the
vertical leaf by passing deep to the arch. Radicular artery 23, spinous process 24

The relationship between bone structures and lumbar nerves changes in
the cranio-caudal direction (Figs. 5, 6A and B). This leads to important
alterations in the course of the lumbar nerves. The origins of the pedicles
from the vertebral bodies are shifted more antero-Iaterally from Ll to L5
(Fig. 6B) and simultaneously the TPs originate more anteriorly from the
pedicles. The horizontal width of the pedicles increases in the caudal direc
tion due to an increase in their diameter and the change in the orientation
of their long axis from vertical at Ll to oblique at L5 (Fig. 6A). The width
of the LIPC consequently increases in the caudal direction and in parallel
the course and orientation of the spinal nerves change (Figs. 4, 5, 6A). The
dimension of the vertebral arch changes also in a cranio-caudal direction:
the horizontal part of the arch increases with a simultaneous decrease of
the vertical part respectively. An increasing amount of the pars inter
articularis (isthmus) extends therefore laterally and covers the medial as
pect of the LIPC, which renders the surgical approach more laborious in
the lower lumbar spine (Fig. 6B).

In summary the LIPC is more narrow at its entry, delineated rostrally
by the pedicle and dorsally by the pars interarticularis of the superior
vertebra (isthmus). The exit is much larger and is covered by the facet
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Fig. 4. Lateral view of the lumbar spine. The lumbar artery LA arises from the
aorta A at Ll-L4. Fibrotendinous arcade 1 of psoas muscle, radicular artery 2,
DRG 3, medial branch 4 of the dorsal ramus 5, mamillo-accessory ligament 6,
lateral shelf of the yellow ligament 7. The ramus communicans 8 connects the
ventral ramus 9 with the sympathetic chain 10. The sinuvertebral nerve 12 is a
recurrent branch of the ventral ramus which innervates the posterior longitudinal
ligament, the intervertebral disc, the adjacent vessels and the anterior dura of the
thecal sac. Note the progressively greater contact between the ventral ramus and
the lateral aspect of the disc from L3 to L5. The L5 ventral ramus, which wraps
around the lateral surface of the L5-S1 disc, is related to the disc medially, to the

sacral ala laterally 11 and postero-inferiorly, and to the L5 TP 13 superiorly

joint, i.e. the superior facet of the inferior vertebra. The nervous structures
cross the LIPC in its cranial part and the dorsal root ganglion is in contact
with the upper pedicle immediately ventral to the isthmus. These elements
are the keys to the feasability of the extraforaminal approach to ELLDH.

Indication for Operative Treatment

Indications and contraindications for surgical treatment of ELLDH are
the same as for classical disc herniations. The operation is undertaken if
signs and symptoms of nerve root compression fail to improve or increase
during a conservative treatment course, and if a disc herniation has been
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L3-4

L3

Fig. 5. The changing relationships and courses of the L3, L4 and L5 ventral rami
in the axial plane at the level of the intervertebral disc space are demonstrated.

Sacral ala SA

radiologically demonstrated in a location appropriate to explain the clini
cal manifestations. We require at least 7 days of strict bed-rest followed by
progressive mobilisation with physiotherapy during one month. In the
presence of a significant, recent and progressive motor deficit, the opera
tion is scheduled earlier. Symptoms and signs of compression of the cauda
equina are an indication for emergency surgical decompression, however
an ELLDH cannot be responsible for this clinical presentation. The mere
presence of an ELLDH on neuroradiological imaging is not an indication
per se. Numerous patients with significant extraforaminal disc herniation
on CT will become asymptomatic with conservative treatment [2, 38],
probably because of the lesser bony conflict in the far lateral compartment.

The degree of associated degenerative disease has to be taken into
account especially in elderly people. Femoral neuropathies in the same age
group as a result of non-compressive causes such as diabetes or combined
factors have to be excluded.

Preoperative Evaluation

Plain lateral and anteroposterior X-rays are requested. In cases of typical
sciatica or femoral type pain syndrome, these X-rays need not to be recent,
and they can be replaced by a frontal and lateral scout view on CT scan. In
anticipation of disc surgery, the images will be particularly screened for
any abnormality of segmentation, forward or lateral slipping, with or with
out spondylolysis or scoliosis and other types of degenerative pathology.
The height of the iliac crests are of special interest in cases with ELLDH at
L5-SI level.

