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Preface

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

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
publication 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 post-
graduate training. However, we are convinced that it will also be useful to
experienced, 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
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 com-
munity 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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Introduction

Since Winkler in 1977 determined that the radiodensity of xenon could be
used for image enhancement during transmission computerized to-
mography*, a number of groups have explored the possibility of using
stable xenon as a tracer of cerebral blood flow (CBF). In 1978, Kelcz and
coworkers? defined the CT enhancement characteristics of stable xenon at
the same time that Drayer, et al.% reported early experiments with the direct
measurement of CBF. Since that time, work has continued in the search to
determine the best route by which to characterize the time course of arterial
and tisssue enhancement, as well as calculate CBF using this new technique.
Published work in the last several years has addressed the applications of
xenon/CT CBF imaging to a spectrum of clinical disorders?89-21-23.30-33,40, 42,
43,49,53,54,56_In 1984, our group at the University of Pittsburgh, working with
researchers from the General Electric Company, devised a means of
integrating the xenon/CT CBF methodology within the GE/9800 CT
system. Efforts by other companies suggest that the method will be
incorporated into many other CT systems in the near future.

Methodological Considerations

The arterial concentration of xenon was initially analyzed by Drayer et al.,
by scanning samples of arterial blood withdrawn during xenon inhalation.
While some groups have continued to use the scanning of externalized
arterial blood, others have adopted a ““shuttle” technique that involves the
scanning of the cervical carotid artery between scans of intracranial
structures. Another approach involves the use of end-tidal xenon concen-
tration to provide, indirectly, a measure of arterial build-up of xenon
concentration. While a mass spectrometer has been used for this purpose?,
the thermoconductivity analyzer has also proven to be a sensitive and stable
device!> 16 with potentially similar accuracy as a mass spectrometer!’.

To characterize the movement of xenon within the brain it was apparent
to us that, because the stable xenon and CT imaging procedure requires a
limited number of CT scans obtained at relatively long intervals (20 + sec-
onds), a “curve stripping” approach such as that used with xenon-133 CBF
determinations could not be used with stable xenon and CT imaging. As a
result, most investigators were forced to assume that each computed voxel
(unit volume), which could be as small as 0.5 x 0.5 x Smm?, consisted of a
single flow compartment’-13-2%, This assumption also meant that the “build-
up curve” could be used for CBF analysis. The high resolution and stability
of new scanners has made these assumptions increasingly more valid'® 26.
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While other CBF methodologies have used normative partition coeffi-
cient values, we have found that the partition coefficient (lambda) can be
directly measured by using stable xenon in combination with imaging until
all brain structures are saturated with xenon. Gray matter saturation
normally occurs within three minutes; white matter saturation can require
20 to 30 minutes> ”-?°. Currently, mathematical means of extrapolating a
lambda value from a relatively brief period of inhalation measuring 4.5-5
minutes are being employed!®. This approach has proven to provide
reasonable flow information within the scope of a more clinically acceptable
examination.

Although some groups have calculated CBF using a single enhancement
point and others have assumed a “normative lambda’® !-2° a two-variable
approach using the best fit for the data has significantly reduced errors
associated with the xenon/CT CBF calculation'® 1%-26: 41 The two-variable
approach and modern computer applications have enabled the calculation
of CBF for every CT voxel'®-3, resulting in the creation of maps of flow with
relatively high resolution.

A major clinical limitation of xenon/CT CBF measurement is the
marginal signal-to-noise ratio that results when lower, more clinically
acceptable concentrations of xenon are used'> % 3!, While 100% xenon
provides about 30 Hounsfield units of tissue enhancement, the inhalation of
this concentration for even a single breath can be dangerous*. Concentra-
tions of 50-60% consistently cause sedation and have been associated with
bronchospasm?¢. While initial observations suggested that concentrations
ranging from 24-50% could be tolerated, our experience with more than
1,800 patients has led us to conclude that concentrations of xenon at or
above 35% are associated with an unacceptably high incidence of patient
intolerance. We have, however, observed that at an inhaled concentration
of 28-33% xenon, most individuals experience few ill effects?®. In recent
studies we have observed that the addition of 0.8% CO, to a mixture of
32.2% xenon and 67% oxygen further stabilizes respiratory parameters!.
An acceptable signal-to-noise ratio has been made possible with these lower
xenon concentrations because of the comparatively high signal-to-noise
ratio and image stability provided by the newer CT scanners including the
GE/9800.

Clinical Methodology

The xenon CBF imaging methodology that was developed at the University
of Pittsburgh and subsequently incorporated into the GE/9800 system will
be reviewed here. The system is now commercially available and is being
used in over 70 centers worldwide. Collectively, these centers have
conducted more than 3,000 studies in which our imaging procedure has
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proven to be a useful and clinically acceptable approach to the noninvasive
acquisition of meaningful local cerebral blood flow (LCBF) data?.

Although basic CT technology is not inexpensive, the additional expense
required to make CBF imaging possible is comparatively small and the
equipment need not be dedicated to blood flow measurements. In our
institution this has resulted in optimum use of scanning equipment, with
flow studies now being routinely performed within the time frame required
for a normal baseline and iodine enhanced CT study. A typical study
proceeds as follows;

Xe/CT Study Procedure

Before being positioned on the CT table, the patient is informed that
transient sensory disturbances may occur. He/she is told that it will be
necessary to remain completely still throughout the procedure, which
involves two baseline scans and by 4!/, minutes of xenon inhalation for a
total period of about 6!/, minutes. Blood pressure is recorded at this time
and immediately after the examination.

The patient is then positioned within the CT scanner and fitted within a
standard CT scanning headholder combined with an attached vacuum
device (Vac-Pac, Olympic Medical Supply Co., Seattle, WA) to aid fixation
of the head. A limited number of initial scans are taken to select the levels for
CBF analysis. Because CT artifacts significantly degrade the flow in-
formation, CT scan angles are selected that will minimize this artifact. The
sphenoid and petrous bone as well as the midline frontal and occipital
protuberances are intentionally avoided. Exposure of the orbits is also
avoided, to reduce the radiation exposure to the radiosensitive lens of the
eye.

The patient is reminded once more to remain completely still during the
study. He/she is then fitted with either a face mask or a mouthpiece
(accompanied by firm nasal compressions) and the xenon gas mixture
(32.2% xenon, 67% oxygen, 0.8% CO,) is delivered from a 60-liter plastic
bag through a nonrebreathing system. End-tidal pCO, is measured with a
capnograph, and the xenon concentration is monitored by a thermo-
conductivity detector. Both of these measurements are continuously
displayed. Two baseline scans are then obtained at each level of study. The
patient’s tolerance for xenon gas is monitored throughout the examination
by predetermined toe movements that communicate with the clinican.

We study multiple brain levels during one inhalation period by using
programmed incremental table movements between four-second CT scans
obtained at 60-second intervals at each level'*. Up to three levels can be
selected for study during one inhalation sequence, with the number of levels
limited at this time by the heat-loading constraints of the current CT X-ray
tube.
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Xenon end-tidal values obtained from the thermoconductivity detector
(Fig. 1) and the recorded percent xenon are converted into an estimated
time-dependent CT enhancement of the arterial blood using the following
relationship:

Ca(u) = C Xe ET (1 + 1.1 Hct.),

Ca(u) = instantaneous arterial Xe concentration,

C = kVp dependent conversion constant,

Xe ET = end-tidal Xe concentrations,

Hct = hematocrit.

Fig. 1. The xenon uptake air curve is displayed on a scale of percent xenon versus
time in minutes. Each end-tidal xenon value is displayed as a dot and the initial
concentration of xenon in the reservoir is recorded with a “dashed” line. The
exponential of the fitted rate constant is displayed as a solid line. In the study data
box on the lower right, the first entry is the patient’s premeasured hematocrit
recorded as a percentage. The % xenon in the bag is the next entry, and the
maximum % xenon in blood as measured from the fitted rate constant is the third.
The fourth number is the arterial enhancement, which is calculated from the
hematocrit and the maximum % xenon in blood (see text). Lastly, the arterial rate
constant is the exponential fitted rate constant in units of (min)—! at which blood
approaches xenon saturation
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The sequence of CT images obtained at each brain level before and
during xenon inhalation is used to characterize the local build-up of xenon
in tissue for the calculation of LCBF. The two baseline scans obtained
before xenon inhalation are averaged to reduce noice level, and this
averaged baseline image is subtracted from each image obtained during
xenon inhalation. Each voxel measuring 1 X 1 x 5or1 x 1 x 10mm3, is
subsequently defined by a series of delta CT values as a function of time.
These data are combined with the measured arterial concentrations over
time to solve the Kety/Schmidt equation.

t

ACT(t)=f j ACa(u)e*t—wdy where f = k-1

0

A weighted least-squares fit routine is used to derive estimates of the two
parameters, flow (f) and lambda () using an iterative approach. Pre- and
postanalysis smoothing routines are used to reduce pixel-to-pixel noise. A
centrally weighted, three-pixel, bell-shaped smoothing routine is used
before the computation, and a centrally weighted 9 x 9or 7 x 7 bell-shaped
smoothing routine is used after the computation. When a point data set
cannot be fit to the xenon build-up curve within the limits of allowable error
(ssq), the system automatically averages values from the adjacent eight
voxels and substitutes that value.

Calculation of flow values for each of the 10,000 to 30,000 voxels per CT
level requires 14 minutes, resulting in a flow map (Fig. 2). Quantitative data
are presented on the CT console adjacent to the baseline CT image. In
addition, a ““‘confidence image” is presented which represents a normalized
sum of the square of the differences between the actual enhancement values
and the fitted exponential of enhancement values. The degree of whiteness
on the confidence image correlates with a poorer fit and greater error
inherent in that computed CBF value.

The flow images can be analyzed in a number of ways. With the large
number of flow calculations acquired, the mean and standard deviation of
flow value for any desired region can be displayed. For example, in Fig. 3 a,
a continuous quantitative gray scale is used to display the flow data. In this
map, the average flow value of the 16 two-centimeters-in-diameter regions
of interest (ROIs) was 49 cm?3/100 gm?/minute with values for each ROI
being dependent both on arbitrary placement and on the mix of tissue
within each. The selective placement of 5 mm ROIs within anatomical gray
matter areas of the CT image provided values from 41-129cm?3/
100 gm3/minute (Fig.3b), with a mean of 74.8 cm3/100 gm3/minute; the
associated white matter mean for similarly generated regions of interest was
19.2cm?/100 gm3/minute. The gray/white ratio in this normal study is 3.9.
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Fig. 2. The smoothed flow image is displayed on the upper left on a gray scale of
0-100 cm?/100 g/minute when the window level (w) below the image on the right is
set at 100 and the level (L) is set at 50. The baseline scan for the flow map is
displayed below the flow image with the confidence image on its right. In the
“xenon study information” box, the baseline and enhanced images used in the
calculation are displayed based on the data already described in Fig. 1. Lastly,
pCO, levels are recorded at the beginning, middle, and end of the period of xenon
inhalation

A number of groups working with the stable xenon/CT method have also
shown values consistent with established flow norms’ 2 3.

Laboratory Validation

Over the past nine years, we have examined in animal studies the possible
physiological significance of the blood flow information provided by this
methodology. Flow resolution as defined by full width half-maximum
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Fig. 3 a. This is a relatively normal study with the baseline CT displayed on the left

and its accompanying flow map on a gray scale of 0-100 cm?/100 g/minute on the

right. Two-centimeters-in-diameter ROIs have been placed on the flow image and
the average flow value of each ROI displayed

Fig.3b. The scale is 0-150cm3/100 g/minute, and five-millimeters-in-diameter
ROIs, which were selected from within gray matter regions on the CT image, are
displayed
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Fig. 4. This normal three-level blood flow study was obtained in a baboon under
neuroleptic anesthesia with a pCO, of 44mmHg. Note the high degree of
correlation between the adjacent anatomy (as seen on the CT image) and
appropriate regions of high and low flow consistent with gray and white matter

(FWHM) is approximately 6 mm with the current commercially available
system. It can be improved somewhat (~ 4.5mm) when small brains are
studied. The ability of the current methodology to resolve variations of flow
between gray and white matter has been shown in our animal studies, in
which ribbons of gray matter measuring only 2 mm and the internal capsule
measuring ~ 2-3mm are readily evident!>!¢ (Fig. 4).

To further validate these observations, we conducted a series of
microsphere experiments in which radiolabeled microsphere flow measure-
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Fig.5. This is a plot of concurrent flow values found with xenon/CT and

radiolabeled microsphere CBF measurements. (Permission, Gur, Ref. 15.) A basic

difference in methodologies is suggested by the relatively higher flow values
recorded with microspheres with high flow. Units are 100/100 gms/min

Fig. 6 a. Transorbital coagulation of the lateral lenticulostriate arteries produced a

permanent absence of CBF within the distribution of those vessels, in addition to an

early global reduction of flow. Note the occurrence of more subtle regional

alterations of flow over time within the ipsilateral and contralateral hemispheres.
The gray scale is 0-80 cm3/100 g/minute
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ments were made before, during, and after stable xenon inhalation. A high
degree of correlation was identified among these studies for both high and
low flow (Fig. 5)"°. A similar study with similar results was recently reported
by Panos®.

The reproducibility of the information obtained from the Xe/CT method
has been shown in repetitive studies in animals to be approximately 12% for
ROIs 1.4 cm in diameter or larger. Due to system noise, smaller ROIs have a
higher variation between measurements, with the information provided by
a single voxel (1 x 1 x 10mm?) having a flow-dependent standard de-
viation (higher with low flow) which may be as large as 100%'2.

We and others have performed studies involving the manipulation of
CO, and blood pressure to evaluate whether the presence of xenon altered
these physiological responses!® 2”4, In both animal and human studies, CO,
manipulation has been shown to cause an alteration of CBF which ranges
from 3-5% for each millimeter of Hg CO, variation in normal subjects to as

Fig. 6 b. Displays flow values obtained over time from two-centimeters-square

ROIs placed within the right caudate (/) and the adjacent rim of the lentiform

nucleus (2, 3). Note the stability of flow values within the caudate over time and the
variability of flow alterations in the immediately adjacent tissues
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Fig. 7 a. Sequential CT scans were obtained prior to, during, and following a one-

hour occlusion of the lenticulostriate arteries. Note the appearance of CT low

density within two hours after vessel reopening and the progression to en-
cephalomalacia by 19 days

low as 1% in subjects who have undergone severe closed-head injury and
have massive swelling. Experimental studies involving hypotension due to
controlled blood loss have consistently demonstrated the stability of blood
flow and presumably the integrity of autoregulation within a normal range
of blood pressures until mean arterial pressures below 30—40 mm of Hg are
reached®. ,

In studies of focal ischemia in animals, we have used the Xe/CT
technique to examine occlusion of perforating vessels (lateral lenticulo-
striate) occlusion®. Selective occlusion of only the lenticulostriate arterials
has been seen to produce a region with near zero flow in the ipsilateral
caudate and putamen, as well as in the intervening internal capsule
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Fig. 7b. Lenticulostriate occlusion again produced a dramatic reduction of local

CBF (< 1¢cm3/100 g/minute) within the distribution of these vessels. Reopening the

lenticulostriate vessels resulted in an early hyperemia with focal flows of 80—

100 cm3/100 g/minute. Flow values returned to low flow within 24 hours of
reperfusion

(Fig. 6a)®. In every experimental study we have performed in which less
than 1 cm3/100 g/minute has been recorded for one or more hours, neuronal
death has been apparent on pathological examination at six hours
postocclusion, with the region proceeding in other animals to encephalo-
malacia on pathology examination at three to four weeks. The reproduci-
bility and stability of the Xe/CT is evident from the stability of flow values
displayed in Fig. 6 b, in which blood flow values obtained from identical
regions over a 25-hour period are displayed from basal ganglion ROIs. In
other studies, reperfusion of the vascular bed after one hour of occlusion,
accomplished by removal of a clip on the lenticulostriate arteries, produced
a dramatic but transient hyperemia (Figs.7a and b).
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Fig. 8 a. Following clipping of a basilar tip aneurysm this women was paretic on her

right side with dysconjugata gaze. While the CT scan disclosed no significant

abnormality, the accompanying CBF study revealed a small region with absent
perfusion within the right thalamus
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Fig. 8 b. A CT study obtained 12 days later demonstrated a CT pattern of infarction
only in the region where flows had been below 10 cm?3/100 g/minute

Clinical Experience

The incorporation of the xenon/CT system within our standard scanning
equipment has proven to be a useful diagnostic tool which adds an
important new dimension to the information that CT imaging provides.
Because of the relative ease of access to this technology, our system enables
a flow study to be carried out in conjunction with a routine CT examination
with only an additional 20 minutes required within the scanning facility.
The transition from CT imaging to blood flow acquisition requires only an
additional two to three minutes to connect two cables from the external
delivery system and to fill the reservoir bag.

We have performed more than 1,800 flow examinations at the University
of Pittsburgh on more than 1,500 patients, including 1,350 awake indi-
viduals who were at least partially ambulatory outpatients and 150
intubated patients with altered mental status. The CBF studies on awake
patients have been well-tolerated by over 95% of the participants, resulting
in satisfactory and useful clinical information from over 90% of this group.
Motion artifact has been the major problem in the other 10%. In the
intubated patients, 100% acquisition of useful information has been
accomplished. In six patients in which intracranial pressure (ICP) was
recorded during xenon inhalation, no consistent alteration of ICP during
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Fig.9a and b. This CT study (a) and accompanying CBF (b) examination were

obtained 24 hours after this gentleman fell while jogging and sustained a left

hemispheric stroke. Despite a high-grade carotid stenosis due to ICA dissection, the

CT study revealed edema. The demonstration of hyperemia on the flow study
suggests reperfusion of the ischemic region
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Figs. 9 cand d. The follow-up CT and CBF study three weeks later showed localized

encephalomalacia and the absence of flow only in this region. Normal flow values

within the remainder of the MCA distribution did not suggest the need for flow
augmentation despite persistent high-grade ICA stenosis
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Fig.9e. A positron emission tomographic study of glucose metabolism was
obtained two months after the delayed CBF study (Fig. 9 ¢). It demonstrates a high
degree of correlation between flow and metabolism

xenon inhalation was found. In each of these cases, however, the patient was
either moderately or severely hyperventilated throughout the
examination®.

While computerized tomography has proven useful for the triage of
“stroke” patients, those with cerebral infarctions do not begin to show CT
alterations of mass effect and density until at least 612 hours following a
severe ischemic insult. The incorporation of xenon blood flow measure-
ments has made CT technology sensitive to the earliest flow events that
accompany cerebral infarction” 2% 31, With xenon/CT, both small basal
ganglion infarctions (Figs.8a and b) and cortical lesions with absent or
severely reduced flow have been readily evident and frequently seen within
the first six hours after the onset of deficit. The absence of measurable CBF
(< 3cm?/100 g/minute) has consistently been followed by a delayed CT
appearance of infarction. Luxury perfusion with reperfusion has also been
evident (Figs. 9 a—e). An extensive laboratory study of xenon/CT low flow
thresholds for EEG alteration and subsequent infarction is currently being
conducted.

Because of our interest in chronic occlusive vascular disease, more than
half of the patients we have studied have had single or multiple vessel
occlusive disease. For these individuals, no effort was made to interpret
residual flow reserve capacity earlier than four weeks following an
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Fig. 10. This 78-year-old gentleman developed daily episodes of vertigo, unsteadi-

ness of gait and confusion when standing. He was found to have an occlusion of his

right common, internal and external carotid arteries with a high grade siphon

stenosis of his left carotid artery. The right vertebral artery was occluded and the

left highly stenotic. A preoperative global low flow pattern was corrected following

a left STA/MCA bypass. He has been asymptomatic for two years following
surgery. (Permission, Yonas, Ref. 44)

infarction. This delay allowed time for the recoupling of flow and
metabolism to occur and for encephalomalacia to become apparent on the
CT image. In the vast majority of these patients, and despite often
worrisome angiographic patterns, we found no evidence of flow compro-
mise within remaining tissues even in cases of significant adjacent atrophy.
The higher resolution of xenon/CT CBF imaging does avoid the partial
volume sampling error inherent in most other clinical CBF methodologies.
It thereby more accurately reflects the adequacy of flow within remaining
tissues in individuals with only cortical lesions.

In 12 patients, 11 of whom had multiple vessel occlusive disease, we were
able to identify either a regional or global flow reduction within normal
appearing brain tissue on CT>* 3. All but one of these individuals had
experienced recurrent, positionally dependent, disabling TIAs, either
hemispheric or nonhemispheric in nature despite anticoagulation. Flow



Fig. 11a. This 58-year-old man had sustained a right hemispheric stroke two

months earlier probably at the time of ipsilateral ICA occlusion. The CT scan

suggests a small internal capsule lesion on the right side and the accompanying CBF

study shows a moderate reduction of right hemispheric flow values compared to the
left side

Fig. 11 b. Thirty minutes after the intravenous introduction of one gram of diamox,
a 50% increase of CBF values is apparent within all vascular territories implying
that there was no compromise of flow reserves. The study instead suggests that
deafferentation with reduced metabolism and appropriately reduced CBF was
present on the right side secondary to the more central brain injury



Fig. 12a. This 63-year-old man had frequently recurrent episodes of left hand

weakness and numbness which occurred while sitting or standing. The baseline

CBF study demonstrated reduced flows within the right hemisphere despite
absence of a CT-defined abnormality

Fig. 12b. Thirty minutes after the IV administration of diamox (one gram), his end-
tidal pCO, had fallen from 36 to 32mm Hg. The accompanying CBF study,
however, shows a dramatic elevation of flow values in all regions except within the
right MCA territory where no flow increase is observed. This study demonstrates a
compromised flow reserve within the right MCA territory



Fig. 13 a. This 42-year-old woman was found to have a malignant tumor of the right

base of the skull for which occlusion of the right ICA was contemplated as possibly

being necessary to accomplish a complete tumor removal. She initially displayed no

neurological deficit despite a 15-minute trial ICA occlusion. Her initial flow study
was normal prior to a second trial balloon occlusion of the right ICA

Fig. 13b. Her repeat study was performed 20 minutes later, five minutes after
balloon occlusion, with still no evidence of neurological dysfunction. The CBF
study however showed a significant reduction of flow within the right anterior and
middle cerebral distributions with mean flow values in the right MCA territory in
the 18-25cm3/100g/minute range. Her pCO, (34 mm Hg) and blood pressure
(130/80 mm Hg) were the same during both examinations. The study suggests an
increased risk associated with permanent carotid occlusion despite the absence of
apparent CNS dysfunction
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Fig. 14. Matching CT/CBEF studies, partition coefficient, and confidence image are
displayed in a patient with a right middle cerebral aneurysm. The delayed onset of
left hemiparesis is presumably due to vasospasm. Reduced right MCA flow values
in the 20-40 cm3/100 g/minute range are evident (upper right). This is a good quality
study with CT artifact (RMS error) evident only near the ventricular catheter. The
normal reversal of flow versus lambda (lower right) is evident with deep white
matter retaining high lambda values (> 1.0) and low flows
(< 30.cm3/100 g/minute)

augmentation procedures, such as internal or external carotid endarterec-
tomy, vertebral reconstruction, or EC/IC bypass, proved beneficial in
stopping recurrent disabling symptomatology in all of these individuals and
resulted in a prolonged global elevation of CBF values (Fig. 10). A global
redistribution and elevation of CBF has also been reported by Meyer
following bypass surgery3!.