CT scan is requested in patients with a typical history and clinical signs
and symptoms of disc disease with compression of one or two nerve roots.
To define the origin of a monoradicular syndrome, 3 to 4 mm slices have
to be made over at least two consecutive segments. The superior disc has to
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A B

Fig. 6. (A) Lateral interpedicular compartment, pedicle and nerve alterations. The
approximate locations of the borders of the pedicle: superior 1 a line drawn
perpendicular to the midpoint of the vertical dimension of the facet joint; inferior
2 a line drawn parallel with the inferior aspect of the TP; lateral 3 a line along the
lateral aspect of the superior articular process; medial 4 a line drawn perpendicular
to midpoint of the transverse dimension of the facet joint. a Effective horizontal
width of pedicle, b angle of the "foraminal" segment of the nerve, c distance from
the base of TP to the caudal endplate, d distance from the superior aspect of the
disc space to the superior aspect of the facet joint, e amount of isthmus extending
lateral to the medial border of LIPe. The changes in the orientation of the long
axis of the pedicle are seen on the right. (B) Operative exposure (green boxes) and
osseous changes in posterior elements. The osseous landmarks are: the medial
aspect of the cranial TP 1, with its accessory process 2, the lateral aspect of the
isthmus 3 and the supero-Iateral portion of the caudal facet joint 4. For the
uncommon infero-Iateral ELLDH, the superior aspect of the caudal TP 5 is ex
posed. The supero-medial aspect of the sacral ala 6 is routinely exposed for L5-S I
ELLDH. Maximal vertical a and minimal horizontal dimensions of the posterior

arch. Level dependent bone removal (violet)

be included in the scanning because it could carry a classical disc hernia
tion, and the inferior disc could be the origin of an ELLDH. CT scan has
therefore to cover the whole length of the spinal segments, in order to
detect fragments that have migrated away from the disc, and to cover the
entire LIPC where ELLDH most often are located underneath the pedicle.

In most cases CT scan will demonstrate the ELLDH (Fig. 7). The fat in
the LIPC is replaced by material of a density of about 80 Hounsfield units
which occupies the intervertebral foramen and/or the adjacent extrafor-
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Fig. 7. Computed tomography after myelography showing a right sided extreme
lateral lumbar disc herniation at the level L4-L5 (arrow). Slice thickness: 3 mm).
The black arrowheads indicate the fibroadipose separation between the multifidus
and the longissimus muscles which corresponds with the approximate route for the

transmuscular approach

aminal area. The dorsal root ganglion can usually no longer be identified,
because the whole area is covered by the disc material. Occasionally it is
difficult to distinguish between a small foraminal disc fragment and a large
dorsal root ganglion. Unfortunately the comparison of densities is not
reliable as sequestrated disc fragments often have a lower attenuation
value than intact discs. Several hints may be useful. In our experience an
ELLDH has always been visible on at least two consecutive 3 mm slices,
most often on three or four slices. The material is usually in contact with
the next lower disc, and the latter presents an irregular bulge into the LIPC
in contact with the upper pedicle. In exceptional cases, frontal and sagittal
reconstructions are necessary to clarify the situation. Ultimately, the clini
cal presentation will determine whether a surgical exploration is indicated
for a doubtful radiological finding. The most common differential diagno
ses on CT scan are: connective tissue proliferation around a facet joint in
cases with severe degenerative changes and conjoined nerve roots [14]. The
latter are usually an incidental, clinically silent finding, requiring no surgi
cal intervention, but occasionally myelography will be necessary to clarify
the diagnosis. Less often other differential diagnoses will have to be consid
ered, including benign and malignant tumors, granuloma, synovial and
ganglion cysts, nerve root sheath cysts and diverticula, abscesses and para
sitic diseases. Enlargement of the intervertebral canal, bone erosion or
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destruction, infiltration of the surrounding muscles and enhancement after
i.v. contrast infusion on CT scan should raise doubts about the diagnosis
ofELLDH.