Because brain function and the accompanying CBF can be reduced by
even small lesions within the basal ganglia, static blood flow information
alone, if values are low, may not reflect the status of flow reserves. For this
reason, we have begun using acetazolamide (1 gram) as a stress test of flow
reserves®. In 40 patients this flow challenge has produced a dramatic flow
elevation from the baseline study 30 minutes earlier ranging from 25-60%
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Fig. 15. This series of CT/CBF studies was obtained in a 50-year-old woman who
survived subarachnoid hemorrhage (SAH) due to an anterior communicating
aneurysm. The initial study (CT above left and flow study below left) was obtained
five days post SAH when the patient was neurologically intact. Note reduced right
posterior parietal flows. The second study (center CT above and CBF map below)
was obtained the evening following surgical treatment of the aneurysm when the
patient was slow to awaken. Note hyperemia in area of surgery and markedly
reduced flows in right posterior parietal region. The third study was obtained the
day following surgery when the patient was comatose. Note the transition of the
lowest flow regions on the prior study to CT-defined infarctions. Also note the near
absence of any cortical CBF. Patient progressed to brain death. The CBF gray scale
was 0-80cm?3/100 g/min for these studies

in most individuals with a regionally dampened, absent, or even paradoxical
lowering presumably due to a ““steal” phenomenon in reserve compromised
patients (Figs. 11a, b, and 12a, b).

Conversely, we found dramatic decreases of CBF within a group of
20 patients that we evaluated by clinical and Xe/CT and CBF criteria for
tolerance to carotid occlusion. While in most individuals the acute trial
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balloon-occlusion of one ICA produces either no or a slight reduction of
CBF in all regions, two individuals demonstrated a severe reduction (mean
flows 20-30 cm?3/100 g/minute) of primarily ipsilateral but also global flow
without definable neurological deficit (Figs.13a and b). Our initial
experience suggests that these latter individuals are at risk from permanent
ICA occlusion and we suspect if the ICA must be occluded in such a case,
that they warrant either careful attention to maintain perfusion pressures
and/or a prophylactic procedure to augment regional reserve flows!0.

Patients with delayed neurological deficits due presumably to vasospasm
following aneurysmal rupture have also demonstrated dramatic alterations
of CBF that have been either reversible or progressive in nature (Figs. 14
and 15)*. This type of CBF information has been helpful in guiding the
treatment of vasospasm as well as helping select the least morbid time for
aneurysm surgery.

In patients with focal or generalized mass effects due to head trauma,
xenon/CT CBF information has demonstrated both focal and remote
effects on CBF (Figs. 16 a and b)*. The multicompartmental nature of the
cranium is made evident since each dural compartment may be affected
differently. The manipulation of pCO, has also been shown to produce
variable alterations of CBF within different brain regions depending on the
location and extent of injuries (Figs. 17 a—)’’. We have found in head-
injured patients that the CBF response to CO, manipulation, either higher
or lower, also serves as an important guide for the extent and duration of
hyperventilation therapy.

Other Clinical Uses

We and others have used Xe/CT to examine patients with tumors, seizures,
dementia, coma, and brain death. Differential patterns of CBF and lambda
have been noted between high and low grade gliomas as well as with
metastatic lesions’. In a series of patients with intractable epilepsy,
xenon/CT imaging has been useful in localizing seizure foci, with findings
similar to those found with PET scanning. Generally, we have seen severely
reduced cortical flows in patients with advanced dementias and in coma
(flows ranging from 20-30 cm3/100 g/minute). As part of a center project to
study dementias in aging, we are also using the Xe/CT procedure to examine
the effects of Alzheimer’s disease on CBF. In midwork, we have seen a
change in blood flow patterns in presymptomatic Alzheimer’s disease, with
reduced cortical flow out of proportion with cerebral atrophy in some areas
while other regions (primariliy in phylogenetically older structures) exhibit
irregularly increased flow patterns. In patients in whom a diagnosis of brain
death is being questioned, the absence of measurable blood flow in the mid
and upper brain stem, cerebellum and hemispheres has been shown by
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Fig. 16 a. The initial CT and CBF study was obtained four days post-trauma when

the patient developed decerebrate posturing and dilated pupils, despite a high

normal and stable ICP. The CBF study discloses very low basal ganglia flows
accompanying the severely reduced left frontal flows

Xe/CT to correlate consistently with other standard, and often more
invasive, examinations used to certify brain death (Fig. 18)%3.

Limitations and Problem Areas

The anesthetic properties of xenon, its associated effect on blood flow, and
the accompanying radiation exposure all warrant discussion.



Stable Xenon CT/CBF Imaging 29

Fig. 16 b. A return to more normal central flow values is apparent following
removal of the left frontal hematoma. (Permission, Wozney, Ref. 39)

While the incidence of intolerance to inhalation of xenon appears to be
low at a concentration of about 30%28, individual intolerances to this
concentration still exist. Some people are very sensitive to xenon and show
either an early anesthetic state effect or agitation often manifested as
laughter or a brief unresponsiveness. In a review of 1,750 studies performed
at five institutions, reports of significant side-effects included respiratory
slowing in 3%, seizures in 0.2%, delayed headache in 0.4% and nausea or
vomiting in 0.2%?8. Individuals who are most sensitive to xenon seem to
develop an earlier slowing and irregularity of respiratory pattern; we now



Figs. 17a—c. This three-year-old had remained comatose four days following a
closed-head injury with the ICP elevated beween 25-30 mm Hg despite medical
therapy. The CT-imaged (Fig. 17 a) and accompanying blood flow studies at two
brain levels (Fig. 17 b and ¢) are displayed at pCO, of 19 and 30 mm Hg obtained by
ventilator manipulation. The gray scale is 0-120 cm?3/100 g/min. Note that, despite
CO, manipulation, flow values within the left hemisphere and cerebellum remained
elevated with a focal shift to even higher flows with CO, lowering. The lowering of
pCO; to 19 mm Hg also caused a dramatic decrease of CBF to near ischemic levels
in the right hemisphere. No lowering of ICP was found with pCO, lowering
presumably due to the paradoxical increase of focal CBF within the left hemisphere
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Fig. 18. This 32-year-old man was found one hour after a stab wound to the chest

with a systolic blood pressure of 20 mm Hg. Despite a heroic thoracic surgical

procedure, he remained without evidence of neurological function. On day two

postinjury, while hypothermic and despite a blood pressure of 120/80, he retained
essentially no CBF within any brain region
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use this as an indication that a study should be terminated. Although
bradypnea, often accompanied by a significant decrease of pCO,, occasion-
ally occured in our earlier studies when the gas was inhaled beyond a five-
minute period, it is now rarely encountered with shorter studies
(< 4.5 minutes) in which 0.8% CO, has been added to the gas mixture!.

The effect of xenon on blood flow has been evaluated by a number of
investigators!® 2% 34 35 Although one report suggests a significant dif-
ferential elevation of only neocortical flows in rats?*, this extent or pattern of
flow augmentation has not been observed by others. Radiolabeled micro-
sphere studies in nonhuman primates have demonstrated either no flow
alteration® or up to a 17% homogenous increase of flow in all brain
regions?’. An examination of CBF alterations in normal volunteers using
Xe-133 has identified a more highly variable degree of flow enhancement,
averaging 30% during a 4-5 minute period of xenon inhalation34. Because
the flow values actually derived from the stable xenon/CT methodology do
not appear to be as severely divergent from established norms of flow?”- %3
as suggested by some of these studies, the true significance of these
measurements is yet to be defined. Our impression after examining more
than 2,000 CBF procedures in human and animal studies is that an increase
of flow, to whatever extent it may influence the flow calculation, is minimal
and may be clinically useful, serving as a challenge of flow reserves similar to
that obtained by inhaling added pCO,. In addition, the elevation of CBF
during xenon inhalation only serves to elevate measured flow values so that
low or absent flow values should be of greater clinical relevance. The
tendency of xenon to elevate CBF is of concern in patients with elevated
intracranial pressure. While our initial observations demonstrated no ICP
rise during xenon inhalation, a larger study has shown that a significant
elevation of ICP can occur in head-injured patients. Careful ICP monitor-
ing will therefore be required until the relationship of ICP and xenon
inhalation is fully defined.

A severely limiting aspect of relatively high resolution flow imaging is
that no motion can be tolerated during the 6 to 6!/, minutes that are
required for acquiring baseline and enhanced scans. With a relatively high
degree of resolution, significant misregistration can occur with movement
as small as a few millimeters in any plane of motion. To aid in the
maintenance of head position, an evacuable bean bag is used for support,
and an extensive introduction emphasizing the importance of remaining
still is given to each patient.

Radiation exposure is another aspect of the methodology which must be
considered when undertaking a Xe/CT study. The dose of radiation per CT
cut, depending on the exposure factors, can range from 2-3.5 rads. A flow
study will deliver from 8-28 rads to each level studied, depending on the
number of baseline and enhanced scans obtained. Although these are
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considered to be clinically acceptable levels comparable to other radio-
graphic procedures such as cerebral angiography, it is not an insignificant
dose of radiation. The radiation field, however, is highly collimated, and
contiguous scans are avoided to minimize an overlapping band of even
higher radiation. Exposure to the eye is avoided. Further, in comparison
with other body organ systems, the brain is considered less radiosensitive so
that the risk associated with even the highest possible exposure delivered by
a single or multiple xenon/CT CBF study is relatively low?’.

Conclusion

Xe/CT flow information appears to be clinically useful in the diagnosis and
management of a broad spectrum of clinical disorders. It also appears to be
a useful tool for the experimental study of the cerebral circulation with
recent work being extended to the study of solid abdominal organs!®.
We have found xenon/CT CBF mapping to be a useful new blood flow
methodology and believe that, as CT technology improves, we will be able
to obtain still better flow information with less accompanying radiation
exposure and/or a reduction in the level of xenon inhalation required.
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Introduction

The confusion amongst clinicans and basic scientists as to what precisely
pain is, is emblematic of the difficulties that confront all who attempt to
elucidate its pathogenesis. A major contributor to this state of affairs would
appear to have been Charles Sherrington. At the turn of the century, with
great insight, he focussed attention away from pain itself onto the stimulus
in the periphery. In attempting to link stimulus and response in a
quantifiable way, he argued that while pain may be caused by a diversity of
circumstances, it was commonly associated with peripheral injury. For
those categories of stimuli that were of sufficient intensity to threaten, or to
produce tissue injury, he coined the term “‘noxious”. Noxious stimuli he
argued, are detected by specialized high threshold sense organs, “‘nocicep-
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tors” and these uniquely signal to the central nervous system, the occurence
of tissue damage (Sherrington 1906). The appeal of Sherrington’s analysis
lies in its simplicity, for it implies that once a noxious stimulus activates a set
of nociceptors, a chain of circumstances (sensory processing within the
central nervous system) is initiated that concludes with the perception of a
sensory state that we call pain. Such a view has for long dominated the study
of the neurobiology of pain (Perl 1985, Willis 1985).

Two major problems beset this classical approach that interprets pain as
being the conscious appreciation of activity in a sensory systems that
qualitatively resembles other sensory systems such as those that subserve
visual, auditory or tactile sensations, with its own specific receptors and
pathways. The first is that acute pain is not differentiated from chronic pain
and the second is that pain as a physiological response is not differentiated
from pain as a disease state. Pain is not a unitary sensory state, rather it is a
unifying descriptor that is chosen by us to collectively describe a wide range
of different types of sensory states all of which are colored by unpleasant,
uncomfortable and disturbing connotations.

In certain circumstances pain appears to possess characteristics similar
to those found in other somatic and special sensory systems; a discrete
threshold and a stable stimulus response curve. However, these are only
found in trained subjects using “‘experimental pain” that is transient in its
effects and can be terminated at any stage by the subject. This is similar to
the pains we commonly experience in everyday life as pinprick, excessive
heat or cold and minor chemical irritation. Because the stimulus intensity
can be quantified and repeated and because there is an ordered relationship
between stimulus and response this type of pain has been the subject of over
90% of all experimental research in the subject both in man and in animals,
where the end point is some simple form of motor behavior (e.g., the tail
flick).

Although we use the same word in our everyday vocabulary to describe
“physiological”” and “clinical” pain this must not be taken to mean that
similar neural mechanism are necessarily responsible. Physiological pain or
nociception is a sherringtonian sensation—the perception of or reaction to a
noxious stimulus. Clinical pain—an ongoing, distressing and agonizing
sensory state—arises following tissue injury in the case of inflammatory
pain or as a consequence of a disturbance of the normal functioning of the
nervous system in the case of neuropathic pain.

The distinction between the three different forms of pain, while of great
importance is not absolute. An intense noxious stimulus giving rise initially
to “physiological” pain may damage tissue initiating an inflammatory
response causing acute inflammatory pain, a clinical pain. Chronic
inflammation may, with time, induce alterations in the nervous system
(either peripheral or central) changing inflammatory pain to neuropathic
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pain, such that removal of the inflammation does not necessarily remove the
pain.

This chapter will review our current understanding of those somato-
sensory systems that appear to be responsible for the different types of pain,
emphasizing recent advances and with a particular focus on primary
afferent neurones and the spinal cord.

The Primary Afferent Neurone

Under normal, nonpathological circumstances two categories of primary
afferent fibers signal the detection of noxious stimuli; the thin myelinated A-
delta afferent and the unmyelinated C-afferent. These afferents innervate
skin, subcutaneous tissue, joints, muscle and viscera (Willis 1985). Although
not exclusively activated by intense tissue damaging stimuli, the majority of
these afferents in rats, cats and primates have high thresholds and therefore
fullfil Sherrington’s definition of nociceptors. Most A-delta nociceptors are
sensitive to mechanical stimuli only (Burgess and Perl 1973, Fitzgerald and
Lynn 1977, Georgopoulos 1977). A feature of C nociceptors, apart from
their slow conduction velocity, is their polymodal sensitivity. These
nociceptors respond to mechanical, chemical and thermal stimuli (Bessou
and Perl 1969, Iggo and Ogawa 1971, La Motte etal. 1983). The
chemosensitivity of C afferents is of considerable importance because it is
this property that is likely to signal the liberation of chemicals from; injured
cells, inflammatory cells, afferent terminals and from sympathetic efferents.

Early psychophysical data pointed to noxious stimuli evoking two pains,
an early sharp pain and a second burning pain. The latency of these
responses were compatible with the first being an A-delta fiber mediated
phenomenon and the second being produced by C fibers (Lewis 1942,
Cambell and La Motte 1983). The technique of microneuronography has, in
recent years, transformed our analysis of nociceptor function in humans.
Insertion of an electrode into nerve fascicles permits the direct recording of
activity in single afferent fibers, whose conduction velocity can be measured
and whose peripheral receptive field can be identified (Gybels ez al. 1979,
Torebjork et al. 1984). The combination of this technique with controlled
stimuli and a psychophysical analysis of the perceived sensory response is
indeed very powerful and has confirmed that, as in other vertebrates,
primary afferents in man are organized into specific subtypes with A-delta
and C afferent fibers mediating nociception. The data from these studies
appears at first to support the notion that the somatosensory system is
organized as a series of “labeled lines”, each of which signals a discrete
sensory event with a particular temporal and modality characteristic
(Ochoa et al. , 1985). Further support for this analysis is the claim that by
using the microneurographic electrode to stimulate single, or small groups
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of afferents, it is possible to evoke discrete and distinct sensations
(Konietzny etal. 1981, Torebjork and Ochoa 1983). However, that the
somatosensory system is organized as a relay of specific parallel sensory
pathways has been seriously challenged on both technical and theoretical
grounds (Wall and McMahon 1984). Normal cutaneous stimuli produce
sensations by activating hundreds of afferents belonging to many different
classes with different thesholds, temporal properties and modality specific-
ities and it is this pattern of activity across the population, that contains the
signal about the stimulus. Mechanical stimuli have been shown, for
example, to produce a higher firing rate in polymodal C afferents than
thermal stimuli although they are perceived to produce less pain (Gybels
etal. 1979). These two viewpoints are not necessarily incompatible with
each other in the sense that while cutaneous afferents clearly do have
specific properties which signal a specific input to the central nervous
system, the input in a particular “‘labeled line”” must, except in highly
artifical circumstances, be blended centrally with input in many other lines
and it is this population signal that contains the totality of information
concerning the location, onset, duration, magnitude and quality of a
particular stimulus, noxious or otherwise. Equally important is the fact that
afferent fibers trigger inhibitory as well as excitatory events centrally and
consequently to attempt to interpret the range of our sensory experiences
purely on the basis of a model that depends only on which particular
afferent is firing is clearly insufficient. We cannot predict sensation simply
from the nature of the stimulus. We should work backwards from the
sensation through the neural apparatus to the afferent inputs and not the
other way around.

Nevertheless the capacity of cutaneous afferent fibers to detect and
signal particular or specific aspects of a peripheral stimulus represents a
high degree of order. This order is maintained centrally by the spatial
organization and morphology of the central terminals of primary afferents
in the spinal cord. The dorsoventral position of an afferent terminal in the
dorsal horn is determined by its physiological properties while its mediolat-
eral and rostrocaudal position reflect the location of its peripheral terminals
on the body surface. A-beta afferents terminate in Rexed laminae I1Ito V of
the dorsal horn with each type of afferent (hair follicle afferent, rapidly
adapting glabrous skin afferent, Pacinian corpuscle etc.) having a character-
istic morphology (Brown 1981). A-delta nociceptive afferents terminate in
laminae I and V (Light and Perl 1979) while C afferents terminate partly in
lamina I but mainly in lamina II (Swett and Woolf 1985, Sugiura ez al. 1986).
There is high degree of somatotopic order in the arrangement of the central
terminals so that afferents that innervate contiguous skin areas in the
periphery have contiguous central terminations (Swett and Woolf 1985,
Woolf and Fitzgerald 1986).
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Because of the greater ease with which controlled stimuli can be applied
to the skin, most studies on the physiological properties of primary afferents
have dealt with cutaneous afferents. Recently however, nociceptors, both
thinly myelinated and unmyelinated from joints (Schaible and Schmidt
1983) and from muscle (Mense and Stahnke 1983) have been studied.
Although experiments have been performed on visceral afferents (Cervero
1982) it is much more difficult to define what an “adequate” stimulus for
these afferents is.

Although A-delta and C nociceptive afferents both have high thresholds
and respond to noxious stimuli, there are two factors apart from conduction
velocity that distinguish these afferents from each other. Firstly C fibers
have the capacity to release a chemical from their peripheral terminals that
directly or indirectly produce an increase in capillary permeability (neuro-
genic inflammation) and secondly the majority of C but not A afferents are
sensitive to the neurotoxin capsaicin.

Neurogenic inflammation, also termed neurogenic edema or neurogenic
extravasation has been extensively studied since its discovery over 30 years
ago (Lewis 1942). Largely as a result of work by Lembeck and his colleagues
(Gamse et al. 1980) it now appears as if the phenomenon is the result of the
release by C afferents of neuropeptides such as substance P or calcitonin
gene related peptide. Such release occurs whenever the C terminal is
depolarized directly, via antidromic activation (the axon reflex) or indirectly
via inflammatory mediators (Chahl, Solzani and Lembeck 1984). A specific
function for such neurogenically mediated alteration in capillary function is
not known, noris there any evidence that the central nervous system directly
controls this efferent function of C afferents. However, what the phenom-
enon does indicates is that in addition to detecting changes in its local
environment a C afferent can also induce changes in that environment. A
trophicinfluence of peripheral tissues on primary afferents via nerve growth
factor has been shown (Levi-Montalcini, 1982). Whether afferents, via
neurogenic inflammation, or other means exert a trophic influence on the
periphery needs to be established. The capacity of C-primary afferents to
produce neurogenic inflammation is dependent on orthograde axon
transport within the afferent (Fitzgerald and Woolf 1984), while inter-
ruption of retrograde active axonal transport from the periphery induces
profound chemical alterations within C afferents (Fitzgerald ez al. 1984).
This data indicates that in addition to the transfer of information along
primary afferents at the millisecond time scale by the conduction of action
potentials, there is also a slower conduction of information by active
transport with a maximum rate only of a few mm per hour.

Capsaicin, the pungent extract of red peppers, has in common with other
chemical irritants the capacity to activate chemosensitive C afferents,
presumable by acting on a receptor mechanism on the afferent terminals
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(Kenins 1982). However, unlike other irritants it also depolarizes C-axons
(Williams and Zieglgansberger 1982) and depletes the C afferents of their
neuropeptide content (see Fitzgerald 1983). When administered systemi-
cally to neonatal animals capsaicin produces a selective loss of un-
myelinated axons by killing the majority of small dorsal root ganglion cells
(Jancso et al. 1977). Capsaicin when applied directly to peripheral nerves in
adult animals also produces profound changes in C fiber function (Petsche
etal. 1983) and chemistry (Ainsworth et al. 1981). These results are of great
interest not only because they enable us to study the reaction of the nervous
system to the physical or functional absence of C fibers but also because of
the possibility that capsaicin itself or a chemical derivative may provide a
means of selectively reducing certain types of afferent input in man.
However, as will be made clearer in a later section of this chapter, great
caution will be needed because the nervous system does not respond
passively to the removal of C fiber input, such a chemical deafferentation
induces central compensatory changes within the dorsal horn, whose
consequences in man, in terms of sensation are unknown.

Sensitization of Primary Afferents

Nociceptors are highly specific channels for the detection of noxious
peripheral stimuli. By definition the threshold for activation of these
sensory afferents is at a level that approaches that which damages tissue
while peak firing is reached at tissue damaging intensities of peripheral
stimulation. One unique property that both A-delta and C afferents share is
their capacity to become sensitized. A-delta mechanoreceptive afferents for
example are not normally responsive to thermal stimuli, but following
repeated noxious conditioning thermal stimuli some of these afferents do
become thermosensitive (Fitzgerald and Lynn 1977, Meyer and Cambell
1981). Cutaneous C-polymodal afferents also can become sensitized
following a thermal noxious stimulus (Bessou and Perl 1969, Kumazawa
and Perl 1977). This is not true for all C afferents so that while those that
innervate hairy skin sensitize readily (La Motte eral. 1983) those that
innervate glabrous skin do not (Meyer et al. 1985). Therefore mild thermal
noxious stimuli have the capacity, acting on A-delta afferents in glabrous
skin and C afferents in hairy skin to reduce the threshold and increase the
gain of the stimulus-response relations of these afferents, directly producing
or significantly contributing to hyperalgesia (defined as a reduction in the
threshold and an increase in the response to noxious stimuli).
Hyperalgesia can be divided into two types, primary hyperalgesia
(within the area of injury) and secondary hyperalgesia (outside the area of
injury). A recent behavioral study in human volunteers has shown that
thermal injuries produce both mechanical and thermal hyperalgesias (Raja
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etal. 1984). Such injuries however, while producing both primary and
secondary mechanical hyperalgesia only produce a primary thermal
hyperalgesia. No study on primary afferent mechanosensitive A-delta or C
nociceptors has found changes in mechanical threshold or responsiveness
approaching the behavioral changes observed (Meyer ef al. 1985). The only
conclusion possible is that cutaneous mechanical hyperalgesia is mediated
by a mechanism other than by a change in the sensitivity of nociceptors (see
later). One form of mechanical hypersensitivity that may have an important
peripheral contribution however is that which is mediated by joint afferents.
Following acute experimental arthritis group III (thin myelinated) and
group IV (unmyelinated) joint afferents exhibit marked changes in their
response properties (Schaible and Schmidt1985).

These experiments show that different afferents innervating different
tissues respond in different ways to different forms of injury. While
sensitization of afferents is now a clearly documented phenomenon and
must contribute substantially to post-injury pain hypersensitivies, the
extent, distribution and timing of the changes in the afferents indicate that
such peripheral changes cannot alone account for the sensory disorders that
accompany acute inflammation.

The neurochemical basis of primary afferent sensitization is of con-
siderable interest because it provides an opportunity for pharmalogically
interrupting the process. Certainly prostaglandins appear to be involved as
seen by the efficacy of prostaglandin synthetase inhibitors in producing
analgesia (Moncada et al. 1975). Other chemicals that may contribute to
peripheral sensitization are bradykinin, the afferent neuropeptides such as
substance P, the leucotrienes and noradrenaline (Beck and Handwerker
1974, Levine et al. 1984).

What still needs to be established is whether chemicals liberated by
damaged tissue or by the inflammatory reaction can alter primary afferents,
not by changing their transduction mechanism as with sensitization but by
more subtle means. For example, if some chemical signal were taken up by
peripheral terminals and transported by active transport mechanisms to the
primary afferent cell body in the dorsal root ganglion where it could, via
derepression of DNA, induce alterations in the metabolic activity of the
neuron, this could alter the membrane properties of the afferent and its
capacity to excite dorsal horn neurons. If this does occur it could represent
the means by which inflammatory pain could become a neuropathic pain.

Pathological Alteration to Primary Afferent Neurones

The normal nociceptor is sensitive to the application of noxious stimuli to
its receptive field. Tissue damage and acute inflammation can induce
alterations in the sensitivity of such nociceptors. A major issue in terms of
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clinical problems is however, what pathological changes occur in the
primary afferent neurone following injury to the peripheral nervous system
and are these changes responsible for the sensory disorders that accompany
such nerve injury.

Ten different changes can occur following damage of or injury to a
primary afferent neurone:

. death of the neurone,

. alteration in conduction properties,

. the production of abnormal activity,

. pathological amplification,

. ephaptic connections,

. altered chemosensitivity,

. increased mechanosensitivity,

. altered metabolism,

. altered trophic influence on peripheral target tissue,

. secondary alterations in the function of the central nervous system.

O O 00N WA W~
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The cell bodies of primary afferent neurones are located in the dorsal
root ganglion and give rise to an single process which divides into a central
and peripheral branch. In neonates, damage to the central and peripheral
branch almost invariably leads to death of the cell body (Aldskogius et al.
1985) because of disruption of the active transport of growth factors. In the
adult, disruption of the peripheral but not the central branch can still result
in cell death (Aldskogius ez al. 1985) but this only occurs in a minority of
axotomized cells. Such cell death, in addition to depleting sensory input,
could induce secondary deafferentation changes centrally.

Disturbances in conduction have long been recognized to be a fairly
constant feature of injured axoms, particulary when associated with
demyelination (Waxman 1986). More recently it has been recognized that in
pathological fibers ectopic impulses may arise from midaxon (Rasminsky
1984) or even from the cell body (Wall and Devor 1983). Of particular
importance is the observation that ectopic impulses arise from sprouting
neuroma fibers (Wall and Gutnick 1974) including those from C fibers
(Blumberg and Janig 1984). That ectopic activity can contribute to sensory
disorders such as paraesthesias have been demonstrated using microneu-
rography (Nordin e al. 1984). The altered excitability of primary afferent
membranes may in addition to generating spontaneous activity produce
prolonged trains of impulses following normal peripheral activation of the
afferent (Rasminsky 1984).

Ephaptic connections or cross talk between axons has been shown to
occur in the sensory fibers of dystrophic mice (Rasminsky 1984) and
between axonal sprouts in neuroma’s (Seltzer and Devor 1979). The latter
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example may be of considerable importance in the generation of neuro-
pathic pains if sympathetic efferents make ephaptic contacts with C
afferents (Blumberg and Janig 1981).

Normal axons have little or no chemosensitivity. Following nerve injury,
the collateral sprouts of a neuroma develop a sensitivity to applied or
systemically administered catecholamines (Wall and Gutnick 1974, Scad-
ding 1981). This sensitivity appears to be mediated by alpha-adrenergic
receptors and may contribute to the influence of the sympathetic nervous
system on certain neuropathic pains. A pathological synaptic connection
between a hyperactive sympathetic efferent and an abnormally sensitive
afferent could underlie certain pain states such as causalgia (Devor 1983).
Whether axons develop a chemosensitivity during the inflammatory phase
of some neuritides, which could cause pain, is not known.

In 1973 Wall and Gutnick demonstrated that naked sprouts of injured
axons, like demyelinated axons have a highly increased mechanosensitivity.
Apart from being responsible for the Tinel sign and the tenderness of a
neuroma, such mechanosensitivity could contribute to the pain of nerve
compression syndromes. An alternative suggestion is that the pain in such
syndromes results from the activation of normal or sensitized nociceptive
endings of the nervi nervori innervating inflamed or damaged nerve trunks
(Asbury and Fields 1984).

Cutting the peripheral branch of an afferent neurone results, within a
week, in marked alterations its metabolic activity. This includes the
disappearance, both in and across the dorsal root ganglion, of marker
enzymes such as fluoride resistant acid phosphatase and of the afferent
neuropeptides (see Aldskogius eral. 1985). Although it is still not known
whether this is a positive effect due to the uptake of some toxin by the
damaged axon or a negative one due to interruption of the transport of
essential growth factors, this finding is of considerable significance because
it represents a way in which a damaged neurone can, via a change in the
transmitters and neuromodulators it releases at its central end, alter dorsal
horn neurones. The secondary effects of damaged afferents on the dorsal
horn will be considered in a later section.

Although our knowledge is presently incomplete, injury to primary
afferent neurons alters their structure, function and chemistry in a variety of
different ways. Some of the reactions of the afferents may be compensatory,
part of the process of repair of regeneration, others may represent a
pathological disturbance resulting in abnormal function. Because neuro-
pathic pains resulting from peripheral nerve damage are amongst the
commonest cause of severe intractable clinical pain this is a field that
requires intensive further investigations. What is clear though is that the
damaged primary afferent neurone behaves in ways that are quite different
from afferents in normal nociceptive sensory systems.
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The Spinal Cord

The sensory apparatus of the spinal cord, while dependent on and modified
by its afferent input, appears to process information relating to nociceptive
(or physiological) pain, inflammatory pain and neuropathic pain in
different, but overlapping ways.

The Dorsal Horn and Nociception

The specificity of function of primary afferents and the spatial arrangement
of their central terminals provides a framework for the processing of
somatosensory input into the spinal cord. Each afferent converges onto
thousands of different second order neurones and each neurone receives
inputs from thousands of different afferents. The receptive field properties
of dorsal horn neurones are not, however, a simple reflection of the
interaction between primary afferents and the dendritic trees of the
neurones. If this were so then all neurones which had high threshold
mechanoreceptive fields with no response to innocuous mechanical stimuli
would have dendrites restricted to either laminae I and II or V with none in
laminae [ITand I'V, all neurones with C afferent inputs would have dendrites
in lamina II, and the size of a neurones peripheral receptive field would be
correlated with the extent of its dendritic tree. Unfortunately this is not so.
The ability to record from single neurones, establish their response
properties and then fill them with horseradish peroxidase (which can be
demonstrated histochemically) has shown that there is no simple struc-
ture/function correlation for dorsal horn neurones (Woolf and Fitzgerald
1983, Bennett et al. 1984, Ritz and Greenspan 1985, Renehan ez al. 1986,
Egger etal. 1986). Neurones with similar morphologies have different
response properties and vice versa. The missing ingredient is the simple fact
that most of the inputs on dorsal horn neurones are not primary afferents
but the axonal terminals of interneurones including local segmental
interneurones, crossed interneurones and propriospinal interneurones
(Willis 1985). Superimposed upon the afferent and interneuronal input are
major descending pathways, usually but not exclusively inhibitory
(Basbaum and Fields 1984).

The input to dorsal horn neurones appears to be of two different
categories, fast and slow and of two different signs, excitatory and
inhibitory. The fast transmitters produce brief changes in the conductance
of the postsynaptic membrane following receptor binding by opening
sodium or calcium ion channels or even both, and this produces a
depolarization that lasts for up to 20 ms; the excitatory postsynaptic
potential. The best examples of excitatory fast transmitters are the amino
acids L-glutamate and L-aspartate (Jessel and Jahr 1986). However, even
these transmitters have varied actions depending on which one of three
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receptor systems they bind to (Watkins 1986). Monosynaptic inputs appear
to be mediated by quisqualate and kainate receptors while polysynaptic
effects are mediated by N-methyl-D-aspartate receptors (Watkins and
Evans 1981). Each receptor has different kinetics, different affinities for
different agonists and antagonists and different effects on the membrane.
The N-methyl-D-aspartate receptor, for example, raises intracellular
calcium levels (McDermott ez al. 1985) which may change protein kinase
activity. The prototypic fast inhibitory transmitters that produce inhibitory
postsynaptic potentials by hyperpolarizing the membrane are gamma
amino butyric acid (GABA) and glycine. GABA also interacts with
different receptors, GABA-A and GABA-B, and the interaction with the
receptor is modified by the benzodiazepam receptor (Bowery 1983). Thus
even the apparently simplest inputs to neurones are exceedingly complex.

A dramatic change in our appreciation of how the central nervous
system operates has been the recognition that in addition to the fast acting
transmitters, axon terminals release neurotransmitter/neuromodulators
which have the capacity to produce changes that last for seconds, minutes or
even hours. The best example of such slow transmitters in the nociceptive
system is substance P. This neuropeptide is present in C-primary afferent
neurones, is released centrally when C fibers are stimulated and excites
dorsal horn cells (Yaksh ez al. 1980, Di Figlia ez al. 1982; Otsuka et al. 1982).
However, unlike classical excitatory transmitters, substance P has a long
latency before it acts and produces prolonged effects (Salt and Hill 1983).

It is extraordinarily difficult to study the biophysical changes that
mediate monosynaptic afferent or polysynaptic inputs on dorsal horn
neurones using intracellular recordings in vivo. A recent major break-
through in the field has been the ability to maintain slices of the spinal cord
in vitro, to record from neurones for prolonged periods and to apply drugs
to the bath (Murase and Randic 1984). Using this approach Urban and
Randic (1984) have shown that brief high-frequency stimulation of afferents
can produce a substance P-mediated prolonged postsynaptic depolariza-
tion. This depolarization is itself subthreshold but alters the way in which
the neurone responds to subsequent inputs. The significance of this finding
will be discussed in the next section.

One of the most surprising aspects of dorsal horn function is that
although there is a high degree of specificity of function in primary afferents
the basic arrangement of dorsal horn neurones in one of convergence. While
there are cells that respond exclusively to innocuous or to noxious stimuli
(Willis 1985) the majority of neurones respond equally well to innocuous as
well as noxious stimuli (Applebaum ez al. 1975, Chung et al. 1986, Woolf
and Fitzgerald 1986). These cells have been called wide dynamic range
neurones or multireceptive neurones and include interneurones as well as
projecting neurones.
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A major problem in studying dorsal horn function is that the activity in
only one neurone can be analysed at any given time (particularly when using
intracellular recording techniques) and the functional context of that
activity is usually unknown. Thus, if a spinothalamic cell fires in response to
a noxious stimulus, it does not necessarily mean that the increased firing
specifically codes the onset or magnitude of the stimulus. Such encoding is
almost certainly occurring across a population of thousands of cells.
Important as the particular activity in a particular neurone may be, the
actual signal could be the relative activity in two neurones, or the decrease in
activity of a neurone in parallel with an increase in another. Equally
important are the subthreshold or subliminal inputs to neurone that are not
detected by extracellular recording techniques, because relatively small
changes in excitability can result in substantial changes in response profiles.
The only way to fully understand the functional organization of the dorsal
horn would be to be able to identify the responses, supra- and subthreshold,
of all neurones to a particular input, knowing which neurones are excitatory
and inhibitory interneurones, which are projecting neurones, which of the
projecting axons give off collaterals that can modify local segmental activity
and how the stimulus modifies descending inhibitory and excitatory
influences by acting on brain stem centers. This is obviously not technically
feasible. There are nevertheless two practical approaches, both necessarily
indirect, that can be used to study how the dorsal horn processes sensory
information. The first is that approach used by most spinal cord electrophys-
iologists, which is to study single neurones, to analyse as carefully as
possible their receptive field properties, their morphology, the local
segmental and descending inhibitory influences on the neurones, the direct
and indirect actions of afferents on the cells and to correlate this
information with the behavioral or sensory changes that particular stimuli
elicit in the intact animal. By titrating single cell function against the
behavioral responses produced by sensory inputs and by studying sufficient
cells, the hope is that a pattern will emerge of how populations of neurones
operate together in the spinal cord (e.g. Brown 1981, Willis 1985, Dubner
1985).

The alternative approach is to define the sensory processing of the spinal
cord, not in terms of the activity of its components, but in terms of the
biologically meaningful output it produces in response to any given input.
The simplest way to do this when analysing nociceptive processing, is to
analyze the flexion withdrawal reflex. In other words to look at the way
noxious peripheral inputs are transformed into an output in flexor alpha
motoneurones that results in the contraction of flexor muscles that will
remove a limb away from the stimulus. The advantages of this approach are,
firstly, that it is relatively easy to measure activity in flexor motoneurones
without disturbing the spinal cord, and secondly, that in man there is a close



Pysiological, Inflammatory and Neuropathic Pain 51

correlation between the perception of noxious stimuli and the activation of
flexor motoneurones (Willer ez al. 1979).

Flexor alpha motoneurones in the decerebrate-spinal rat preparation are
characterized by an absent spontaneous discharge, high threshold poly-
modal cutaneous receptive fields and inputs from A and C afferent fibers
(Woolf and Swett 1984, Cook and Woolf 1985). The threshold for eliciting
activation of the motoneurones is in the noxious range and the response
adapts rapidly to sustained peripheral stimuli. These properties represent
the electrophysiological correlate of the high threshold phasic flexion
withdrawal reflex observed behaviorally. Repeated standard cutaneous
stimuli, provided they do not injure the skin, evoke a remarkably stable
response measured in terms of the number of action potentials elicited in the
motoneurones (Woolf 1983). These results show, that in spite of the
convergence of innocuous and noxious inputs seen on most dorsal horn
neurones, a nociceptive afferent input is transformed by the spinal cord into
a specific output that cannot be elicited by low threshold inputs. In addition,
the stability of flexion reflex provides a particulary useful way of measuring
any disturbance or alteration in the functional performance of the spinal
cord.

Acute Inflammation and the Spinal Cord

The chronic decerebrate rat provides a very convenient model for studying
the effects of tissue damaging stimuli on the function of the spinal cord.
These animals have intact brain stem and spinal reflexes and respond to
noxious stimuli in a way that is qualtitatively identical to that found in intact
animals; a brisk rapid flexion withdrawal, orientation of the body to the site
of the stimulus, a coordinated escape response and vocalization (Woolf
1984). Acute injury, either thermal or chemical, induces a major change in
the reflex performance of the animal. The threshold falls to innocuous levels
and the responsiveness is greatly exaggerated (Woolf 1984). The injury
transforms the reflex from a high threshold phasic response to a low
threshold tonic one. The resemblance of these changes to the postinjury pain
hypersensitivities in man, where threshold and responsiveness also change,
make this an interesting model for studing of the effects of peripheral
inflammatory lesions on the function of the nervous systems.
Electrophysiological recordings from a flexor motoneurone before and
after an acute injury to its receptive field show in addition to the fall in
threshold, an expansion of the size of the receptive field and a greatly
increased response to standard stimuli (Woolf 1983). Once the injury
induced changes are established, injecting local anaesthetic into the site of
the inflamed tisssue to produce a sensory block does not result in an
immediate return on the flexor motoneurones response properties to the
preinjury level (Woolf 1983). This indicates that some afferent signal
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generated by the injury triggers an alteration in the functional performance
of the spinal cord. When the properties of individual primary afferents,
before and after an injury, are compared with the changes in the flexor
motoneurones no changes in the input signal can be found that can account
for the change in the output signal (Woolf and McMahon 1985).

More direct evidence for the capacity of afferent input to generate
prolonged changes centrally, within the spinal cord, have come from
experiments that demonstrate that brief (up to 20 s) conditioning stimuli at
low frequencies (1 Hz) can produce prolonged (up to 90 minutes) increases
in the excitability of the flexion reflex (Wall and Woolf 1984, Woolf and
Wall 1986). Such increases in afferent-induced excitability only occur if the
stimulus strength is sufficient to activate unmyelinated afferents. Therefore
C fiber input to the spinal cord, in addition to producing an input
concerning the onset, location and duration of peripheral noxious stimuli,
also produces a prolonged increase in the excitability of the spinal cord.
That this phenomenon may be mediated by neuropeptides is seen by two
experiments. Firstly, when a peripheral nerve is axotomized, within one
week the neuropeptide content disappears but the capacity of the C
afferents to excite the spinal cord remains intact. However these axotomized
C afferents are unable to produce prolonged facilitation of the flexion reflex
(Wall and Woolf 1986). Secondly the intrathecal injection of low doses of
substance P and calcitonin gene-related peptide produce prolonged in-
creases in the excitability of the spinal cord (Woolf and Wiesenfeld-Hallin
1986). Of some interest, in view of the clinical differences between
superficial and deep injuries, is the finding that C fibers innervating different
target tissues have different efficacies in producing central facilitation.
Cutaneous C afferents, for example, are much less effective than those that
innervate joints or muscle (Woolf and Wall 1986).

The prolonged facilitatory effects of C afferent inputs are not the result
of changes in the membrane properties of the flexor motoneurones or of the
afferent central terminals (Cook et al. 1986). The changes must be occurring
somewhere in the chain of interneurones that link the afferent input with the
motor output. Recently C afferent conditioning stimuli have been shown to
produce profound changes in the receptive field properties of dorsal horn
neurones including those that send axons to higher centres (Cook et al.
1987). These changes include the expansion of receptive field size, increases
in spontaneous activity and increases in response to standard stimuli. After
the conditioning input some neurones that had originally responded only to
noxious stimuli began to respond to noxious and to innocuous stimuli.

Although these results must be interpreted with caution, they may have a
bearing on the pathogenesis on inflammatory pain hypersenstivities. The
pain and tenderness that occours in man after tissue injury may result not
only from changes in the transduction properties of nociceptors (peripheral
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sensitization) but also from a central sensitization produced by a C afferent
barrage. The excitability increase produced by such a C-input may lead to
A-beta afferent inputs being able to activate the flexion reflex and to
produce pain. This dynamic functional plasticity transfers a sherringtonian
“labeled line” nociceptive system into one where the lines become
functionally crossed. If the animal data is indicative of changes that occur in
man then the processing of information that mediates physiological pain is
qualitatively different from that which mediate inflammatory pain. One set
of experiments that is compatible with this, is the finding that low doses of
morphine have the capacity to completely block the prolonged C fiber-
induced excitations without substantially modifying the response to
noxious stimuli (Woolf and Wall 1986). This pharmacological dissociation
of nociception and injury or C fiber-induced central changes indicates that
attempts to manage inflammatory pain should be aimed centrally as well as
peripherally.