Magnetic resonance imaging (MRI) as the most recent neuroradiologi
cal imaging technique reaches actually the same accuracy rate for lumbar
disc disease. Optimal imaging parameters with MRI depend largely on the
clinical problem, the availability and the performance of the machine.
There is always a compromise between numerous factors, including spatial
and contrast resolution, signal-to-noise ratio, slice thickness, field/plane of
view and total examination time.

A typical MRI examination protocol for lumbar disc disease includes
the use of surface-receiving coils, starting with a relatively Tl-weighted
sagittal image sequence using the spin echo technique and 5 mm slices. This
is followed by a Tl-weighted series of axial images with a single echo and
5 mm slices. Optimal demonstration of anatomical details is given by the
echo with a short TE « 50 ms) on the sagittal and axial images. Cortical
bone will appear as a black outline of signal void around the cancellous
bone structures which emit an intermediate signal, similar to muscle.
Annulus fibrosus, posterior ligament, dura, CSF and nerve roots are rela
tively hypointense and do not contrast with cortical bone or osteophytic
spurs, whereas the yellow ligament appears slightly brighter. Fat emits a
very strong signal and is invaluable for a perfect outline of the content of
the spinal canal, LIPC, and paravertebral area. The nucleus pulposus emits
an intermediate signal.

To obtain a T2-weighting in order to increase the signal of CSF and
produce a myelographic image, it is necessary to use a long TR (2.0 s) and
late echo sampling (TE >60 ms). The standard spin echo sequences are
time consuming and not routinely performed. They have been replaced
by turbo-spin-echo sequences giving almost similar contrast in a shorter
acquisition time or by gradient-echo sequences.

T2-weighting will also increase the signal from the nucleus to a degree
which depends greatly upon its hydration. The distinction between nucleus
and annulus tends to disappear with age. Disc herniation will best be
outlined on Tl-weighted images (Fig. 8), whereas disc degeneration and
compression of the dural sac are visible on T2-weighted images.

For ELLDH it is important to examine sagittal screening pictures, not
only in the median plane but also far laterally at the level of the LIPC and
beyond (Fig. 9). Axial images are essential, as they are more useful to
define precisely the lateral position of the herniation with respect to the
intervertebral foramen. Although MRI theoretically provides more infor
mation than CT scan, there are pitfalls. The absence of a signal from
cortical bone deprives the surgeon of critical information which is immedi
ately apparent on CT scan. The possible compression of nerve roots by
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Fig. 8. Transverse Tl weighted spin-echo sequence showing the same extreme
lateral lumbar disc herniation as in Fig. 7 (arrow). The left L4 dorsal root
ganglion is well seen just underneath the pedicle, surrounded by extraforaminal fat

(arrowhead)

osteophytes is also less apparent. Taking into account only practically
relevant factors, including image quality, ease of unambiguous interpreta
tion, examination time, availability and expenses, we still consider CT scan
as the standard examination for lumbar disc disease.

Myelography is no longer indicated as a primary investigation for
typical sciatic or femoral pain syndromes.

According to our findings, the myelography will be strictly normal in
approximately one-fourth of cases with ELLDH [14]. The same proportion
of examinations will show some associated pathology such as lumbar canal
stenosis which will interfere with the radiological evaluation of the region
of interest. In at least half of the patients with ELLDH, there will be a
uniform abnormality of the superior nerve root sheath which is slightly
shortened and enlarged at the level of the pedicle (Fig. 10). This typical
manifestation of an ELLDH of the next lower disc can easily be misinter
preted as a lateral recess stenosis or a downward herniation from the upper
disc space. A CT scan after myelography will clarify the situation.