Neuropathic Pain and the Spinal Cord

In the section of this chapter devoted to pathological changes in primary
afferent neurones following injury, three different kinds of alterations were
discussed; 1. those that result in an abnormal afferent input, 2. those that are
associated with a change in the metabolic activity and chemical composition
of the afferent and 3. those that result in cell death. Assuming that
peripheral nerve injury produces no secondary changes within the central
nervous system, the first and last category of changes would, nevertheless,
result in abnormal sensory processing by virtue of positive changes in the
first example and negative in the last. A convincing case has been made that
some of the characteristic neuropathic pains that result from nerve injury
arise solely from abnormalities in input due to ectopic activity, ephaptic
connections and prolonged discharges (Ochoa etal. 1985). There is,
however, convincing evidence that peripheral nerve injury does induce
alterations in the central nervous system (Wall 1983) and consequently any
attempt to understand the pathogenesis of neuropathic pain must take this
into account.

Injury to the peripheral branch of a primary afferent neurone results in
transganglionic changes in the central branch including the axonal ter-
minals within the dorsal horn. Ultrastructural evidence points to at least
some transganglionic degeneration (Aldskogius et al. 1985) but whether this
is due to cell death or to removal of a trophic influence remains
controversial. There is no morphological evidence for collateral sprouting
in the dorsal horn following nerve section but transynaptic changes in the
morphology of some neurones has been found (Gobel 1984). Electrophysi-
ological evidence has shown that peripheral nerve injury results in a
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decrease both in pre- and postsynaptic inhibitory mechanisms (Wall and
Devor 1981, Woolf and Wall 1982). The functionally denervated area of the
spinal cord begins, after several days, to show alterations such as an
expansion in dorsal horn neuronal receptive field size so that cells that were
formerly innervated exclusively by the denervated skin areas start to
respond to distant areas (Devor and Wall 1981). Although the mechanism
of these changes is not known (one suggestion is the activation of normally
suppressed or ineffective synapses) what these results do show is that
interrupting afferent input does not simply result in functionally silent areas
within the central nervous system. Compensatory mechanism change the
performance of the central nervous system. This central plasticity may
under normal circumstances represent a means to deal with minor injuries
and disturbances but cannot adequately compensate for major disturbances
and instead introduces a new, secondary pathology, to the system. While
this is, in its own right, of interest as an example of plasticity in the nervous
system, the practical implications for neurosurgical intervention to the
somatosensory system are immense. Interrupting a sensory pathway may
alleviate a sensory disorder by blocking an abnormal afferent signal but it
may also activate changes proximal to the site of the surgery, generating a
new disorder.

One well documented example of deafferentation pain is that of dorsal
root avulsion as in brachial plexus avulsions (Wynn Parry 1980). Experi-
ments in animal models have shown that dorsal root lesions result in a self-
mutilation behavior aimed at the boundary between the anesthetic area and
the normal skin (Wall 1983). This behavior is associated with spontaneous,
irregular and abnormal hyperactivity within the deafferented spinal cord
(Lombard and Larabi 1983, Wall etal. 1979, Mendell ezal. 1977). The
receptive fields of dorsal horn neurons, when present, are abnormal and
expanded (Basbaum and Wall 1976). With time, similar changes also appear
in the thalamus (Lombard and Larabi 1983).

Lesions directed to the central nervous system, such as anterolateral
cordotomy, can produce self-mutilation behavior similar to that found as
part of the peripheral nerve deafferentation syndrome (Levitt and Levitt
1981), implying that these central lesions produce disturbances resembling
those found after dorsal root or periperal nerve section. Certainly stimula-
tion of the anterolateral columns of patients with chronic neuropathic pain
produce sensations that are never found in those with nociceptive or
inflammatory pain (Tasker et al. 1983).

From a general point of view neuropathic pain may be thought of arising
in one of two ways. The pain may result from abnormal compensatory
mechanisms in response to deafferentation producing an imbalance in the
functional circuitry of the somatosensory system; alternatively, a constant
barrage of abnormal inputs may induce permanent changes in the circuitry
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of the nervous system. There is evidence for the first mechanism. Experi-
ments need to be performed to see if the second is also true.

One indication that neuropathic pains are not just negative phenomena
due to deafferentation, is the frequent observation that such pains are often
accompanied by abnormalities in the sympathetic nervous system. Sup-
pression of sympathetic innervation by surgical sympathectomy (Spurling
1930) local sympathetic blocks (Livingstone 1938) and by regional phar-
macological blocks (Hannington-Kiff 1983) are amongst the most effective
means available for treating such disorders. There is no evidence, however,
that hyperactivity of the sympathetic nervous system is itself responsible for
producing pain (see Ochoa et al. 1985) instead it appears as if a sympathetic-
afferent interaction in the periphery or at the side of the nerve injury, acting
either by ephapsis or by abnormal synaptic connections may be responsible
(Devor 1983). Abnormal peripheral connections, cannot however be the
sole explanation. What, for example, causes the abnormal sympathetic
outflow (Blumberg and Janig 1983)? It must be an abnormal afferent input
acting on the spinal cord changing the response properties of dorsal horn
neurones and preganglionic sympathetic motoneurones. This has the
consequence, as Livingstone realized in 1948, of generating a vicious circle
with the sympathetic efferent outflow modifying the afferent input that
changes the sympathetic outflow. There is no reason to believe that these
abnormal transformations do not also alter the functional performance of
those neurones that transmit sensory informations to the thalamus. These
changes in the spinal cord appear in some cases to be irreversible because
surgery, such as excision of a neuroma for causalgia, does not necessarily
alleviate the disorder (Noordenbos and Wall 1981).

Conclusions

This Chapter has reviewed how the primary afferent neurone and the
neurones in the spinal cord may contribute to the pathogenesis of
nociceptive, inflammatory and neuropathic pain. While our knowledge
remains incomplete, experimental work continues to contribute to a greater
understanding of the normal and disturbed somatosensory system and this
must inevitably lead to more effective measures to manage the different
kinds of pain.

The somatosensory system does not end in the spinal cord but, while we
have some information on nociceptive processing in the thalamus and
cortex (Willis 1985), practically nothing is known about their roles in
pathological pain (Benoist et al. 1985). Another important component of
the somatosensory system, complementing the ascending pathways, is
descending inhibitory traffic from the brain stem nuclei such as the midline
raphe nuclei and the ventrolateral reticular formation (Basbaum and Fields
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1984). Although their capacity to modulate sensory transmission through
the spinal cord by pre- and postsynaptic mechanism is well documented, as
are the neurotransmitter systems involved’(serotonin, noradrenaline and
the endogenous opioids), what is quite unknown is how the descending
inhibitory pathways are activated or deactivated during clinical conditions.
Utilization of endogenous inhibitory systems by electrical stimulation (e.g.,
Transcutaneous Electrical Nerve Stimulation for afferent inhibition or
brain stimulation to activate the descending pathways) or by pharmacolog-
ical means (eg., morphine to mimic the opioid peptides) are topics that
require separate chapters.

The important messages to emerge from recent research into the
pathogenesis of pain are that the processes responsible for the different
types of pain are not equivalent, that inflammatory and neuropathic pains
are likely to have central as well as peripheral causes, and that because of the
central component and the capacity of the nervous system for plastic
changes, surgical interruption of sensory pathways may not always be the
most appropriate form of intervention.
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I. Spinal Cord Stimulation
1. Historical Review

a) Pain as the First Application of Spinal Cord Stimulation

Spinal cord stimulation (SCS) was introduced in 1967 by Shealy, Mortimer
and Reswick as a means for obtaining relief from chronic pain.

At that time, this approach seemed to be fully supported by the gate-
control theory of pain, formulated by Melzack and Wall in 1965. According
to an updated version of this theory (Melzack and Wall 1970) impulses
conducted over large afferent fibers and over fibers from higher levels
activate cells of the substantia gelatinosa, which in turn affect the—
nociceptive—small fiber input by presynaptic inhibition.

The prerequisite for a successful pain relief by SCS turned out to be an
electric current application directly over the involved spinal segment, which
in the classical case of electrode placement over the dorsal surface of the
spinal cord coincides with the generation of paresthesias in the painful area.
This circumstance and its anatomical counterpart gave rise to the term
“dorsal column stimulation (DCS)”.

Pain reduction without paresthesias however, for instance by placement
of the electrodes over the anterior cord surface, has been reported as well
(Larson etal. 1974, Campbell 1981), and therefore has challenged the
mediating role of the dorsal columns or even of the lemniscal pathways
generally in the neurophysiological basis of spinal stimulation for pain.

The prolonged relief from pain following cessation of current appli-
cation is another intriguing feature of SCS, that could not be satisfactorily
explained in terms of the gate-control theory.

The remaining uncertainty about the real target of the current applied
for pain alleviation within the cord, led to the use of “spinal cord
stimulation (SCS)” as a generally accepted designation of the technique
instead of the earlier term ‘“‘dorsal column stimulation”.

SCS was adopted with enthusiasm by many neurosurgeons, and the
more recent, percutaneously implantable, form was also adopted by non-
neurosurgical pain clinics. The method offered an elegant new alternative to
patients with intractable pain, that from a technical point of view was
relatively simple, at least compared with stereotactic procedures, and from a
physiological, ethical and forensic point of view, nondestructive and hence
testable on a reversible basis.

The target group included patients suffering from chronic low back pain
after so-called failed back surgery, phantom pain, postherpetic neuralgia,
cramping pain in multiple sclerosis, pain due to peripheral vasculopathic
ischemia, cancer pain, ect. Good to excellent long-term results were
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reported by Siegfried and Hood in 45 to 73% of the cases (Siegfried and
Hood 1983, Long et al. 1981).

b) Other Applications

The application of SCS for pain as a problem common to a large variety of
disease led to interesting marginal observations, such as the healing of
arteriosclerotic cutaneous ulcers and a significant increase in peripheral
blood flow in nonadvanced vasculopathy. A decrease in sympathetic
activity was postulated as the responsible working mechanism.

Cook and Weinstein reported in 1973 on the fortuitous application of
SCS for low back ache in a paraplegic women who was affected by multiple
sclerosis for some years. After a delay of some days she was able again to
raise her legs off the bed, which had been impossible before. This surprising
favorable effect on motor impairment was reproducible after SCS with-
drawal in the same patient and in one out of two other, similar cases.

In 1976 Cook reported good results in a large majority (90%) of 70 other
MS patients treated with SCS since those first trials. He recommended the
method mainly for selected MS cases with proven diagnosis and moderate
impairment, left, however, the indication open to other dystonic or
dyskinetic conditions, and mentioned, moreover, improvements in pe-
ripheral blood circulation, respiration and micturition. He observed SCS
effects that extended far beyond the immediate area of application, such as
an improved arm function by stimulation at the midthoracic level.

2. Technical Development—Stimulation Parameters

The implantation technique of SCS does not substantially differ whether
pain or dystonia is the indication for the procedure.

In the early years, a laminectomy in the thoracic area was needed in order
to place bipolar electrodes extra-, endo- or intradurally over the midline of
the spinal cord. Connections werde made with a device implanted
subcutaneously, usually in the subcostal or subclavicular region. The first,
and most widely used, radiofrequency-linked arrangement allowed the
electric power supply to be transmitted to the electrodes externally, by
placing the coil antenna of a transmitter device over the skin covering the
implanted receiver. The external miniaturized battery-powered transmitter
generates the rectangular electric pulses and permits variation in different
parameters within certain ranges.

The reasons for uncoupling electrodes from supply and control are to be
found in the high power requirements of SCS, about 2 orders of magnitude
greater than those for cardiac pacing, and moreover in a demand for
maximal adjustability of stimulation parameters.
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Cathodal stimulation emerged as the most effective and energy-saving
method (Ranck 1975, Sherwood 1981, Davis and Gray 1981, Law 1983). As
for polarity, the claim of free choice could already be omitted. The
remaining variables were voltage, frequency and pulse width, respectively,
in ranges for pain therapy, from 1-10 volt, 20-200 Hz and 100-500 ps. For
the specific purpose of controlling ataxia, however, Cook mentioned in 1976
the usefulness of higher frequency stimulation, without further
specification.

Since 1973, the less invasive percutaneous installation of wire leads into
the epidural space by means of a puncture needle (type “Tuohy-Huber” or
“Hustead”) found wide acceptance especially as a preliminary selection
procedure. It can be performed under local anesthesia and fluoroscopic
control. The percutaneously implanted wire electrode is not primarily
attached to any intraspinal structure and is only subsequently held in place
by adhesions due to minor local tissue reactions. This technique is therefore
associated with a higher incidence of electrode displacements as compared
with the open surgical implantation, which for this reason retains its value.

Wire electrodes for percutaneous insertion have been used in various
forms: one single-lead electrode acting as a cathode in a monopolar
arrangement, the device case serving as the anode; two single-lead
electrodes in a bipolar arrangement; and one multiple-lead electrode in a
bipolar arrangement with many combination possibilities. The latter
electrode type for multilevel trials over the upper cervical segment, together
with the necessity of extending the used frequencies from 100 to 1,400 Hz,
was recommended by Waltz efal. for the treatment of dystonic and
dyskinetic disorders (Waltz and Andreesen 1981, Waltz etal. 1981). The
early implementation had been an assembly composed of 4 disc electrodes in
linear array, spaced 1 cm apart, molded in Dacron mesh and silicone rubber,
connected to a plug housing, thus requiring a partial laminectomy of C4 to
be inserted and percutaneous testing prior to permanent receiver im-
plantation. A newer 4-electrode catheter assembly can be installed through
an epidural needle and is connected with a computerized receiver which
allows the lead combinations to be monitored on a continual basis through
an external transmitter (Waltz 1982, Waltz and Davis 1983). In spite of the
higher energy requirements as compared with cardiac pacemakers, totally
implantable and programmable systems for neurostimulation have been
produced, employing lithium batteries that provide several years of service.
The stimulator and electrode system can be interrogated for impedance and
parameters in use. The patient’s compliance for the totally implantable
system was reported to be much better than for the radiofrequency-linked
systems (with external parts), the inconvenience of the former being the
dependence of an attending doctor for reprogramming (Davis and Gray
1981).
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3. Surgical Technique of Percutaneous Lead Implantation

The patient is placed prone on an X-ray permeable operating table, with a
pillow under his thorax or abdomen in accordance with the intended site of
puncture. An X-ray image amplifier system is necessary, that will visualize
the tip of the puncture needle and follow the lead on its course within the
spinal canal. After disinfection and draping of the patient’s back, local
anesthetic (1% lidocain, procain or mepivicain) is injected into the skin and
the soft parts overlying the interspinous space aimed at. For a thoracic
electrode placement this may be T11-T 12 or T12-L 1; for a cervical
placement T2-T 3 or T 3-T4.

Saving the thoracolumbar fascia, a short axial midline skin incision is
made either at this stage of the intervention or later on, after successful lead
installation.

An epidural 15- or 16-gauge needle with upward angulation and
provided with a stylet, is then introduced between two spinous processes,
through the already opened skin, through the fascia and interspinous
ligament. While the needle meets more resistance if it is advanced all the way
through the interspinous ligament, this course ensures an optimal position
of the needle tip at the dorsal midline notch of the spinal canal.

When the needle tip enters the epidural space by perforating the
ligamentum flavum, a sudden decrease in resistance is felt. Intermittent X-
ray control with sagittal beam direction is helpful in maintaining the
epidural needle in the midsagittal plane. Negative pressure within the
epidural space is a final criterion of correct needle position; audible
aspiration of air or of a drop of sterile saline in the open hub of the needle, or
otherwise the unresisting injectability of a small amount of saline without
aspirability of blood or CSF, indicate an epidural placement.

The very flexible coil-wire lead is straightened by inserting a less flexible
wire stylet, the front tip of which can be gently bent. This makes the lead
steerable by axial rotation, once it is advanced through the needle and
maneuvered in cephalad direction through the epidural space (Fig.1).
Sideward rotations of the needle tip may also contribute to overcome initial
obstructions the lead possibly encounters on its way up. The electrode is
positioned over the dorsal aspect of the cord in such a way that cathodal test
stimulation (e.g., 0.5-5volt, 100 Hz and 200 us pulse width) generates a
tingling sensation within the dystonic body parts. The anodal electrode
thereby is applied to an indifferent skin area. After successful lead
placement, the wire stylet and then the epidural needle are prudently
retracted, leaving only the coil-wire lead at its target, which can be
monitored by X-ray control or by continuous test stimulation (Fig. 2). By
means of sutures and a silicone cuff or a plastic button, the lead is anchored
at the thoracolumbar fascia. Subsequently it is plugged on a percutaneous
extension.
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For permanent implantation the lead is connected with a receiver or a
totally implantable power-supply and control device. The latter is placed in
a bluntly dissected subcutaneous pocket in the subclavicular or subcostal
region, under local or general anesthesia (Fig.3). The subcutaneous
tunneling from the pocket to the midback incision, harboring the con-
nection leads, can indeed cause severe discomfort to the patient, in spite of

Fig. 1

ample local infiltration and the use of an appropriate tunneling instrument,
so that for this stage of the intervention general anesthesia should be
considered as an alternative, depending on the patient’s individual
tolerance. A teflon bag may be wrapped around the connection plugs, in
order to avoid adhesions to the subcutaneous tissue, renderning easier
eventual operative revisions later on. The wounds are closed in two layers.

For the sake of consolidation of the—in principle mobile—electrode on
its very target, we impose confinement to bed and limit spinal mobility for a
few days after the intervention. The percutaneous stimulation test usually
lasts 7-10 days.

Minor variations from the above depicted technique are possible
without affecting the essential principles (Ray 1981a, 1981b, Siegfried and
Hood 1983).
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II. Spasticity, a Synopsis

Spasticity evokes the image of rigidly stretched or, inversely, flexed and even
contracted joints, of manual clumsiness and gait impairment, of flexor and
extensor synergies, of hyperreflexia, clasp-knife reactions and clonus, and of
an inversed plantar reflex (Babinski’s sign). It is readily associated with
hemiparesis, para- or tetraparesis, and with a lesion of the upper motor
neuron, especially at the motor cortex, the internal capsule or the pyramidal
tract.

1. Definition—Anatomical Considerations

Dealing with spasticity, the classic notion of the “pyramidal tract syn-
drome” arises, and this is used as another common denominator of spastic
and paretic phenomena that causally refer to a single anatomical structure.
This simplicity is not justified, neither with respect to any unique anatomical
structure responsible for spasticity, nor with respect to the key role of
pyramidal tract.

In the first place, the pyramidal tract is not a homogeneous fiber system
but consists of components that differ anatomically and functionally, while
its origin, as well as motor cortex, also covers regions traditionally
considered as “‘extrapyramidal”. In only one or two topographic situations
does the monosynaptic component of the pyramidal tract run in isolation,
namely at the bulbar pyramids and at the central part of the cerebral
peduncle (Brodal 1975, Wiesendanger 1984). Moreover, there exists
experimental evidence in subhuman primates, that lesions at those ““uncon-
taminated” parts of the pyramidal tract do not produce spasticity, but
rather hypotonia and a decreased though partially reversible manual
dexterity (Wiesendanger et al. 1981, Kuypers 1982, Wiesendanger 1984).
This has been confirmed in humans by the outcome of operations
performed in order to relieve abnormal involuntary movements (Bucy ef al.
1964).

Those findings do not contradict the general agreement that the main
motor outflow from the cerebral cortex is contained in the pyramidal tract
and that messages travelling along this tract are important for the skilled
usage of the musculature (Allen and Tsukahara 1974) nor that this tract
may contribute to the control of postural reactions and the “focusing” on
somatosensory stimuli (Wiesendanger 1984). Nonpyramidal descending
pathways also however, seem to play an important role in voluntary motor
control, especially in cases with long-standing lesions of the pyramidal tract.
The likelihood of interrupting all descending connections from the motor
cortex and hence of provoking paresis and spasticity, is therefore greater
with capsular than with more caudal lesions (Wiesendanger 1984).
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A definition, recently formulated by Lance (Lance 1980), states:
“Spasticity is a motor disorder characterized by a velocity-dependent
increase in tonic stretch reflexes (muscle tone) with exaggerated tendon jerks
resulting from hyperexcitability of the stretch reflex as one component of
the upper motor neuron syndrome.”

2. Experimental Approach

For more than a century, experiments have been undertaken in order to
localize structures that are important in the generation of spasticity.
Mesencephalic transection at intercollicular level, originally performed by
Brondgeest in 1860, was repeated in the cat and described in detail by
Sherrington in 1898. This ““decerebration” produced a state of rigidity, most
intense in antigravity muscles, including the erectors of the tail, the
retractors and extensors of the neck.

Apart from some differences in detail and from the fact that *“‘de-
cerebrate” rigidity is present immediately after the mesencephalic tran-
section, whereas poststroke spasticity develops slowly, the former neverthe-
less offered enough features in common with the latter to become a
successful and convenient model for neurophysiological and pharmacolog-
ical research (Wiesendanger 1985a).

As in the classical decerebrate preparation, spasticity in humans is
abolished by dorsal root section. The injection of a small amount of procain
into the muscle, insufficient to affect its response to motor stimulation,
produces the same effect (Liljestrand and Magnus 1919, Walshe 1924).
“Decerebrate” rigidity and human spasticity thus appear to be exaggera-
tions of a proprioceptive reflex originating from a receptor organ within the
muscle (spindle) and modulated by small motor fibers (gamma fibers). This
aspect of spasticity thus received the designation “‘gamma spasticity”.

As opposed to the classical mesencephalic transection preparation, an
alternative anemic one, proposed in 1923 by Pollock and Davis and
consisting of a ligature of the basilar and both carotid arteries, showed no
abolition of rigidity by dorsal rhizotomy. This implies an isolated hyper-
excitability of the alpha motoneurones, which gave rise to the designation
“alpha spasticity” for this aspect of the disorder (Gros 1979).

As already mentioned, the decerebration rigidity model shows an acute
onset, in contrast to the delayed onset of human spasticity following a spinal
or supraspinal lesion. Interpreted in terms of the underlying pathophysi-
ology, the model thus has a serious shortcoming.

Except for the spastic mutant mouse and rat, many other models have
therefore been developed: by decortication, spinalization, temporary cord
ischemia and deafferentation, revealing still other aspects of spasticity such
as thythmic automatisms, flexor spasms, “interneuronal’” and *“deafferenta-
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tion” rigidity, respectively. Most realistic are the slowly developing
conditions of increased muscle tone produced by spinal or cortical lesions in
monkeys.