Surgical Technique

Selection ofApproach

There are two possible approaches to reach the LIPC from the outside:
the paramuscular and transmuscular approaches (Fig. I). The anatomical
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Fig. 9. Sagittal Tl weighted spin-echo sequences of the same patient with L4-L5
ELLDH as in Figs. 7 and 8. The L4 intervertebral canal (arrow) is occluded by
tissue of intermediate signal representing the extraforaminal disc herniation

originating from the intervertebral space L4-L5

landmarks are easier to identify in a paramuscular approach and It IS
therefore recommended for surgeons less familiar with this technique. We
usually use a paramuscular approach in obese patients, except for L5-S 1
ELLDH, and in cases with paramedian and extreme lateral lumbar disc
herniations on the same level and side. This approach allows simultane
ously an extreme lateral and classical paramedian access with preservation
of the pars interarticularis. The skin incision has to be longer in order to
have enough space for retraction of the paravertebral muscles beyond the
facet joint.

All other cases with pure foraminal or extraforaminal herniations are
subjected to the transmuscular approach with the advantage of a shorter
skin incision and less tissue retraction.

Positioning

The position is identical to that for classical hemilaminotomy. Our stan
dard laminectomy frame consists of a solid arcuate support for the chest,
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Fig. 10. Myelographic demonstration of the same right sided L4-L5 ELLDH.
Note the shortening and enlargement of the L4 nerve root sleeve (arrow) beneath

the pedicle of L4

the patient being otherwise positioned on the knees preventing excessive
compression of the abdomen.

Prophylaxis of Infection

On the day of operation the patient takes a shower with chlorhexidine. The
skin of the operative site is shaved and cleaned with a mixture of alcohol
and ether. It is then rubbed for 10 minutes with an iodine liquid surgical
soap. Cefazoline I g i. v. is administered as a single dose before the skin
InCISIOn.

Operative Technique of Transmuscular Approach

First the lumbar spinous processes are identified by palpation. A lateral
x-ray is taken with a spinal needle placed opposite to the superior spinous
process of the concerned segment thus marking the midpoint of the the
skin incision. A 5-7 cm longitudinal skin incision is made approximately
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Fig. II. Skin incision for left L4-L5 ELLDH

5 cm from the midline (Fig. 11). To provide an oblique view, the incision
is 1-1.5 cm lateral to the facet joint. Thus its distance from the midline,
which can be estimated from the CT scan, increases caudally until the
distance becomes limited by the iliac crest at the L5-S1 level. The skin,
subcutaneous tissue and posterior layer of the thoracolumbar fascia are
incised revealing, through a thin adipose layer, the erector spinae aponeur
osis (ESA). The space between the ESA and the erector spinae muscles is
dissected with scissors medially and laterally over 3 mm in order to look
for a longitudinal separation between the multifidus and the longissimus
muscles. A fibrous separation usually identifies its location. If there is
no distinct plane the muscle itself is split straight downward using fingers
and scissors. The finger tip has to identify the base of the two adjacent
transveres processes and the lateral aspect of the facet joint. The plane is
enlarged until the osseous landmarks are identified: the medial aspect of
the cranial transverse process and the lateral aspect of the isthmus. As soon
as these structures are reached, a temporary retractor is installed and a
spinal needle is placed in the corner between the base of the lower trans
verse process and the supero-Iateral portion of the caudal facet joint. A
lateral X-ray is taken; the needle tip lies exactly opposite the underlying
disc. This verification is done in every case to confirm the right level. If one
aims too far medially the laminar edges can be confused for the TP's of the
intertransverse space.

In the depth of the operative field one can now see a medial and lateral
muscle bulk and, protruding from underneath the medial muscles, the
extremity of the facet joint and its white capsule. The lateral aspect of the
facet joint and the base of the superior transverse process are now cleaned
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Fig. 12. Cross section at midlumbar level. Self retraining retractor. The medial
blade is positioned over the facet joint, the lateral blade at the level of the trans
verse process. The medial blade is slightly shorter than the lateral blade. This
forces the retractor in a moderately oblique direction. 1 multifidus muscle, 2
longissimus muscle, 3 iliocostalis muscle, 4 quadratus lumborum muscle, 5 ramus
dorsalis of spinal nerve, 6 psoas muscle, 7 segmental lumbar artery, 8 segmental

lumbar vein

from muscular attachments with scissors and periosteal elevator. The latter
is useful for elevating the muscles overlying the facet joint and creating for
a space for medial retraction. The definitive selfretaining retractor is now
inserted (Fig. 12). We use a Caspar type retractor with parallel changeable
blades and sharp tips designed for the anterior approach to the cervical
spine. The shorter medial blade is placed over the dorsal aspect of the facet
joint beneath the partially undermined multifidus. The slighty longer lat
eral blade is placed in the depth at the level of the transverse processes,
somewhere between the longissimus muscle and the intertransverse liga
ment. If the blades have almost the same length, the step between the
transverse process and the dorsum of the facet joint will force the retractor
into an optimal oblique position towards the midline.

The operating microscope is now brought into position. If part of the
multifidus muscle still obscures the operative view, that portion should be
resected. At this stage, the base of the superior transverse process and the
lateral apect of the facet joint are further exposed by cutting and removing
the attachments of small muscles and ligaments. Bleeding from bone is
stopped with bone wax. The accessory process is identified lying just cra
nial and lateral to the operative target, the isthmus. This structure has to
be completely cleaned of all soft tissue to prepare for drilling. It is best to
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Fig. 13. View after initial placement of the retractor. The medial blade holds the
bulk of the multifidus muscle 1 and the lateral blade the bulk of the longissimus
muscle 2. Deeper fibres are still attached to the bony and articular structures. The
dotted line delimits the isthmic area 3 which has to be cleared of all soft tissue.

Intertransversarius medialis muscle 4, accessory process 5

make an arcuate incision around the isthmus starting from the accessory
process, cutting down to the bone and delimiting the soft tissue to be
removed (Fig. 13). The facet joint capsule itself is preserved as much as
possible. The angle between the base of the inferior transverse process and
the facet joint is not further dissected. The medial intertransverse muscle is
often detached during exposure. Any dissection in the lateral intertrans
verse space lateral to the lumbar artery and anterior to the horizontal leaf
of the ITL (Figs. 1, 3) should be avoided because of the risk of causing
troublesome bleeding and nerve injury. Unless CT scan indicates the rare
instance of a herniation towards the front of the inferior TP, exposure of
the spinal nerve in this area will not be needed. This prevents damage to the
main trunk of the dorsal branch of the spinal nerve. In no case should one
use punches to tear off soft tissues because the dorsal branch may be
caught and avulsed together with part of the spinal nerve or dorsal root
ganglion. The use of monopolar cautery in the intertransverse region
should also be avoided [50].

A high speed pneumatic or electrical drill is used to remove the lateral
part of the isthmus (Fig. 14). Drilling starts at the isthmus and is continued
in an arcuate fashion. The amount of bone removal varies widely depend
ing upon degenerative disease: Minimal or no drilling is required in younger
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Fig. 14. Drilling of the lateral part of the isthmus and exposure of the ligamentum
flavum 1. Cranially, the drilling reaches the spongiosa of the pedicle 2. Removal of
the latero-superior part of the facet joint down to the area of the crossed line is not
routinely performed and is only required to reach the spinal nerve. Extraforaminal

fat 3

people at the level L3-L4 or above; it is more extensive at lower levels,
particularly in the presence of a hypertrophic facet joint. Drilling is con
tinued in a medial and superior direction until the extremity of the yellow
ligament and the spongiosa of the inferior aspect of the pedicle are reached.
There is no landmark of the medial border of LIPC. When drilling, one has
to remember that the dorsal root ganglion lies immediately inferior to the
cranial pedicle covered by the yellow ligament. The lateral extension of the
ligamentum flavum is now removed with a scalpel or microscissors. A
variable quantity of foraminal fat is seen, indicating the proximity of the
dorsal root ganglion. Resection of the thin layer of adipose tissue invari
ably discloses the dorsal aspect of the ganglion which appears surprisingly
large, owing to the limited exposure and the optical magnification. Fre
quently, the ganglion will be pushed backwards into the opening by the
underlying disc herniation. The pedicle which is just above can be seen
or palpated with a hook. The ganglion serves as a new landmark and the
next step includes exposure of the medial aspect of the ganglion and its
junction with the spinal nerve. This usually means more removal of bone
from the isthmus and the cranial part of the facet joint (Fig. 15). The
ganglion is kept under visual control to drill or punch supplementary
bone. In order to expose the medial aspect of the spinal nerve, the cranio
lateral part of the facet joint will have to be removed in most cases. The
joint capsule at this level should be resected sharply before drilling bone in
order to minimize distant tearing of the capsule. This enlargement allows
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Fig. 15. Exposure of the dorsal root ganglion 1 after resection of the ligamentum
flavum and of the extraforaminal fat. The junction with the spinal nerve is visible.
A free fragment of herniated disc material is protruding from underneath the