There is, however, no unique model for the clinical notion of spasticity,
which has many different facets, depending mainly on the site of the lesion
(Wiesendanger 1985a).

3. Physiological Considerations

Reversing the problem, this is not different from saying that the functionally
normal neural machinery, in the execution of a voluntary movement, is
called into operation at an array of hierarchic levels: 1. the motor unit; 2.
spinal reflex mechanisms; 3. long spinal and brain stem control; 4. cerebellar
vermis control; cerebrocerebellar controls 5. via the pars intermedia and 6.
via the cerebellar hemispheres as well as via the basal ganglia (Eccles 1981).

1. The motoneuron with its muscle fibers forms the unitary basis of all
movements, or otherwise, all movements are composites of contractions of
individual units, as Sherrington recognized (Sherrington 1931). Another
type of motoneuron, the small gamma-motoneuron, innervates the muscle
spindles, which produce no appreciable tension, but activate proprioceptive
sensory receptors. Phasic and static gamma-fibers, as well as combined
skeletofusimotor neurones (beta-motoneurones) can be distinguished
(Pierrot-Deseilligny and Maziéres1984).

2. The monosynaptic spinal reflex is brought about by afferents (through
I a-type fibers) from the stretch receptors in the muscle spindles to the alpha-
motoneurones, so producing the tendon jerk or postural tone. Super-
imposed on this, is the gamma-motoneuron activation of the muscle
spindles, heightening their sensitivity to stretch and so augmenting the
monosynaptic responses (Fig. 4).

Conversely, these responses can be depressed by the disynaptic in-
hibitory pathway from the stretch receptors of the antagonist muscles
(Fig. 5). The interplay of opposing muscle groups, not only for voluntary
movements but also for the balance of tone, requires an interaction beyond
the proper segment, that is: reciprocal innervation on an intersegmentary
scale.

The receptors in the Golgi tendon organs have a higher threshold in their
response to stretch, and act (through Ib-type fibers) in general to excite
flexor motoneurones and to depress extensors. Given a certain degree of
stretch, they cause a brisk release of resistance (clasp-knife phenomenon).

Other high-threshold receptors of the muscle and cutaneous afferents
have been termed ““flexor reflex afferents” (FRA) by Lundberg in 1979. A
role in locomotion (stepping) as ascribed to them. Instead of evoking a fixed
pattern of ipsilateral flexion and crossed extension, the FRA dispose of
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Fig. 4. Schematic wiring diagram showing some spinal reflex pathways. Excitatory

synapses are represented by bars and inhibitory synapses by small black circles.

Excitatory interneurones are represented by open circles and inhibitory inter-

neurones by filled circles. (With permission from Pierrot-Deseilligny and Mazicres,
1984)
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Fig. 5. Schematic diagram showing monosynaptic I a excitatory pathways from
soleus (S) and tibialis anterior (74) and the pathways of reciprocal Ia inhibition
from S to TA and from TA to S. Same symbols as in Fig.4 (excitatory and
inhibitory synapses). Note that Ia interneurones parallely inhibit antagonistic MNs
and opposite I a interneurones. Note that Renshaw cells activated by soleus MNs
parallely inhibit soleus MNs and corresponding I a interneurones (for simplicity
sake, Renshaw cells fed by TA MNs are not presented). (With permission from
Pierrot-Deseilligny and Maziéres 1984)
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alternative excitatory and inhibitory reflex lines to both flexors and
extensors, which are activated depending at least partially on the position of
the limb (Lundberg 1979).

Animportant inhibitory mechanism is produced by the feedback control
from motor axon collaterals via Renshaw cells, that inhibit motoneurones
and interneurones, and that seem to be concerned in the adjustment of fine
movements (Hultborn 1979 in Eccles 1981). Another important control is
exerted by presynaptic inhibition, particularly effective in reducing the
synaptic excitatory action of the primary afferent fibers (I a) entering the
spinal cord via the dorsal roots (Eccles 1981) (Fig. 4).

3. Vestibular inputs provide supraspinal control of limb position by
pathways from the vestibular nuclei down the vestibulospinal tracts, and
from the reticular system of the brain stem down the reticulospinal tract
(Wilson 1979 and Peterson 1979 in Eccles 1981).

4. A wide range of spinocerebellar pathways (anterior and posterior
spinocerebellar tracts; cuneo-, spino-olivo- and reticulocerebellar tracts)
convey from skin, muscle and joints, information that after a dynamic loop
operation within the cerebellar vermis, is projected back to the spinal cord
through the vestibulospinal and reticulospinal tracts (Eccles 1981).

5. The cerebellar pars intermedia and the contralateral cerebral motor
cortex are intensively interconnected via pyramidal tract fibers, the
ventrolateral thalamus, the red nucleus, the pontine nuclei and inferior
olive, the large reticular and the interpositus nucleus (Eccles 1981).

6. Movements initiated from the cerebrum suppose impulses to be
discharged from the pyramidal cells of the motor association cortex. These
pass also to the contralateral cerebellar hemisphere via relays in the pontine
nuclei and the inferior olive, and return after cerebellar computation to their
cortical origin through the ventral lateral thalamus. Another loop links the
association cortex with the motor cortex over the basal ganglia (Eccles
1981).

7. The association cortex is the first activated in willing an action, and
thereby builds up excitatory paths communicating with other cortical
regions, the cerebellar hemispheres and the basal ganglia, so setting up
dynamic loop operations by reverberatory circuits. This process may be
called “preprogramming”. It ensures the input of motor memories (skills)
stored in the association cortex, and controls rapid—ballistic—movements
which are too fast for feedback control from the periphery (Eccles 1981).

4. Pathophysiological Approach

While the previously mentioned, spasticity-related structures and mecha-
nism had mainly been disclosed by animal experiments, their value in
human spasticity remained rather speculative, until techniques became
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available that permitted a noninvasive assessment of the various aspects of
spasticity. The application of those techniques in man led to quantitative
results, so that it is now possible to define normal value ranges.

The H-reflex, described by Hoffmann in 1918, is still used for neuro-
physiological analysis. Being a triceps surae contraction elicited by a
submaximal electrical stimulation of the (sensory part of the) tibial nerve, it
represents an electrically-induced equivalent of the monosynaptic ankle
jerk, with this major difference that it short-circuits the neuromuscular
spindles and thus is independent of their tone.

The shorter-latency muscle contraction elicited by a direct stimulation of
motor axons, is called the M-response.

The F-wave is the late response which appears in a muscle after
supramaximal stimulation of its motor nerve, due to the centrifugal
discharge from motoneurones, initiated by an antidromic axonal volley.

The following summary of findings and interpretations in the appli-
cation of neurophysiological assessment for spasticity was given by
Delwaide (Delwaide 1986).

1. An alpha-motoneuron hyperexcitability, as a first statistically signifi-
cant feature of spastic patients, has been detected by measurements of the
ratio Hmax/Mmax, where Hmax is the maximum amplitude of the H-reflex
and Mmax the maximum amplitude of the direct motor response. This ratio
reflects the proportion of the motoneurones which can be activated
reflexively. The F-wave amplitude, also reflecting the degree of excitability
of the motoneurones, is higher on the diseased side of spastic hemiplegic
patients.

2. No hyperactivity of the gamma-system, when assessed by single-I a-
fiber recordings, was found to be present in spastic patients.

3. The inhibition of monosynaptic reflexes by vibratory muscle stimula-
tion, reflecting the (Ia-)presynaptic inhibition, is reduced in spastics.
Factorial analysis showed that this reduction in presynaptic inhibition is the
trouble that correlates best with spasticity (Hayat 1979).

" By the “vibration paradox’ is meant concomitant inhibition of phasic
reflexes and a likewise vibration-induced slow tonic response to the
motoneurones known as “tonic vibration reflex”’. The latter depends on
progressive facilitation in polysynaptic pathways of spindle afferents. Both
paradoxical phenomena are influenced differentially in spinal cord lesion or
pyramidal hemiplegia (Desmedt 1983).

4. The (I a-)reciprocal inhibition, tested by conditioning a monosynaptic
reflex with stimulation of a nerve coming from an antagonist, is reduced in
spasticity.

5. No reduced activity of the Renshaw cells, which mediate the recurrent
inhibition, was detected by the application of a sophisticated technique
utilizing tandem H-reflexes, proposed by Pierrot-Deseilligny et al. (1976).
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6. The study of polysynaptic reflexes, indirectly reflecting the function of
the interneurones, appears to indicate that the inhibitory ones are less active
in spasticity.

The four proven pathophysiological abnormalities mentioned above,
contribute in variable proportions to produce clinical spasticity. In other
words, the intensity of spasticity is not a function of only one of them. Nor is
there a relationship between the individual pathophysiological profile and
the etiology of spasticity in a given patient. The conclusion (Delwaide 1986)
is that by directing treatment individually towards the apparently fortuitous
pathophysiological profile of a spastic patient, one may optimize on a
logical basis the selective employment of various antispastic treatments,
which until now have often led to rather unpredictable results.

5. Biochemical Approach

While changes in electric charge (depolarization-hyperpolarization) con-
stitute a rather nonspecific dimension of neuronal activity, synaptic
transmission with a variety of transmitter substances, brings in the
necessary differentiation that allows so many neuronal systems to coexist
and still to interact in specific ways.

In a tabular form, some of the currently known (Delwaide et al. 1983,
Lenman 1985) spinal neurotransmitters are listed below.

It is clear that pharmacological access to synaptic transmission in
spasticity, as in other disease, may be most interesting for selective sections
within a vast complexity of neuronal interactions.

Table 1. Spinal Neurotransmitters Intervening in Motor Function

Motorneurones—neuromuscular junction acetylcholine
Primary afferents glutamate
Nociceptive fine-caliber afferents substance P
Substantia gelatinosa enkephalin
Cutaneous afferents somatostatin,
angiotensin
cholecystokinin
Ta-reciprocal inhibition glycine
I a-presynaptic inhibition GABA
Renshaw recurrent inhibition glycine,
acetylcholine
Corticospinal fibers glutamate
Reticulospinal fibers acetylcholine
Bulbo- and pontospinal serotonin

norepinephrine
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6. Spastic Bladder Dysfunction

While spasticity involves the striated skelett muscle, it has no direct
relationship with the smooth muscle. The pelvic floor and the muscular
perineum, both consisting of striated muscle, can therefore become spastic.
Spasticity-related bladder dysfunction comprises mainly a relaxation deficit
in m. levatorani and m. sphincter urethrae during voiding. Moreover flexor
reflexes of the legs, as well as afferents from the vesical, urethral and rectal
mucosa, influence the pelvic sphincters.

A dyssynergia between detrusor activation and sphincter relaxation may
further complicate the situation (Pedersen 1981).

III. The Place of Spinal Cord Stimulation Among Other Treatments of
Spasticity

The Tables 2—4 show the different kinds of treatment of spasticity in present
and former times. They are classified respectively as ablative, physical and
electro-stimulation procedures, as well as drug therapies.

The earliest and, the same time, longest list is the one of ablative
procedures. Although their results are not always permanent, the pro-
cedures themselves are. This irreversibility can be considered as a disadvan-
tage, because it eliminates the possibility of a trial run. Hence, the definition
of clear-cut indications for ablative procedures is of utmost importance.

From a physiological point of view, it is certainly of interest that
favorable distant effects on upper limbs and speech have been observed
after ablative procedures on the lumbosacral rootlets (Gros etal. 1967,
Fraioli and Guidetti 1977). Modern types of neurotomy and rhizotomy,
including results, are discussed in detail by Gros 1979, Broggi 1981, Sindou
etal. 1985, and Siegfried and Lazorthes 1985.

Within the nonablative group, physiotherapy founded on propriocep-
tive muscular facilitation and patterning, deserves a special mention. In
many cases with residual motor function, it alone is capable of restoring to a
remarkable extent the usefulness of weak and/or spastic limbs. Promotors
of other types of spasticity treatment often grant that their methods only
create a better starting point for revalidation and are of no use if not
combined or follwed by physiotherapy.

The possibility of fine does adjustments—in fact a feature of
reversibility—is offered by both electro-stimulation procedures and drug
therapies. While most drugs have use-limiting side effects after systemic
administration in spasticity-reducing doses, more selective (i.e., intrathecal)
ways of administration have been proposed, which especially in relation to
baclofen, seem very promising.
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A selective influence on spasticity-related structures has also been the
aim of electro-stimulation. In this, the concept of selectivity may fit the
stimulation of affected muscles, of the cerebellum and of extrapyramidal
pathways; spinal cord stimulation, however, does not. Historically, it arose
from a proven treatment for chronic pain and anatomically, it spreads
inevitably to affect several constituents and areas of the spinal cord.

It goes without saying that treatment of spasticity is expected to diminish
the disabling aspects of the disorder. Not so well-accepted is the notion of
useful spasticity, in the sense that a spastic antigravity tonus may constitute
the crutch the patient needs to stand and walk on. If therapy does not
manage to transform spasticity into smoothly coordinated and forceful
motivity, it must not take away this last bit of support either. This applies
especially to ablative and drug therapy.

IV. Results of Spinal Cord Stimulation in Spasticity

1. Experimental Results

Experimental investigations about the claimed depressant effect of spinal
stimulation on spasticity have been carried out on decerebrate cats
(Chapman etal. 1983), as well as on primate models of spasticity
(Wiesendanger et al. 1985).

In decerebrate cats, and in one decerebrate monkey, spinal stimulation
was found to depress the tonic responses of the stretch reflex, and this effect
often persisted several minutes after cessation of stimulation. Less promi-
nently, however, and rarely outlasting the period of stimulation, the phasic
responses of the stretch reflex werde also depressed by spinal stimulation.

An important observation was the critical position of the stimulating
electrode, now and then responsible for an adverse, spasticity-augmenting
effect.

In monkeys, the most satisfactory model of chronic spasticity was
produced by a ventrolateral funicular lesion of the cord. Here, spinal
stimulation achieved a 49(+ 26.7)% reduction of biceps stretch reflex
responses, especially of the early components, in 6 out of 8 test sessions, as
well as a 53% decrease of the triceps background activity. After cessation of
stimulation, however, a rebound increase of both b1ceps (118%) and triceps
(236%) responses was observed.

Electrophysiological and histological evidence was furnished of deleteri-
ous effects from daily stimulations at relatively high intensities (up to
600 nA).The massive cord lesions thus produced, were difficult to dif-
ferentiate from electrolytic lesions. On the contrary, reports exist of no local
or distant alterations of the nervous tissue, but of huge dural scarring
reactions after 8 months of SCS in dogs (Broseta et al. 1986).
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Wiesendanger etal. (1985) conclude—on the basis of very limited
experimental data—that in view of capricious results and possible noxious
effects, they cannot recommend the clinical use of prolonged epidural
stimulation of the dorsal cord surface.

2. Clinical Results
a) Previous Review

In 1982 we reviewed the literature on the results of SCS for the modification
of dystonic and hyperkinetic conditions (Gybels and Van Roost 1985). The
effect of SCS on spasticity was included in this study, scrutinizing 39 papers

from 19 authors or teams, describing 1,008 treated patients'4 13,22, 26a,27,28, 38,
47, 53, 56, 59, 67, 90, 98, 99, 100, 102, 103, 108, 125, 126, 133.

We had difficulties in differentiating spasticity from other motor
impairments and in filtering the respective results from the literature,
because many times those concepts—undoubtedly interconnected—were
used interchangeably. We thus experienced the advantage and the further
need of result description in terms of reproductible tests, representing well-
definded characteristics of motor function such as muscle strength, muscle
tonus and coordination. Throughout the above-mentioned material about
spinal stimulation, traditional clinical observations (eventually including a
clinical disability rating) prevailed or were the only assessment in more than
one third of the papers. Other, more technical, tests were used to various
extents, as illustrated by Fig. 6.

In order to augment the validity of bare figures derived from papers that
varied in meticulousness of assessment and numbers of patients, we
matched the percentually expressed averages of each improvement category
(no—fair—good—very good) for just the most critically analyzed series,
just the largest series and for all series (see Table 5). Hereby we considered a
series to be critically elaborated if it presented data from at least four tests in
addition to a clinical examination (see also Fig. 6). Series containing at least
30 patients were considered large.

“No” stands for no improvement at all, or deterioration; “fair” (F) for a
slight improvement that does not change the preexisting level of functioning
and which often can only be perceived by neurological assessment; “good”
(G) for an improvement that raises the preexisting level of functioning in a
way that it is useful in daily life activities, and can be perceived by untrained
eyes; “very good” (VG) for an improvement that leads to an spectacular
gain of function. .

The ““overall” evaluation ranges from global functional amelioration
irrespective of spasticity, motor or bladder function, to improvement of
otherwise use, mentioned impairments as, for instance, torticollis.

In Table 5, the figures for spasticity and especially those for bladder
function improvement are noteworthy because of the high percentages in
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Fig. 6. Percentage of papers assesssing SCS for modification of dystonic and

hyperkinetic conditions (MDHC) versus the number of additional assessment tests

performed. The basic category consists of standard clinical examination. (From
Gybels and Van Roost 1985, with courtesy of the publisher)

Table 5. Mean Improvement, Expressed as Percentages of Numbers of Patients,
Derived from the Most Critically Analyzed Series Only, from All Series, and from the
Largest Series Only. (Material 1973—-1982)

Overall Motor Spasticity Bladder

NoF G VG NoF G VG NoF G VG NoF G VG

Criti- .
cal 60 12 18 10 68 16 16 0 44 35 0 21 36 17 21 26
Total 38 15 30 17 49 14 20 17 36 24 25 15 35 17 20 28

Large40 14 26 19 44 18 20 18 39 21 22 18 37 25 12 27

the “very good” column, even when the critically assessed series alone are
considered.

Within each improvement category, we then searched for statistical
agreement among the “critical”, “large” and “total” populations, and
found it significant only for bladder function (X2 test, contingency tables:
a = 0.10).

We think that this statistical analysis rules out a false positive result due
to data compilation artifacts as far as the bladder is concerned. For
spasticity, better figures than for other motor impairment, as compared
with bladder function, may be statistically retrievable (¢ = 0.05 in the
Mann-Whitney test), but convincing unanimity fails.

Studying the material of 1973-1982, we further did not find sufficient
comparable material to perform a numerical analysis about the alleged
superiority of cervical over thoracic cord stimulation, or about the need for
stimulation trials at high frequency.
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Using not too stringent standards, we concluded that with SCS a useful
relief of disability in terms of bladder function was obtained in 40-50% of
the cases, a useful spasticity amelioration in maximally 20-40% of the cases,
and a useful “overall” functional gain in 10 up to 45% of the cases.

b) Recent Results

In Table 6 we listed the data from 13 papers, out of which 12 were published
since 1982 and one, published before 1982, was not taken into consideration
in our previous review. Only one out of those 13 papers describes a series of
more than 30 patients, which is an obvious shrinkage compared with the 7
“large” out of 22 series we gathered from 1973 to 1982. Apart from the
shorter data collecting time recent investigators in this field might have had,
a damped enthusiasm or a more critical look upon SCS could be the reason.
Indeed, we observe a parallel increase of critical analysis. Four out of the
recent 12 papers present data based on 4 technical tests in addition to
clinical evaluation, against 4 others which belong to the basic category of
Fig.6. And even among the latter there is a tendency toward more
standardization through the use of established rating scales.

In Table 6 a total number of 275 SCS-treated patients is represented, out
of which only 63 in 8 papers were assessed on spasticity. In view of this
relative paucity of material, we purposely omitted a statistical analysis this
time.

A coarse comparison with Table 5, that displays the averages of the
previously compiled material, tallies as far as the scores for motor
performance and spasticity are concerned. The figures of bladder improve-
ment, instead, seem to be shifted away from the “very good” rank. The
corresponding authors moreover emphasize the poorly objectifiable (Berg
etal. 1982) and/or long-lasting (Hawkes ez al. 1983, Illis et al. 1983) benefit
of SCS in the treatment of bladder function impairment (in MS). One team
concludes that they cannot recommend it for routine management (Hawkes
etal. 1983).

Concerning spasticity, it is striking that equally well analyzed series of
patients show completely different outcome spectra (Barolat-Romana et al.
1985, Gottlieb et al. 1985). Curiously enough authors who treated spasticity
due to spinal injury by means of stimulation below the lesion, had the best
results (Barolat-Romana efal. 1985, Barolat-Romana and Myklebust
1986).

Waltz and Davis (1983) say that the site of SCS in alleviating spasticity is
not critical, but Barolat-Romana et al. (1985)—in line with some previous
reports (Richardson and McLone 1978, Richardson et al. 1979)—<claim that
in case of spinal transection it is compulsory below the lesion. The same
authors also describe their best cases as responding immediately to
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switching on/off the stimulator, whereby the favorable effect does not
outlast the stimulator’s activity. This is in striking contrast with other
reports that mention considerable delays in response, and ameliorations
outlasting the stimulation period.

3. About the Working Mechanism

At all events, the observed immediate effect of SCS below a complete cord
transection (Barolat-Romana efal. 1985, Richardson and McLone 1978)
indicates that its working mechanism may be purely spinal (propriospinal),
and that here synaptic transmission rather than a slow biochemical process
is involved. The latter and/or a functional and anatomical reorganization
through plastic properties of the synaptic zone have been invoked (Illis
1983, Illis etal. 1976) in order to explain the usually observed delays
between the beginning of stimulation and its functional effects (Dooley and
Sharkey 1981, Hawkes et al. 1983, Illis 1983, Ketelaer et al. 1979, Nakamura
and Tsubokawa 1985) or also between the withdrawal of SCS and the decay
of effect (Berg etal. 1982, Cook 1976, Illis etal. 1980). Suprasegmental
influence (through the ascending/descending reticular system (Waltz ez al.
1981) have been invoked to explain effects on distant spinal segments or
even on speech (Waltz and Davis 1983) and mood (Levita ez al. 1981).