ganglion 2. Spinal nerve 3

exploration in the depth medial to the spinal nerve. The disc occupies the
most caudal part of the opening (Fig. 15). It will therefore be approached
obliquely from cranial to prevent extensive sacrifice of the facet joint.
Visual inspection and exploration with probes will reveal a bulge extending
upwards from the disc. Partially free fragments of herniated disc are most
often apparent. As a rule these fragments have migrated upwards and
lateral underneath the ganglion or between the pedicle and the spinal
nerve. If the visible part of the disc is not ruptured, it is incised with a
scalpel together with the overlying posterior longitudinal ligament. During
this procedure, the ganglion is pushed laterally with the microsurgical
sucker. A nerve root retractor is rarely used. Manipulation of the dorsal
root ganglion should be kept to a minimum as it is highly sensitive to
mechanical stimulation [5, 21]. The disc itself is now entered with small
straight and curved rongeurs and nucleus pulposus tissue is removed as far
as possible (Fig. 16). Larger instruments can usually not be used from this
lateral approach. No attempt is made to empty completely the disc space.
Rongeurs should be used cautiously as the distance to the antero-laterally
related vessels is reduced compared to the interlaminar discectomy.

At the end of the operation an exploration with the hook is again
performed underneath the ganglion towards the pedicle which should be
clearly felt. Often a residual free fragment can be extracted from this
location. Lateral dissection along the distal part of the ganglion and the
spinal nerve is avoided due to the risk of injuring the radicular artery and
the dorsal ramus (Figs. 2, 4). The dorsal ramus is usually not seen, espe-
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Fig. 16. Removal of the nucleus pulposus. The rongeur reaches the disc under the
facet joint from above and lateral. The position of the disc is indicated by dotted
lines. The blunt hook explores underneath the ganglion for sequestrated disc

fragments

cially in the foraminal type of herniation, as it originates within or adjacent
to the distal half of the LIPe.

The operative field is now flooded with saline and observed for any
residual haemorrhage. A suction drain is rarely left in place. The apo
neurosis of the erector and the thoracolumbar fascia are sutured in one
layer with absorbable stiches. The skin and subcutaneous layer are closed
separately.

The patient is permitted to ambulate the following day and is usually
discharged home 4 days later.

Operative Technique ofParamuscular Approach

The only difference of this approach compared to the former discribed is in
its initial part.

The skin incision, 6-8 cm long, is performed 4 cm lateral to the midline
at the height of the superior spinous process. The thoracolumbar fascia
and the aponeurosis of the erector spinae muscle are sectioned 4 cm from
the midline. Dissection underneath the aponeurosis is performed to reach
back to the midline. The erector spinae muscles are detached from the
spinous processes and retracted far lateral beyond the lateral aspect of the
facet joint to localize the base of the adjacent transverse process. Lifting up
the muscle mass with a raspiratory permits detachment of the multifidus
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muscle by cutting with scissors. This will help to minimize damage to the
facet joint capsule.

A self-retaining hemilaminectomy retractor is then introduced. The
lateral retractor blade is introduced to reach the level of the transverse
processes. Vigorous progressive retraction is necessary in order to visualize
the isthmus and to prevent a fracture of the spinous process, where the
medial blade is positioned. After radiological identification of the isthmus
the operation is continued in a manner identical with the transmuscular
approach.

Ten Steps of the Transmuscular Approach

1 paramedian skin incision, 2 section of thoracolumbar fascia and apo
neurosis of erector spinae, 3 muscle splitting between multifidus and
longissimus, 4 identification of the transverse process and facet joint, 5
lateral X-ray, 6 exposure and drilling of the lateral part of isthmus and
lower third of the pedicle, 7 resection of yellow ligament, 8 exposure of the
dorsal root ganglion and spinal nerve by further bone resection of facet
joint, 9 incision and extraction of the disc tissue and possible free disc
fragments, 10 final exploration and closure.

Discussion

The ELLDH form a specific category of disc disease. This subgroup is
clearly defined by the location of a herniated disc in the lateral inter
pedicular compartment (LIPC) described previously [44]. ELLDH cannot
however be detected on the basis of a clinical examination because there
exist no specific clinical characteristics to distinguish them from classical
paramedian disc herniation [38]. It is therefore, rather, an anatomical dif
ferentiation visualized by neuroradiological methods [3, 13, 18, 23, 30, 31,
40]. This difference is however very important for spinal surgeons, because
of its impact on the surgical approach and on spinal stability. We consider
that all ELLDH needing surgical treatment should be approached from the
lateral side of the isthmus to preserve a maximum of osseous and articular
structures.

The craniocaudal changes in the osseous and nervous structures have
their influence on the pathophysiology. The upper lumbar nerves (Ll-L3)
run at an acute angle from the vertical in their brief "intraforaminal"
course and are entirely posterior to the lateral aspect of the disc space in
their "extraforaminal" course (Figs. 4, 5). In contrast, the L5 nerve root
has an oblique, long "intraforaminal" course and in its "extraforaminal"
course is intimately related to the lateral aspect of the L5-S 1 disc space.
Therefore, a purely lateral disc herniation in the upper lumbar spine will be



The Far Lateral Approach to Lumbar Disc Herniations 271

too far anterior to compress the nerve while the same herniation can result
in significant compression at the caudal levels (Fig. 5). This anatomical
finding supports the clinical impression that herniations which are primar
ily lateral to the intervertebral disc space more frequently require surgery
in the lower than in the upper lumbar spine.

Concerning the technical part of the transmuscular or paramuscular
approaches we want to emphasise a few important practical details.

The initial difficulty is getting the right level. It is therefore important
to remember that the skin incision must be at least half a segment higher
than would be appropriate for a classical interlaminar approach at the
same level. Digital palpation after muscle splitting can be misleading espe
cially if one is reaching too superficially and too medially; the laminae can
be confused with the transverse processes and the first sacral foramen can
be misinterpreted as the narrow L5-S1 intertransverse space. We therefore
recommend a perioperative X-ray with a marker at the lateral border of the
target isthmus.

The dissection should never be carried ventral to the intertransverse
membrane or the level of the transverse process as it can endanger
branches of the segmental lumbar arteries and accompanying veins and
may lead to bleeding. Even the spinal nerve from the next higher segment
can be damaged. Blind monopolar coagulation in this area is therefore
also contraindicated. Dissection should be started in the immediate region
of the isthmus, starting from the accessory process at the base of the
superior transverse process and directed medially. Further lateral explora
tion should only take place once the dorsal root ganglion has been iden
tified. Deep exploration along the lateral aspect of the ganglion should also
be avoided, in order to prevent possible avulsion of the radicular artery at
its penetration into the ganglion; ischaemia of the nerve root or the conus
medullaris can be the cause of a neurological deficit.

Other minor or major difficulties and complications are not peculiar
to the extraforaminal approach and have not been encountered in our
practice.

Outcome

The final outcome after discectomy by a far lateral approach for ELLDH
is encouraging. Our first analysis of the postoperative results in 62 cases
showed an excellent result in 66% of the patients without any residual
symptoms. 27.5% of the patients noted a clear improvement with some
residual symptoms of back pain. There were 5% without any notable
improvement and 1.5% were aggravated [15]. The follow up period ranged
from one to three years. Regarding daily activity, we noted that 91 % of all
operated patients returned to their preoperative activity level. We have
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operated on more than 250 patients with ELLDH by either the transmusc
ular or paramuscular approach. The recent unpublished data seem to con
firm the initial positive results.

In summary, the use of the lateral approach for ELLDH is a safe and
efficient procedure in experienced hands using the microsurgical technique.
The major advantage is the minimal surgical approach to preserve a maxi
mum of bony and ligamentous structures, achieving excellent long term
results.
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