Actually, some 30 different working mechanisms of SCS have been
postulated, but all remain more or less speculative. Except for the above-
mentioned hypotheses, two others deserve special mention. The one of an
involvement of the autonomic nervous system in reducing sympathetic tone
(Read et al. 1980, Richardson e al. 1979, Dooley and Sharkey 1981) is based
on documented skin temperature increases and evidence of healing
arteriosclerotic ulcers. Since the occurrence of failure of objectifiable
improvement with SCS, a placebo effect has also been suggested (Rosen and
Barsoum 1979). This viewpoint has again been challenged (Illis ez a/ 1980,
Walker 1982), also by ourselves. We estimated from our statistical analysis
that a major role of the placebo effect could be ruled out. Gottlieb ez al.
(1985) however, without deducing a placebo effect nominally, collected data
that do not support the efficacy of cervical SCS for spasticity from an
elegant experiment that once more furnishes food for thought. Seven
patients were selected from 53 with spasticity treated by SCS. Only patients
with definite changes in motor function as judged by themselves or their
physicians, were considered. In a blind manner, clinical neurological and
electrophysiological assessment was then requested to determine whether or
not stimulation was on. While the patients were aware of their randomly
predetermined stimulation status with nearly complete accuracy, the
investigators did no better than chance! Moreover, in not one case did the
clinical and electrophysiological tests support simultaneously correct
judgment.
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4. Complications

Complications of SCS that have repeatedly been reported, are: 1. lead
breakage, eventually with current leakage, in some 10% of the cases; 2.
electrode displacement in 9,4% of the cases and 3. infection in 4,7% of the
cases. The two first complications are largely responsible for the fact that
SCS is frequently not a single and simple, but a time-consuming and
expensive technique (Illis 1983).

An exacerbation of MS within the first two weeks of stimulation has
been reported in 5 out of 31 patients by Hawkes ez al. (1981).

Other, more anecdotally reported complications were: pain at the
stimulation site, CSF leakage, difficulties in keeping the electrodes buried
under the skin, transient cord compression, epidural hematoma after
laminectomy, hematoma at the receiver pocket, psychological difficulties in
adjusting to the treatment program, a fibrotic reaction of the meninges
presenting as pain or as reduction in stimulation intensity at a given voltage,
and a reversible aggravation of spasticity by excessive stimulation.

5. Concluding Remarks

The appreciation of the value of spinal cord stimulation in the treatment of
spasticity remains difficult. Our own attitude has been defined by the review
we achieved in 1982, which included personal experience (Ketelaer ez al.
1979). We estimated that SCS for spasticity has a questionable clinical
value, a viewpoint we feel confirmed in by the recent results, though it
certainly will not be shared by everyone.

Preliminary reports show that the intrathecal administration of minute
doses of baclofen has very impressive effects on spasticity. Within the scope
of limited personal experience with programmed continuous intrathecal
baclofen delivery, we were able to observe an overwhelming medium-term
effect on spasticity, which by its very obviousness only emphasizes the
difficulty of appreciating the results of SCS in spasticity.
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Introduction

Dorsal root entry zone thermocoagulation, that is DREZ lesioning, is
useful in the treatment of pain associated with deafferentation. The
procedure can control, in many cases, pain caused by avulsion of the
brachial plexus, by herpes zoster infection of the spinal dorsal root ganglia,
and pain due to traumatic paraplegia. All these conditions are difficult to
control by other means including drug treatment, or by surgical methods
like sympathectomy, rhizotomy, cordotomy or neurostimulation. The
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precise anatomical and physiological basis for the success of the procedure
isnot known, but it is probably due to destruction of pain generating centers
within the spinal cord as well as to a readjustment of inhibitory and
excitatory inputs and an interruption of ascending and descending local
reflex pathways. '

Physiological and Anatomical Basis for DREZ Lesions

The DREZ consists anatomically of the central part of the dorsal spinal
roots, Lissauer’s tract and the superficial layers of the dorsal horn, where
afferent fibers synapse with the cells of the spino-thalamic tract. Sindou
(1974 a) demonstrated that at the point of entry of the posterior rootlet into
the spinal cord the nociceptive small myelinated Ad and the unmyelinated C
fibers lie laterally. These fibers enter the medial part of Lissauer’s tract,
which lies adjacent to the posterior lateral part of the dorsal horn. They may
reach the posterior horn itself at the segmental level where they enter, or
through an ascending or descending pathway up to two spinal segmental
levels above or below. The dorsal horn itself can be divided on the basis of its
cytoarchitecture into laminae, the Rexed laminations (1952), and the
nociceptive afferents relay on lamina I or lamina IV and V. From here the
ascending spinothalamic pathway ascends in the cord. Substance P, which
can excite dorsal horn neurones responsive to noxious stimuli, is found in
Rexed layers I, II, III, and IV (Blumenkopf 1984). The AP fibers of the
posterior rootlet lie medially on entry to the cord, and form long axons
which ascend in the dorsal columns as well as short collateral fibers which
enter the lamina II and III of the dorsal horn. Somatostatin, methionine or
encephalin, all of which can inhibit nociception, may be found in layers I, 11,
IV and VII. Within the lateral part of the tract of Lissauer there are local
intersegmental reflex pathways connecting different levels of the substantia
gelatinosa. The anatomical and physiological basis of the gate control
mechanism of pain (Melzack and Wall 1965) lies in the DREZ. Stimulation
of the nociceptive afferents, which normally results in production of
substance P at the dentrites of the spinothalamic cells, can be inhibited by
stimulation of the large lemniscal fibers and their collaterals with pro-
duction of metencephalin. Local segmental reflexes within Lissauer’s tract
inhibit or excite transmission of nociception, while descending fibers from
the reticulospinal tract may also have further inhibitory effects. It is
probable that when the large lemniscal primary afferents in the peripheral
nerve or in the posterior nerve roots are lost, by disease or trauma, that there
is an excessive firing in dorsal horn neurones causing deafferentation hyper-
activity and the perception of deafferentation pain. DREZ lesions may
reduce the nociceptive impulses generated in the spinothalamic pathways by
destruction of the dorsal horn neurones together with the medial part of
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Lissauer’s tract. Sindou (1974 b) introduced surgical section of the lateral
small fiber component of each posterior rootlet as it entered the DREZ as a
method of selectively destroying the laterally placed small nociceptive fibers
together with the medial, excitatory, part of Lissauer’s tract in the treatment
of carcinomatous infiltration of the brachial plexus, where the preservation
of tactile and proprioceptive functions were particulary desirable. Nashold
(1976) introduced a more extensive lesion of the DREZ using ther-
mocoagulation of the posterior part of the dorsal horn, including the
substantia gelatinosa and the medial part of the tract of Lissauer, in order to
control deafferentation pain due to brachial plexus avulsion. It is the latter
method which will be described further.

Indications and Patient Selection

The principal indications for DREZ thermocoagulation are neuropathic
pain due to avulsion injuries of the nerve roots, postherpetic neuralgia and
pain related to paraplegia. Results are less encouraging in deafferentation
due to peripheral nerve injury, rhizotomy, thoracotomy and amputation.

a) Pain in Plexus Avulsion Injury

The anterior and posterior spinal roots of the brachial or lumbosacral
plexuses may be completely or partially avulsed from the spinal cord by
severe traction forces applied to the limbs and limb girdles in accidental
trauma, particularly in road traffic accidents affecting motor cyclists. Wynn
Parry (1984) has described the characteristic pain experienced by patients
with avulsion of the brachial plexus. About 90% of patients with such
injuries develop pain in the deafferentated limb. The pain generally starts
within days or weeks on the injury, although the exact timing may be
difficult to elicit if there is significant associated head injury. The pain is
severe and usually burning or crushing in character. Generally it is constant
and concentrated in one region of the damaged limb, although not in a
distribution corresponding to a precise segmental root distribution. In
many patients the pain becomes less spontaneously so that within about
three years it remains a significant problem in about 25%. Noninvasive
methods of pain treatment can be very useful in controlling the pain.
Physical rehabilitation, and where possible the return to work, usually have
a beneficial effect. Transcutaneous electrical stimulation, in the root of the
neck above the area rendered anesthetic by the lesion and in the inner arm in
a T 2 root distribution, can be very beneficial. Drug treatment with simple
analgesics together with the anticonvulsant drug carbamezepine or sodium
valproate may also be useful.

Amitriptyline, with both antidepressant and analgesic effects, also may
be of use. Many patients report that alcohol, in moderate amounts, also
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lessen the pain greatly. However, there is a minority of patients, probably in
the region of about 5% overall, who remain in desperately severe pain in
spite of treatment. In some patients the pain appears to increase in severity
even many years after the original injury. It is these patients who will be
offered DREZ thermocoagulation as pain treatment.

b) Pain in Postherpetic Neuralgia

Acute herpes zoster infection of a dorsal root ganglion in a spinal nerve root
1s associated with a vesicular skin rash and acute pain in a dermatomal
distribution. In most cases the pain gradually settles as the rash resolves, but
in about 10% it persists (de Morgan and Kierland 1957). In elderly patients
the proportion with lasting postherpetic neuralgia is probably dispropor-
tionately higher than in younger patients. The superficial component of the
pain may be described as burning or aching and as being made worse by
light touch in areas around the anesthetic, healed, scars. The second, deep,
component is paroxysmal and gripping in nature, not associated with
triggering by touch. Other unpleasant feelings in the affected part can
include itching and a feeling of swelling or of constriction. Treatment in the
acute attack with antiviral agents may reduce the ultimate incidence of
postherpetic neuralgia. However, the established condition can be very
resistant to treatment. Transcutaneous stimulation as well as drug treat-
ment with carbamazepine (Gerson 1977), amitriptyline (Taub 1973, Watson
1982) or with chlorprothixene (Nathan 1978) may be successful. A minority
of patients will be left with severe and disabling symptoms and in these
DREZ thermocoagulation can be effective in spite of age and other
infirmity (Friedman, 1984 a, b).

¢) Chronic Pain in Traumatic Paraplegia

Following spinal cord injury patients may be left with pain at the site of the
original injury due to mechanical factors like instability or facet joint
disruption. However, there can also be pain of a central type experienced in
the deafferentated region below the injury, often consisting of burning or
tingling feelings in the trunk or anesthetic limbs (Melzack 1978, Nashold
1981 a). Pain triggered by touch and movement may also be experienced in
the anesthetic areas, and this pain may be described as tingling or
lancinating. DREZ thermocoagulation at, and for two to three segments
above, the spinal level may be beneficial for the pain experienced in the
deafferentated areas. As in the cases of avulsion, or postherpetic pain, the
procedure is a serious one and should be considered only for severe
intractable symptoms. A specific risk in the paraplegic cases is that the
spinal level is likely to ascend, certainly in sensory terms and often in motor
terms, to higher segments following the lesion.
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Preoperative Investigation
Myelography

In cases of avulsion of the plexus or traumatic paraplegia patients have
often undergone myelography soon after injury in order to define the extent
of root and spinal cord damage. In the cases of brachial plexus avulsion, if
myelography has not been performed previously, it is useful to perform this
study as part of the preoperative assessment prior to DREZ thermocoagu-
lation. Information is obtained from the myelogram not only about the

Fig. 1. Cervical myelogram in a case of brachial plexus avulsion. Absence of roots
and a typical pseudomeningocoele visualized on injured side
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Fig.2. Cervical myelogram in a case of brachial plexus avulsion. Very large
pseudomeningocoele, extending to the clavicular region visualized

extent of root loss but also about the existence of traumatic meningoceles,
which can be very large, and which may affect the surgical approach (Figs. 1
and 2).

Surgical Technique

Preparation and Positioning

24 hours prior to surgery dexamethazone 4 mg. 6 hourly is commenced
together with cimetidine 200 mg 6 hourly. The patient is operated on under
general anesthesia in a prone position. In cases of brachial plexus avulsion it
is possible to determine the relevant spinal levels accurately by palpation of
the prominent C7 vertebra when the patient is positioned with the neck
flexed and by subsequent palpation of the C 1 or C2 vertebrae during the
course of laminectomy. In cases where the dorsal region is involved marker
X-rays performed preoperatively, together with X-ray control per-
operatively, is generally essential. Identification of levels in the dorsal region
and at the conus can be facilitated by the use of peroperative physiological
methods, considered below.
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Incision, Laminectomy and Dural Opening

In the case of brachial plexus avulsion midline cervical incision is made and
full laminectomy from C4-T 1 performed (Figs. 3-5). In the dorsal region
incision and laminectomy is carried out two levels above the affected
dermatome from D 1-D 6 and three levels above from D 6-D 10. The conus

Fig. 3. Bony extent of laminectomy required in DREZ lesion for brachial plexus
avulsion

is exposed through a laminectomy from D 10-L 1. Scrupulous hemostasis
should be achieved prior to dural opening. A dispersive earth electrode,
generally in the form of a 10cm solid metal disposable lumbar puncture
needle should be implanted in the superficial muscle form the earth
electrode of the thermocoagulation system. The circumference of the dura is
sealed with lintine and towels to exclude skin and muscle prior to dural
opening. The dura is incised in the midline and held with stay sutures
(Figs. 6 and 7). The operating microscope is used to provide both mag-
nification (in the range 10-15times) and illumination. The arachnoid,
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Fig. 4. Stripping of muscle layers to expose cervical laminae

which is frequently thickened and opaque in cases of trauma, as it is in some
cases of postherpetic neuralgia, is opened to expose the spinal cord. In cases
of root avulsion the DREZ is identified by inspection and palpation. The
anatomy of the normal, uninjured side, together with the anatomy just
above and below the affected levels, gives an indication of the probable site
of the DREZ. Universally, in avulsion cases, there is a degree of hemi-
atrophy of the cord on the injured side (Fig. 7). In addition, there may be
displacement or rotation of the cord caused by arachnoid cysts or
pseudomeningoceles. Visual inspection of the cord may reveal the sulcus
between the posterior and lateral columns and this identification of the
DREZ may be confirmed by gentle palpation with a metal dissector passed
across the surface of the cord. In cases of postherpetic neuralgia the affected
rootlets are often wasted and atrophic, as well as being affected particularly
by arachnoiditis. In cases of traumatic paraplegia preoperative my-
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Fig. 5. Laminectomy of cervical vertebrae

elography, together with inspection at the time of surgery, shows the level of
trauma. There is generally a degree of arachnoiditis at this level and above.

In the dorsal region, and in the conus, electrical stimulation may be
particularly useful in identifying the appropriate root level (Friedman and
Nashold 1984 a, b). In the region of the conus the last dentate ligament is at
approximately the L 5 segmental level, while the S 1 root is approximately
1 cm above the point where the filum terminale joins the conus.

DREZ Thermocoagulation

Once the appropriate spinal levels have been identified and the sulcus
between the posterior and lateral columns confidently defined, ther-
mocoagulation of the DREZ may be carried out. Lesions are made using a
specially constructed insulated electrode; containing a temperature sensitive
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Fig. 6. Dural opening and exposure of spinal cord. Avulsed roots on injured side

thermocouple (NCTD thermocouple temperature monitoring electrode
Radionics Inc. Burlington, Massachusetts). The electrode has an exposed
tip of 2 millimeters and diameter of 0.25 millimeters. A circuit is made by
connecting cables between this active electrode, and the radiofrequency
generator (RFG-5 with thermocouple adaptor TCA-1; Radionics Inc). The
earth electrode is as described above. In order to demonstrate the continuity
of the circuit, impedance in the system is first tested, using the special facility
available in the generator. Typically the impedance between the dura, or the
spinal cord, and earth will be in the region of 450-700 ohms. It is necessary
repeatedly to clean the electrode, as well as to clean the connecting plugs and
sockets, in order to have the optimum conditions in the electrical circuit
during thermocoagulation. Under vision through the microscope the
electrode is introduced into the DREZ to a depth of 2 millimeters (Fig. 8).
The electrode is hand-held and introduced at an angle of approximately 25°
to the parasagittal plane. Radiofrequency current is switched on and
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Fig. 7. Operative photograph in case of partial avulsion of brachial plexus. Several

posterior roots remain partially intact. Dura retracted by stay sutures, dissector

placed in pseudomeningocoele. There is relative rotation and displacement of the
cord away from the side of injury

gradually increased until a temperature of 70-75°C is reached. This
temperature is held constant for 15seconds and then switched off with
removal of -the electrode (Nashold 1984). The current setting is then
returned to zero and the second, and subsequent, lesions made in a similar
way, with withdrawal and cleaning of the electrode between lesions. Lesions
are sited 2 millimeters apart. Occasionally bleeding will be encountered
from small spinal pial vessels, but this will usually stop with pressure from a
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Fig. 8. DREZ exposed and hand held electrode being used for coagulation

pattie without requiring bipolar diathermy. In cases of brachial plexus
avulsion approximately 20-24 lesions are required to cover the DREZ from
C5-T 1. In the dorsal region, for postherpetic neuralgia, the affected root
level together with one segment above and one segment below is treated. In
cases of paraplegia the level of the lesion and two segments above are
treated. The radiofrequency current required to obtain a temperature of 70—
75°C in the cervical region is about 45mA and generally in the dorsal
region it is much less, usually about 25mA. The most accurate method of
obtaining consistent lesions is with the use of temperature measurement, as
described above.

Closure

The dura s closed in a water tight fashion with routine closure of the muscle,
subcutaneous layers and skin with interrupted sutures (Fig. 9).



Dorsal Root Entry Zone Thermocoagulation 111

Fig.9. Closure of dura

Peroperative Electrophysiological Methods

Electrical evoked potentials may be elicited after stimulation of the nerve
roots as they pass through the spinal foramina, or by stimulation of the
intercostal, posterior tibial, sural or sciatic nerves using percutaneous
electrodes. Recording at the conus, or higher in the cord in postherpetic
cases, of these evoked potentials, on the undamaged side, can contribute to
determining the anatomy and appropriate segmental levels peroperatively
(Friedman 1984 a, b).

Preoperative studies of the cortical somatosensory evoked potentials in
brachial plexus avulsion cases often shows subclinical spinal cord damage.
However, peroperative use of electrophysical monitoring of spinal cord
function has not yet been successful in identifying, and limiting, long tract
complications from DREZ lesioning (Jones 1985).

Postoperative Care

The patient is nursed in bed, with rolling from side to side 4 to 6 hourly, for
48 to 72 hours before mobilising to stand with assistance. In some cases a
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urinary catheter must be passed if spontaneous micturition is not successful.
In cases of cervical laminectomy a soft cervical collar is useful for increased
comfort in the postoperative period. Intermittent lumbar punctures in order
to reduce CSF pressure and so to lessen the risk of postoperative fistula may
be employed. Providing there is no significant additional neurological
deficit the steroid cover may be discontinued after a few days. In cases where
there is significantly increased disability, due to long tract involvement,
steroids should be continued and physiotherapy and rehabilitation in-
stituted. Analgesia with opiates or with pethidine may be required to
control wound pain for several days. Many of the patients with chronic pain
undergoing DREZ lesions appear to have a relatively low threshold for pain
and in the postoperative period it may take two or three days before they
can distinguish their wound pain from the preexisting neuropathic pain. As
the postoperative pain settles they will be gradually able to estimate the
degree of pain relief from the procedure. In this period objective responses
to pain relief will also be seen in the form of reduced consumption of
analgesic drugs and improved behavior and function, compared with the
preoperative state.

Complications

In approximately half the cases of DREZ lesioning for avulsion pain there
will be an observable increase in signs of neurological deficits due to long
tract involvement postoperatively (Thomas 1984). In most cases this will be
a very minor change in motor function or reflexes, or in sensation. Often the
deterioration in motor function is a clumsiness and ataxia of the ipsilateral
lower limb, without objective pyramidal weakness on testing. Sometimes
there is dysfunction of the posterior columns with impairment of pro-
prioception. Generally, these changes are of little functional significance,
and usually they tend to remit over a period of several weeks. However, in a
minority of cases, less than 10%, there will be permanently persisting
deficits due to the procedure. In a small proportion of these locomotion may
be significantly limited, although in nearly every case of such complications
in patients with avulsion or postherpetic neuralgia they remain able to walk
unaided. The rate of such complications is lower in postherpetic than in
posttraumatic avulsion cases, possibly because there is no spinal cord
atrophy due to the original disease process.

Results

A good result, that is partial or complete resolution of pain, so that narcotic
analgesic medication can be discontinued, is obtained in between two thirds
and three quarters of cases of avulsion or postherpetic neuralgia (Friedman
1984 a, b, Levy 1983, Nashold 1979, Samii 1984, Thomas 1983, 1984) and in
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a rather smaller fraction of cases of pain due to traumatic paraplegia
(Nashold 1981 a). Provided the pain relief is stable for a period of weeks
postoperatively it appears to last indefinitely over a period of years. It is
almost unheard of for a patient to find pain worsened by DREZ, but some
patients who develop neurological complications may regret the procedure,
even if they have obtained pain relief. However, for a significant majority of
patients with deafferentation pain, of desperate severity, DREZ coagula-
tion provided worthwhile pain relief.
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Introduction

The timing of surgery to obliterate ruptured intracranial aneurysms remains
controversial. Although recent studies, which were uncontrolled, suggested
a slight benefit to early surgery for aneurysms of the anterior circulation, the
relative infrequency of aneurysms of the vertebral-basilar circulation has
made the question of when to operate on these aneurysms even more
uncertain'®>. Our experience with more than 1400 operated cases of
aneurysms of the posterior circulation has made the surgical approach to
the confining space in front of the brain stem quite routine. Nevertheless,
most of the cases were operated upon 10 to 14 days following their last
subarachnoid hemorrhage (SAH) and after the immediate effects of the
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hemorrhage and the consequences of the hemorrhage had passed. As well,
there is little recorded evidence of an advantage or disadvantage of early
surgery for these uncommon aneurysms? '%2%27. This report documents our
experience with early operation in ruptured posterior circulation aneurysms
during the past 15 years.

Clinical Material

Since 1970, 86 patients with ruptured posterior circulation aneurysms have
been operated on at The University of Western Ontario within 7 days
following their last SAH. These patients mean age was 47 years (range 8-86
years); 22 patients were male and 64 patients were female.

Forty-six patients experienced a single episode of SAH prior to their
surgery and 40 patients had more than 1 bleed (2-8 hemorrhages) confirmed
by computed tomographic (CT) scan and/or lumbar puncture.

The aneurysms arose at the usual sites from the vertebral-basilar or
posterior cerebral arteries, with the basilar bifurcation aneurysm being most
common. The distribution of aneurysms on the posterior circulation in this
early operative group is similar to our overall larger series (Table 1). Fifty-

Table 1. Location of the Ruptured Aneurysms on the Posterior Circulation (treated
within 7 days of SAH)

® Basilar 66
- Bifurcation 50
- SCA 14
- V-B Junction 2
* Vertebral 15
e Posterior Cerebral 5
Total 86

nine of the aneurysms were small (< 12mm in diameter), 22 of the
aneurysms were large (13-24 mm in diameter) and 5 were giant (> 25 mm in
diameter).

A CT scan was obtained within 2 hours after the most recent SAH in 60
patients. Using Fisher’s classification, the amount of blood seen on the CT
was graded at (+)1in 9 patients, (+ +)in 21 patients, (+ + +)in 30 patients
and (+ + + +)in 10 patients®. More than half the patients (46) were grade I
(Botterell) at the time they were taken to the operating room, 27 were grade
I, 10 were grade III and 3 were grade IV.
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Surgical Management and Results

Itis obvious that early operation to repair a ruptured intracranial aneurysm
is a prophylactic procedure to prevent further hemorrhages. There is
widespread concern, however, that early operation is technically more
difficult because of a tight, angry, red brain and fresh clot obliterating the
surgical planes, making access and exposure more difficult. As well, there is
concern that the sac is more friable which may increase the likelihood of
intraoperative rupture. Moreover, there is a widely held assumption that
cerebral ischemia secondary to reactive arterial narrowing (vasospasm) is
more common and more troublesome after early surgery. Even so, it has
been postulated that early operation may reduce the incidence of post SAH
vasospasm and hydrocephalus as a result of the direct removal of clot at
operation. The validity of these notions was evaluated in this review. It
should be noted that, although the patients included in this analysis were
operated on during a period of 15 years, 85% were operated upon in the past
5 years during an era of modern neuroradiologic evaluation, effective
contemporary neuroanesthesia techniques and the routine use of
microsurgery.

Because of our increasing confidence in early surgery and because patients
with these difficult lesions were being referred to our unit soon after the
hemorrhage, the opportunity for early operation has, in recent years,
become more commonplace.

Basilar Bifurcation Aneurysms

Of the 50 patients in this study with ruptured basilar bifurcation aneurysms,
28 were grade I, 15 were grade II and 7 were grade III. The neck of the
aneurysm was directly clipped in 47 patients but, because of giant size and
an associated rigid atherosclerotic neck, 3 patients were treated with upper
basilar artery occlusion. All aneurysms of the upper basilar artery were
approached by the subtemporal route and in only two instances was
intracranial pressure considered high, making this exposure limited.
Although retraction of the temporal lobe was somewhat difficult in these
two cases, both were grade I at the time they went into the operating room
and with the use of Mannitol and lumbar spinal fluid drainage, as well as
controlled ventilation, adequate exposure was obtained with complete
obliteration of the aneurysms and ultimately excellent results.

Major neurologic dysfunction was noted in the immediate postoperative
period in 17 of the 50 patients with basilar bifurcation aneurysms. Analyses
of the causes of this neurologic deterioration revealed intraoperative
rupture with secondary imperfect neck clipping in three patients, temporal
lobe swelling from heavy retractor pressure in one, postoperative extradural
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hematoma in one, rupture of the aneurysm prior to tourniquet closure in
one, and probable perforator injury in the remaining patients. Of these 17
patients who deteriorated from- events surrounding the operation, 13
recovered completely within several weeks; 3 remain permanently disabled
due to thalamic and mid brain infarction secondary to perforator injury.
The patient with the postoperative extradural hematoma expired.

In 10 patients, delayed cerebral ischemia secondary to vasospasm
occurred between the seventh and thirteenth days following the first SAH;
this was documented by cerebral angiography and cerebral blood flow
studies. All were treated with hypervolemic-hypertensive therapy and
although three of them recovered completely, five patients developed
permanent neurologic deficits and two died from cerebral infarction.

Of the 26 patients operated on within 96 hours of their last SAH, and 24
patients operated on between Day 5 and Day 7, excellent results were
obtained in 22 (85%) and 18 (75%) respectively. In this small series,
therefore, there appears to be no significant difference in outcome between
these two groups of patients, whether operated upon at the beginning or at
the end of the first week following their SAH. The operative and
postoperative complications were equally divided between these two
groups of patients.

Basilar Superior Cerebellar Artery Aneurysms

Fourteen patients presented with rupture of aneurysms arising from the
basilar artery at the origin of the superior cerebellar artery. Six of these
patients were grade I, 5 were grade 11, 2 were grade Il and 1 was grade IV at
the time they were taken to the operating room. All patients underwent
direct clipping of the aneurysm. Five patients were operated on within 96
hours of the SAH and 9 patients between the fifth and seventh days.

All of these aneurysms were approached via the subtemporal route,
under the right temporal lobe in six patients and under the left temporal lobe
in eight patients, according to the side toward which the aneurysm was
pointing. On opening the dura, a tight brain was encountered in two
patients. One patient, a Botterell grade II at operation, had an excellent
outcome. The other (grade IV) died as a result of imperfect clipping of the
aneurysm after troublesome intraoperative hemorrhage obscured the field
resulting in a hurried and imperfect placement of the clip.

One other patient, grade I, suffered a major intraoperative hemorrhage
and imprecise placement of the clip, with partial occlusion of the superior
cerebellar artery and one of its proximal perforators, and remains disabled
with a cerebellar infarction. Two patients, both grade III prior to operation,
developed delayed ischemia secondary to vasospasm; one of these recovered
completely and the other remains partially disabled due to an infarct in the



Acute Surgery for Ruptured Posterior Circulation Aneurysms 119

opposite parietal lobe. Immediately after surgery, five patients condition
worsened; this may have been a result of the intraoperative trauma of
temporary ischemia due to prolonged generalized hypotension or the use of
a temporary basilar occlusion or perforator manipulation or injury.
However, all the patients recovered completely within two weeks after
surgery.

Overall, the results were excellent in 11 patients (79%), poor in 2 and
fatal in 1.

Vertebral-Basilar Junction Aneurysms

Two patients with vertebral-basilar aneurysms underwent direct clipping of
the aneurysm. One patient (grade I) was operated on 5 days after a third
SAH and 12 days after his first hemorrhage. The aneurysm was large,
complex and required multiple clips to secure the neck. Postoperatively, he
was noted to have dysfunction of the sixth, seventh and eighth cranial
nerves on the operative side which gradually recovered over several months.
He has returned to full activity, but has been left with a significant
impairment of hearing in the left ear. In the other patient, grade IV at the
time of operation and 1 day after her fourth SAH and 15 days after her first
hemorrhage, the aneurysm was secured uneventfully and subarachnoid clot
removed. Even so, she developed widespread cerebral ischemia 3 days
postoperatively and 18 days after the first SAH; despite vigorous attempts
at improving perfusion, she died.

Vertebral Aneurysms

Early operation was performed in 15 patients with ruptured vertebral
aneurysms. Eight patients were grade I, 6 were grade Il and 1 was grade IV
at the time of operation. Fourteen of the 15 patients had aneurysms arising
at the vertebral PICA junction and 1 arose from a large perforator distal to
the origin of PICA. Fourteen of the patients underwent direct clipping of
the neck of the aneurysm and one was treated with proximal vertebral artery
occlusion. Seven patients were operated on within 96 hours of the SAH and
the remainder between Day 5 and Day 7.

Eight patients developed postoperative neurologic deficits. Four had
transient lower cranial nerve dysfunction which recovered without dis-
ability over the next several months. Three patients had evidence of cerebral
ischemia secondary to vasospasm and all recovered completely. One
patient, who had a large vertebral PICA aneurysm and was grade IV at the
time of operation following two hemorrhages and marked communicating
hydrocephalus, had the aneurysm secured without difficulty and was
unchanged immediately postoperatively, but developed an acute subdural
hematoma following the insertion of a ventriculostomy to control the
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hydrocephalus and died. This tragic outcome was the only untoward result
in the 15 operative cases.

Posterior Cerebral Artery Aneurysms

Five patients presented with rupture of posterior cerebral artery aneurysms;
three aneurysms arose from the P 1 segment and two from the P 2 segment.
Three patients were grade I, 1 was grade IT and 1 was grade I1I at the time of
operation. The aneurysms were clipped within four days of the most recent
SAH in two patients and between Day 5 and Day 7 in three patients.
Immediately postoperatively, two of the patients with P 1 aneurysms were
noted to have a hemiparesis, both thought to be due to injury to the long
perforating branches arising from the P 1 segment. One of these patients
recovered completely and the other remained disabled with a posterior
thalamic infarction. One patient with a P2 aneurysm and grade II, had
delayed hemiparesis and aphasia on Day 12. She responded to intravascular
volume expansion and elevation of blood pressure, recovering completely.
Ultimately, four of the five patients had excellent results.

Relationship of Preoperative Timing and Results

The overall results designated by grade at operation are summarized in
Table 2. At the time of follow-up, at least one year after their operation,
patients were categorized as excellent only if they were neurologically
normal on repeat examination. Patients with detectable neurologic ab-
normalities but who had returned to work and to an unrestricted lifestyle
were classified as good. The “poor” categorization describes patients with
detectable neurologic dysfunction who were unable to work or required
some level of assistance in their daily living. It should be noted that all of the
grade IV patients died and 30% of the grade III patients at operation
ultimately were significantly disabled or dead. If one considers only the
grade I and II patients, however, 10% of the patients were ultimately
disabled and less than 3% of them expired. When examining only the grade
I and II patients (Table 3) and comparing the results with those operated on
within 4 days of their most recent SAH and those operated on between Day
5 and Day 7, it is noted that a good or excellent outcome was obtained in
93% and 81% respectively. By comparison, we have operated on 888
patients with a grade I or II coming to the operating room and operated on
at least one week after their last SAH (average Day 12) showed a 90%
excellent or good outcome. The operative mortality in grade I or II patients,
whether operated on in the first week or delayed, was identical at 3%.
Grades IIT and I'V patients operated on early resulted in only a 54% good
or excellent outcome (all of these patients being grade III) and a 31%
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Table 2. Results of Surgery for the Posterior Circulation Aneurysms (treated within
7 days of SAH)

GRADE* NO. EXCELLENT GOOD POOR DEAD

I 46 30 9 5

11 27 12 12 3 0

111 10 4 2 1

v 3 0 0 0 3

Total 86 46 24 10 6
[ L

(81%) (7%)

*Botterell Grading

Table 3. Results of Surgery for the Posterior Circulation Aneurysms

TIMING NO. EXCELLENT/GOOD DEAD

® Grade I, II <96 hrs. 30 28 (93%) 0
Day 5-7 43 35 (81%) 2
e Grade III, IV <96 hrs. 11 5 4
Day 5-7 2 2 0

Table4. Results of Surgery for the Ruptured Posterior Circulation Aneurysms

TIMING OF EXCELLENT
GRADE SURGERY NO. OR GOOD DEAD

o111 < 7 days 73 86% 3%
Elective 888 90% 3%
o [II. IV < 7 days 13 54% 31%

Elective 132 57% 15%

mortality, but as disappointing as these results are, they are not dissimilar to
those poor-grade patients undergoing their operation electively in whom
only 57% were considered good or excellent at the time of follow-up and
15% had died as a result of their SAH or operation (Table 4). Although all
of the grade IV patients subjected to early surgery died, only two of the
grade IV patients operated on electively had a good outcome, with five
patients being significantly disabled and three dying.
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Aneurysm Size and Results

From our experience, it would appear that aneurysm size, up to 24 mm in
diameter, has little effect on outcome. Good or excellent results were
obtained in 83% of the small aneurysms and 82% of the large aneurysms,
with a 7% and 9% mortality respectively in those patients that were
operated on early. In those patients undergoing delayed surgery, a 91%
good or excellent result was obtained in small aneurysms and 82% in large
aneurysms with a mortality of 4% and 3%. Because of the large difference
in the numbers in the two groups, these percentage differences are likely not
significant. Five patients with giant aneurysms underwent early operation
with excellent or good results in 60%, which is similar again to those
operated on electively in our unit.

Sixty of the patients operated on early were less than 60 years of age and
18 patients were 60 years of age or older. Slightly better operative results
were obtained in the younger patients, with 84% of these having an excellent
or good result and a 6% mortality as compared to the older patients, who
suffered 11% mortality and only 72% had a good or excellent result. Again,
these comparisons suffer from the relatively small number of patients and
by the fact that there were a higher proportion of poorer grade patients in
the older group.

Forty-six patients were operated on early after a single SAH; 82% of
these had a good or excellent outcome and 7% died. Similar results were
obtained in the 40 patients who had multiple hemorrhages; 80% had a good
or excellent outcome and 8% died.

Communicating hydrocephalus, secondary to SAH, was clinically
significant and radiologically confirmed in 11 of the 86 patients undergoing
early surgery. Nine of the 11 were patients who had had multiple episodes of
SAH and ultimately 4 patients required operative CSF diversion. One
developed an acute subdural hematoma following ventriculostomy as noted
above.

Intraoperative rupture of the aneurysm occurred in 10 patients. In four
instances, the aneurysm arose from the basilar bifurcation, in five the
aneurysm was at the basilar superior cerebellar artery origin and one arose
from the vertebral artery at PICA. The intraoperative rupture was
considered minor in five patients. Two of these with minor hemorrhages
had an uneventful postoperative course. Two other patients went on to
develop delayed ischemia secondary to vasospasm; one of them recovered
completely and the other partially. One patient was more drowsy postoper-
atively, thought due to heavy retraction and temporary clipping of the
basilar artery, but eventually recovered completely. In contrast, five
patients sustained a major intraoperative rupture of the aneurysm and all
were immediately worse as a result of the operative experience. Only two of
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these patients ultimately made an excellent recovery. One patient, who
clearly suffered from an improperly placed clip and perforator injury,
remained disabled. Two patients who were poor-grade going into the
operation both unfortunately experienced an imperfect clip application and
ultimately died.

Incomplete Obliteration of the Aneurysm

Of the 82 patients who underwent direct clipping of the aneurysm, the neck
occlusion was incomplete in 3 patients. Two of these patients harbored large
basilar bifurcation aneurysms and one had a large basilar superior
cerebellar artery aneurysm. Re-operation and repositioning of the clip was
carried out in two patients, with an excellent result in one. The other,
however, who was grade IV at the time of the first and second procedure,
ultimately died. The third patient, with a large basilar bifurcation
aneurysm, also grade IV at the time of the initial procedure, did not improve
following the second procedure and was not considered in sufficiently good
condition after a delay of two weeks to warrant further surgical exploration.
Proximal vessel occlusion was performed in four patients when it was
proved to be impossible to directly clip the neck of the aneurysm. This
resulted in complete thrombosis of the aneurysm in three instances with
good results. In one patient with a giant basilar bifurcation aneurysm, a
tourniquet was used to close the basilar artery the day after it was placed
around the vessel and the patient tolerated this well. However, 24 hours
later, this patient suffered a major rebleeding despite a completely occluded
basilar artery and has remained neurologically disabled. No further
attempts to prevent flow into this aneurysm have been undertaken.

Vasospasm

Delayed ischemic neurologic deficit secondary to vasospasm was identified
as the cause of neurologic deterioration in 14 patients (16%).

Fourteen of the 86 patients (16%) developed delayed neurologic
ischemic deficit as a consequence of reactive arterial narrowing or
vasospasm. The onset of these ischemic symptoms ranged between 3 and 14
days following the last SAH. Vasospasm was documented in 11 of the 73
(15%) grade I and II patients and in 3 of the 13 (23%) grade III and IV
patients. All patients were started on a regimen of hypervolemia and
hypertension as soon as the diagnosis of vasospasm was made and
competing other causes of neurologic deterioration either ruled out or
remedied. Five patients with confirmed vasospasm responded promptly to
treatment with excellent results. Two patients recovered more slowly, but
were judged to have excellent or good results at the time of follow-up in one
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year. Four patients improved as the result of the hypervolemia/hypertensive
therapy, but not before the impaired perfusion had produced cerebral
infarction and, although they survived, they remained disabled. Three
patients died as a direct consequence of the vasospasm.

In 60 patients, a CT scan was performed within 12 hours of their SAH.
The amount of blood in the subarachnoid cisterns was graded according to
the scale of Fisher. Of 30 patients with a CT grade of (+)and (+ +), only 2
(7%) developed delayed cerebral ischemia secondary to vasospasm and
both responded promptly to therapy and demonstrated a complete recovery
of neurologic function before discharge from hospital. Of the 30 patients
with a CT grading of (++ +) and (++ + +), 9 developed delayed
neurologic deficit (30%). Despite vigorous attempts to expand their blood
volume and elevation of blood pressure, 5 remained permanently disabled
or died (Table 5). Of the patients with CT grade (+) or (+ +), 93% had a
good outcome and no mortality, but of the patients with a more massive
bleed, as evidenced by a large amount of clot in the basal cisterns, only 77%
had a good outcome, and there was a 10% mortality (Table 6).

This incidence and outcome of the complication of vasospasm is
identical to our experience with the management of SAH and vasospasm
associated with anterior circulation aneurysms in our unit in the past five
years. Moreover, the incidence of vasospasm does not appear to have been
increased as a result of early operation. Although early operation provides
the immediate security of an obliterated aneurysm when one anticipates the
possibility of delayed ischemia secondary to vasospasm, this small series
does not suggest that early operation and vigorous therapy to improve
perfusion has resulted in a significantly better outcome.

Table 5. Delayed Neurological Deficit Following Rupture of the Posterior Circulation
Aneurysms

NEUROLOGICAL DEFICIT
CT GRADE* TRANSIENT PERMANENT OR DEAD TOTAL

+, ++ 2 (0} 2 (7%)
(n=30)

+ + +,

+ + + + 4 5 9 (30%)
(n=30)

Total 6 5 11 (18%)
+ : No subarachnoid blood visualized

++ : Diffuse or thin sheet

+ + + : clot or thick layer
+ + + +: Diffuse or none with intracerebral or intraventricular clots
(Fisher)
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Table 6. Results of Surgery for the Posterior Circulation Aneuryms (within 7 days of
SAH) by CT Grade

CT GRADE NO. EXCELLENT GOOD POOR DEAD
+, ++ 30 17 1 2 0
L
93%
++ +,
+ + + + 30 16 7 4 3
L L
77% 10%
Discussion

Acute surgery for posterior circulation aneurysms was attempted in the
earliest experience of the senior author. Two of the first four patients died,
one with a cardiac arrest, following poorly controlled hypotension and
hypothermia3. Since then and after operating on more than 1400 patients in
our unit with aneurysms arising from the vertebral and basilar arteries, the
pre- and postoperative care, techniques of neuroanesthesia and operation,
and the recognition and management of complications of SAH have
become established and quite routine*7-20-21. Overall, 85% of these patients
have achieved excellent or good results and the mortality for the whole
group is 5%. Even so, we continue to be concerned by a combined
morbidity and mortality of 15% and are continually haunted by the
deterioration and death of patients because of recurrent hemorrhage before
the aneurysm could be secured. Most surgeons are unfamiliar with
aneurysms hidden in front of the brain stem. As a result, there has been a
general trend, supported by our previous publications, to delay surgery for
those aneurysms arising from the posterior circulation at a time when there
has been a trend toward early surgery for ruptured aneurysms arising from
the anterior circulation!- 7> 11, 13, 16,22,24,26In our unit (Table 7), we have
compared the results of early operation (within 96 hours) in patients with
aneurysms arising from the anterior circulation and those with aneurysms
arising from the posterior circulation. The results are equally good in those
patients graded Botterell I or II at the time of surgery and equally poor in
those graded III or IV. Thus, in our hands, the condition of the patient going
into the operating room would appear to be the most powerful determinent
of outcome.

It has been suggested that vasospasm is less common following rupture
of aneurysms of the posterior circulation. It has also been suggested that



126 S. J. PEERLESS etal.:

Table 7. Results of Early Surgery for Ruptured Aneurysms

GRADE LOCATION OF EXCELLENT
(BOTTERELL) ANEURYSMS NO. OR GOOD DEAD
I, 1I Anterior
Circulation 41 93% 2%
Posterior
Circulation 30 93% 0%
I, Iv Anterior
Circulation 8 50% 25%
Posterior
Circulation 11 45% 31%

early operation may increase the incidence of vasospasm by some unknown
effect of the surgical manipulation or anesthetic carried out at a time when
the vessel’s reactivity is most vulnerable. Alternatively, there has been hope
that the incidence of vasospasm may be reduced by virtue of the evacuation
of clot and bloody CSF afforded at the time of the surgical intervention. Our
experience would not support any of these notions. The incidence of
vasospasm following SAH in anterior and posterior circulation aneurysms
is 15% and 16% respectively in those cases undergoing early surgery.
Overall, the incidence of vasospasm in our larger group of patients, where
surgery has been delayed, is 15%. Whether early or delayed, 50% of the
patients with ischemic dysfunction secondary to vasospasm recover with
excellent or good results with hypervolemic/hypertensive therapy. The
remaining half (7% of the total with vasospasm) are left disabled or dead as
a result of their cerebral infarction. The most powerful predictor of
vasospasm has been the CT documentation of subarachnoid clot. Although
not perfect, the predictive value of CT imaging of clot in the subarachnoid
cisterns is high, and more importantly, those patients with minimal or no
clot in the cisterns following the bleed that do go on to develop vasospasm
and ischemia are most likely to respond dramatically to the elevation of
their intravascular volumes and blood pressure and improvement of the
cerebral perfusion pressure!* 19,

Isolation of the thin sac of an aneurysm by surgical obliteration of the
neck is the ultimate goal of the surgical treatment of intracranial aneurysms
to prevent rebleeding. If the sac is large or of giant size, the technical
complexity and relative inaccessibility of these aneurysms is markedly
increased and usually will make neck clipping difficult if not impossible and
certainly hazardous for the patient. In the past, we have suggested that
proximal or hunterian ligation in these circumstances is an effective and
usually safe alternate method of treatment in those patients coming
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electively to surgery” 3. Proximal vessel ligation was attempted in only four
patients in the acute stage and only two benefited from the therapy. One
fatality and one poor outcome occurred in patients grade I and II
respectively harboring giant aneurysms. These disappointing results in a
few patients have made us cautious about attempting proximal vessel
ligation in the immediate week following acute SAH.

Several reports have suggested a high mortality (48—83%) due to
rebleeding from aneurysms arising from the posterior circulation® 1%-17.25, In
more than 1400 aneurysms of the posterior circulation operated upon by the
senior authors, 1126 had ruptured and 86% had good or excellent result
with an operative mortality of 5%. In those patients operated on within 7
days of the SAH, 81% had functional results and 86% of those patients
grade I or IT were considered excellent or good at follow-up. Whether the
aneurysm was judged to be small or large had no effect on outcome. Only
three of the five giant aneurysms operated on early had a good result.

In our hands, early surgery for aneurysms of the posterior circulation
yields results similar to early surgery for aneurysms of the anterior
circulation and not dissimilar to the results achieved in delayed operation of
aneurysms of the posterior circulation in our unit. It is clear that early
surgery, with the aneurysm appropriately clipped, will reduce dramatically
the risk of rebleeding. Moreover, our review would suggest that the
incidence of vasospasm is not more common or less amenable to therapy or
more severe in those patients who have been operated on early. Indeed, it
has seemed logical to us that the only therapy appearing to benefit those
patients with impaired cerebral perfusion secondary to vasospasm—namely
volume expansion and elevation of blood pressure—is more safely adminis-
tered with the aneurysm surgically obliterated. Although early surgery more
frequently produces the initial impression that the brain is more swollen and
tight and the exposure more confining, the use of lumbar spinal fluid
drainage, controlled ventilation and osmotic diuretics has ultimately made
the exposure possible. As well, dissection of the aneurysm itself with
removal of surrounding fresh clot, identification of the neck and separation
of perforators, although somewhat more tedious in the acute case, is neither
significantly difficult nor more hazardous. Intraoperative aneurysmal
rupture was again not apparently different in those cases operated on early
or late. ,

This review, as in the International Collaborative Study of the Timing of
Aneurysm Surgery, does not appear to show a significant difference in
outcome between those patients operated on early or late when presenting
with ruptured posterior circulation aneurysm's. These conclusions are
marred by the fact that we are comparing possibly two different groups of
patients and the numbers of those operated on acutely in the London,
Ontario series are distinctly small.
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We have modified our approach over the years to operate early in those
patients who are good-grade, whose aneurysms do not present a particular
technical difficulty because of size, configuration or location, and occasion-
ally in those patients whose lives appear to be in jeopardy because of
recurrent hemorrhage. An overriding consideration, however, is that we
would not recommend and rarely attempt one of these procedures in the
middle of the night or on weekends or holidays when it may prove to be
impossible to have a fresh, rested and experienced team of nurses,
anesthetists and surgeons to conduct these frequently difficult procedures.
We are certain that the availability of an experienced, alert, surgical team
operating on a good-grade patient is the most important determinant for a
good outcome.
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Anaesthesia and analgesia for neurosurgical procedures is subject to certain
physiological and pharmacological principles which, if ignored, will lead to
poor operating conditions for the surgeon or an unnecessarily damaged
patient. The fundamental principle underlying all anaesthesia must never be
obscured. The anaesthetic state of the patient must be associated with the
delivery of adequate oxygen to all cerebral tissue. This requires particular
attention to the cerebral circulation and how it is affected by pathological
processes, surgical intervention and the anaesthetic techniques.

Working according to these principles demands the continuous at-
tention of the anaesthetist to the patient directly and to the electronic
displays with their elegant representation of cardiovascular and respiratory
function. Modern displays provide the anaesthetist with a continuous
record of pulse rate, blood pressure, electrocardiogram and arterial wave
forms, C.V.P. if desired and end-tidal CO,. This list seems to grow yearly!

Physiological and Pathophysiological Considerations

Cerebral blood flow affects not only oxygen delivery and removal of
metabolic products, but also cerebral volume and there by intracranial
pressure. There are some situations in which an increase in flow can lead to
ischaemia and, therefore, sub-oxygenation of brain cells. An understanding
of cerebral flow in physiological and pathophysiological conditions is
absolutely necessary to the neuro-anaesthetist.

Normal cerebral blood flow values for man are 18-20 ml/100 g—!/min—!
for white matter and 78-80ml/100 g—!/min—! for grey matter. This is
relatively constant despite changes in arterial blood pressure within the
normal range. Autoregulation maintains flow constant when the mean
arterial pressure varies between 50-150 mg/Hg. The mechanism of auto-
regulation is not precisely known, but with changes in blood pressure there
are reciprocal changes in local cerebro-vascular resistance. There is a rapid
decrease in cerebral blood flow if the arterial pressure falls below this range.
Above 150 mm/Hg mean pressure cerebral blood flow increases (autoregu-
latory breakthrough) and oedema fluid may form (Skinhoj and
Strandgaard 1973).

In the severely hypertensive patient, the lower threshold of autoregu-
lation is higher than 50 mm/Hg, which has important practical con-
sequences (Strandgaard, Olesen, and Skinhoj 1973). The pressure which
drives blood flow to the brain is the mean arterial pressure minus the sum of
the intracranial pressure (I.C.P.) and is normally about 80 mm/Hg. In the
presence of raised I.C.P. cerebral perfusion pressure is maintained by
increasing arterial blood pressure, either spontaneously or as a deliberate
therapeutic manoeuvre. This compensatory mechanism fails when the
I.C.P. is in the region of 30-40mm/Hg. With neuro-anaesthesia, raised
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I.C.P. makes a patient vulnerable from induced hypotension to any degree.
However, this is usually only an anxiety until such a time as the surgeon has
raised the craniotomy flap.

The practical aim of the neuro-anaesthetist is to maintain the arterial
pressure within the range of normal cerebral autoregulation and to
counteract any influences, physiological or pharmacological, which might
tend to increase or decrease cerebral perfusion. Cerebral blood flow
increases when cerebral blood vessels dilate. Vasodilation is caused by
hypercapnia, anoxia and trauma, also by most anaesthetic agents. Hypo-
capnia conversely causes vasoconstriction of healthy vessels thereby
tending to reduce intracranial pressure.

On balance the majority of influences operating in the anaesthetised
patients are working in the direction of increasing cerebral blood flow so
that the patient is best maintained in a state of hypocapnia. This will
produce a baseline cerebral vasoconstriction. The arterial CO, of neuro-
surgical patients is therefore maintained between 25-30 mm/Hg (4 kPa)
during surgery, and in all patients with actual or potential brain damage
from haemorrhage, tumour or trauma. Blood flow may be increased to
damaged or compressed brain by the constriction of healthy normal vessels
elsewhere in the brain. In pathological states vasomotor tone is changed and
autoregulation and the normal response to CO, is lost. Hyperventilation
causes normal vessels to constrict and this increases the flow to abnormal
areas in which the CO, response is absent or impaired producing the so
called inverse steal phenomenon as described by Lassen and Christensen
(Lassen and Christensen 1976).

Volatile anaesthetic agents are all vasodilators, so cerebral blood flow
and therefore brain volume will increase when they are used in an
anaesthetic technique. However, generalised vasodilation means that the
arterial blood pressure will fall, limiting the increase in cerebral blood flow
in areas with impaired autoregulation (Fig. 1, p. 134).

Volatile anaesthetic agents should be introduced into the anaesthetic
technique only after hypocapnia is established at 25-30 mm/Hg (4 kPa).
Their vasodilating effect on cerebral vessels is therefore greatly modified.
All anaesthetic agents and techniques are chosen with these physiological
principles in mind, considering also the patients age, pathology and
presence of pre-existing disease and the position of the patient as required
for neuro-surgery.

Hypoxia can be catastrophic to the neurosurgical patient. If PaO, falls to
50 mm/Hg (6.5kPa) vasodilation occurs and cerebral blood flow rises,
increasing intracranial volume and pressure (Cohen ez al. 1967).

At the end of surgery haemostasis is also benefited by the same
physiological mechanism. As the PaCO, rises on cutting ventilation or
reversing neuromuscular blockade to enable the patient to breathe sponta-
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Fig. 1. CBF measured in normocapnic volunteers awake and anaesthetized with

nitrous oxide and different volatile agents. Systemic pressure was maintained at

normal levels by an infusion of phenylephrine and normocapnia by ventilation.
From Eger (1981)

neously, vasodilation occurs in normal brain tissues. Intracerebral steal
occurs, blood flowing preferentially to normal areas rather than operated
areas assisting surgical haemostasis; this effect is enhanced by vasodilation
produced by inhalational agents.

Practial Aspects/Considerations

Premedication: Neurosurgical patients are rarely heavily sedated. The
anaesthetist’s aim is to gain the confidence of the patient, giving reassurance
by a pre-operative visit and only prescribing sedatives and tranquillisers
when absolutely necessary. Premedication is therefore oral, and restricted to
benezodiazepines or barbiturates, phenobarbitone remaining a useful
medication. Narcotics are never used, so pupillary signs in the post-
operative period are therefore reliable and there is no danger of respiratory
depression.

Medical treatment for pre-existing conditions, e.g. diabetes mellitus or
hypertension is continued. Physiotherapy is given to all patients with pre-
existing chest problems. Psychiatric patients are also anaesthetised without
withdrawal of their anti-depressant drugs. Most operations are urgent and
cannot be delayed for the two weeks needed to eliminate monoamine-
oxidase inhibitors from the body.
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The anaesthetist is concerned that patients who are receiving anti-
convulsants either because they have already had a seizure, or because they
are to have a supratentorial craniotomy, have achieved a serum level in the
therapeutic range. Patients receive dexamethasone as part of their routine
preparation for operation. It is wise to prescribe an H, antagonist when
giving a relatively large dose of steroids. Cimetidine enhances the sedation
produced by benzodiazipines, but ranitidine does not seem to have this
undesirable property.

Induction

The induction agent selected should be pain free on injection. Several new
agents have been developed in the past few years but thiopentone 5-
10 mg/kg by intravenous injection, is usually the induction agent of choice.
It diffuses into the brain and produces its effect in thirty seconds. It is
depressant to the myocardium so cardiac output falls, returning to normal
in a few minutes, with depression of blood pressure most marked in
hypertensives. In the blood thiopentone is bound to plasma proteins.
Increased binding occurs as the plasma pH is increased by hyperventilation,
the effects of thiopentone are increased by. lowering PaCO,. Its depressant
effect on ventilation is unimportant, as all patients are intubated and
ventilated. There are however, contra-indications to the use of thiopentone,
more often in neurological practice than in any other situation. It is contra-
indicated in most myopathies, porphyria, severe cardiac disease and
hypertension. In these patients the new induction agents have a definite
place.

Of the newer induction agents only three at present seem to be of interest,
etomidate and propofol(2-6-di-isopropylplenol) and midazolam.

Etomidate

Etomidate 2 mg/kg has advantages over thiopentone. It has great cardiac
stability and does not cause histamine release, but moderate to severe
involuntary muscle movements occur in a high proportion of patients.
These are less troublesome if 50—-100 mg of thiopentone are given before the
induction dose of etomidate. The disadvantages of an increased incidence of
cough and hiccup do not occur in ventilated patients, but vomiting in the
post-operative period occurs in 30% of patients. Etomidate is therefore
mainly used for patients with cardiac disablement or severe hypertension
presenting for neurosurgery.

Propofol

Propofol is a non-barbiturate, rapidly acting induction agent, producing a
greater fall in arterial blood pressure than the equipotent dose of
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thiopentone due to a decrease in systemic vascular resistance. Cardiac
output falls slightly, a compensatory tachycardia does not occur. The drug
can be used as a continuous infusion, decay is exponential. In un-
premedicated patients the induction dose is 2.5 mg/Kg. It promises to be
particularly useful given by continuous infusion in the intensive care unit.

Midazolam

Midazolam, a water-soluble benzodiazepine, is non-irritant by injection in
doses of 0.07mg/Kg. Induction is swift and without accompanying
movements, and with no significant changes in blood pressure, and only
transient tachycardia. The drug produces marked anterograde amnesia of
20-40 minutes, an effect useful if the patient is to have several visits to the
operating theatre or pain therapist.

Methahexitone

Methahexitone is still used by some anaesthetists, though its quick recovery
period seems unsuited to most neurosurgical procedures. It produces
intense pain on intravenous injection, and does nothing to obtund the
pressure reflex response to laryngoscopy; it exposes the patient to the ever
present danger of awareness during intubation.

Relaxants Old and New

Suxamethonium

A short acting depolarising relaxant retains its place as drug of choice for
intubating neurosurgical patients. Its action is seen as fasciculation of
muscle fibres as depolarisation occurs, and relaxation occurs within 30
seconds. It is ideal for the swift sequence of laryngoscopy, spray using 2 mls
of 4% lignocaine, intubation and immediate hyperventilation. It is def-
initely the safest drug to use for emergency work. Repeated dosage produces
vagal stimulation and bradycardia. Atropine will prevent this and must be
used when a difficult intubation is encountered.

Tubocurarine Chloride

The oldest relaxant in use still retains its popularity with neuro-
anaesthetists. It was first described as arrow poison in 1516 by Asconio
Sforza in his De Orbe Novo, based on letters for travellers in what is now
Brazil. In 1942 Griffith and Johnson in Canada first used it to produce
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relaxation in anaesthesia. Pharmacologically tubocurarine has several
effects which are of interest to the anaesthetist. It is not cardiostable as it
selectively blocks autonomic ganglia, sympathetic block being greater than
parasympathetic block. Thus, it produces a dose dependant fall in blood
pressure of about 20% of resting level. This action is a great use in
anaesthesia, particularly as it is potentiated by halothane. The combination
of these drugs produces basal hypotension, which can be enhanced by the
action of more specific hypotensive agents. Tubocurarine is rarely used in
the elderly, hypertensives, neonates and patients with renal failure, the more
recently developed relaxants to be described having many advantages.

Atracurium Dibesylate

Atracurium now appears to be the relaxant of choice in the very old, when
cardio-stability is important, or in patients with impaired renal or hepatic
function (Payne and Hughes 1981). Atracurium has a place in intubation
and consequential relaxation. It is the drug of choice when suxamethonium
is contraindicated, e.g., muscle diseases or a family history suggestive of
malignant hyperpyrexia. It is a competitive blocker of twenty to forty
minutes duration. Excellent relaxation for intubation is obtained after 90—
120 seconds at a dosage of 0.6 mg/Kg. Used as the sole relaxant it is best
administered as a continuous infusion at the rate of 0.5mg/Kg/hr.
Atracurium has advantage of being cardiostable, but is capable of causing
bradycardia (Carter 1983) and histamine release has been reported. A
precipitate is often formed when an indwelling venous access is not flushed
between drugs, an anaphylactic action can occur with or without inclusion
of the patients plasma proteins. This response can be marked when
atracurium is injected after thiopentone, the precipitate will initiate acute
and often life threatening bronchospasm when swept to lung capillaries
(Watkins 1986). Its action is potentiated by halothane and hypothermia, so
relaxation must be monitored by a nerve stimulator, an anologue display of
the strength of 4th-1st contraction in a train of four allows continuous
monitoring of the recovery of neuromuscular blockade. Atracurium
undergoes spontaneous breakdown into inactive constituents at body
temperature and physiological pH (Hoffman elimination). It is a com-
petitive blocker and can therefore be easily reversed by neostigmine.

Vecuronium

Is a drug to be considered when a stable cardiovascular system is all
important, and hypotension can be produced by an inhalational agent
alone. It is the preferred relaxant for geriatric patients and asthmatics, as
there is no record of histamine release, and in particular for those who are
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already using an “on demand” type pacemaker, as it has no ganglion
blocking action and the dose required to produce vagal blockade is very
much greater than that needed for neuromuscular blockade.

Pancuronium

Pancuronium still has a place as a useful long-acting relaxant, particularly
when the patient is in poor physical condition, and in particular for spinal
surgery. Its sympathomimetic action is then welcomed as an aid to
maintaining blood pressure. This feature makes it the relaxant most used
and suitable for the X-ray department, when studies are prolonged.

Inhalational Agents

In 1883 Sir Victor Horsley investigated the use of chloroform, ether and
morphine sulphate for intracranial surgery (Fig. 2).

Fig. 2.
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He discarded morphine noting that although there was less haem-
orrhage, its depressant effect on respiration was a distinct disadvantage. He
concluded that ether increased arterial pressure and caused excessive
bleeding. Chloroform was therefore in the end the favoured anaesthetic
agent in the United Kingdom. In the United States of America, Harvey
Cushing decided local anaesthesia was greatly to be preferred.

Trichloroethylene

Trichloroethylene (Trilene) was used with nitrous oxide by D. E. Jackson in
the U.S.A.in 1934, and has been in general use in this country since 1941. In
addition to its anaesthetic effect it has a powerful analgesic action,
producing some analgesia into the post-operative period. Tricholoro-
ethylene has a minimal depressant effect on cardiac muscle and blood
pressure does not fall, though the pulse may slow slightly. Cardiac muscle.
becomes more irritable and dysrrhythmias are commonly seen when
spontaneous respiration forms part of the anaesthetic technique. These are
due to hypercapnia and disappear on lowering the PaCO,. It is usual to give
neuromuscular blocking drugs and ventilate all patients anaesthetised with
Tricholoroethylene as the volatile agent, controlling also the marked
tachypnoea seen with this agent. This tachypnoea is probably of central
origin, and is commonly seen while administering inhalational agents
(Vickers, Schnieden, and Wood-Smith 1984).

Adrenaline infiltration must be used with caution in any patient
anaesthetised with tricholoroethylene and a dose of 20ml of 1:200,000
should not be exceeded. Trichlorethylene, like other inhalational agents
increases the irritability of the ventricular conducting conducting system,
rendering the beta-adreno-receptors more sensitive to stimulation by
catecholamines. If tachycardia occurs, cardioselective beta-blocking agents
such as practolol or propranolol should be given to reduce the heart-rate.
Trilene has retained a small place in neuro-anaesthesia because of its useful
properties of marked analgesia, maintaining a stable cardiovascular system
in the sitting position, and is free of explosive risks. It is in addition, very
cheap! It is still to be recommended in the radioloy department, for the old
and debilitated, and in the sitting position, as its use is consistently trouble
free.

In our unit we still use trichloroethylene in the anaesthetic room,
following an intravenous induction and intubation, and hyperventilation.
The patient then has a stable cardiovascular system while arterial,
intravenous and central lines are inserted, and monitoring electrodes for
evoked potentials put in place. 0.5% trichloroethylene in no way changes
electrophysiological studies, and recordings from the monitor are therefore
truly basal.
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Halothane

Knowledge of the anaesthetic properties of chloroform, the simplest
halogenated hydrocarbon, led to the production of other halogenated
hydrocarbons with anaesthetic properties. Halothane was the first such
agent to be useful, introduced in the late 1950s. Inspite of some unpromising
attributes it is still much used in neurosurgical practice, its good points far
outweighing the disadvantages. Its disadvantages are its property of
increasing cerebral blood flow, and the known fact that a very small number
of patients will suffer liver damage if they are exposed to halothane more
than once within twelve weeks. Inspite of these disadvantages, halothane is
widely used in neuroanaesthetics at some time during the anaesthetic
sequence. The pharmacology and clinical use of halothane has been
extensively discussed and has no place in this text (Sadove and Wallace
1962).

Halothane is less soluble in the phospholipids of brain cells than in the
neutral fats of adipose tissue. It has a low blood/gas coefficient, so patients
recover consciousness fairly rapidly. It is well known that halothane
increases cerebral blood flow-(C.B.F.) (MacDowall 1967).

The normal cerebral autoregulating mechanism is gradually lost as
concentration increases, C.B.F. becoming pressure dependent. Autoregu-
lation is present at 0.5% inhaled concentration but at 1% and 2% it is
completely absent (Miletich etal. 1976). At 1% halothane at normocapnia,
C.B.F. is increased by 27% and cerebral metabolic consumption of O,
decreased by 26% compared with awake subjects (Christensen et al. 1967).
Recent work has shown that over some hours cerebral blood vessels adapt
to halothane by raising cerebrovascular resistance causing a fall in C.B.F. to
control values. Autoregulation may remain impaired up to four hours after
withdrawing the halothane (Albrecht, Miletich, and Madelar 1983).

Halothane is the inhalational agent of choice for many procedures, being
a most useful anaesthetic drug when hypotension is demanded. Hyper-
ventilation must be established for at least fifteen minutes before halothane
is introduced to the patient. The paCO, of such a patient will be 4 KPa (28—
30 mm/Kg) or lower. On introducing halothane, general vasodilation and
cardiac depression takes place. There is reduction in cardiac output, stroke
volume and myocardial contractability, and blood pressure falls, so any
tendency to a rise in intracranial pressure is thus prevented (Adams,
Gronert, Sundt jr., and Michenfelder etal. 1972). This tendency is more
marked in association with an intracranial tumour or haematoma, and can
be disastrous in the presence of hypoventilation (Jennett, Barker, Fitch, and
McDowall 1969).

Halothane depresses the sympathetic system more than the parasym-
pathetic system. It has a slight beta-adrenergic blocking effect. Patients
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receiving Ca™ * antagonists and beta blockers may suffer hypotension if
halothane is used for anaesthesia. Ca* * antagonists interfere with glycogen
metabolism and interact with anaesthetic drugs especially volatile agents.
Halothane, Enflurane and Isofluane are non-specific calcium antagonists,
partly accounting for myodepressant activity. Combination of Ca**
antagonist and volatile agent are therefore additive in their effects on
systemic vascular resistance and blood pressure. Heart block may occur due
to effects on the A-V node and potentiation of neuromuscular blocking
drugs due to reduced release of acetylcholine.

Halothane has no effect on choroid plexus glucose metabolism, but

decreases C.S.F. production (Vf) by 30%. This effect does not change with
time (Artru 1983).

Halothane Hepatitis

It is now accepted that a mild hepatotoxicity occurs in about 20% of
patients who receive halothane anaesthesia; there is no immunological or
hypersensitivity reaction but serum transaminase enzymes are raised.
However, the severe type of liver damage may be immunologically
mediated. It is characterized by massive liver cell necrosis and clinical
features of a hypersensitivity reaction, i.e., fever, rash and eosinophilia. Its
incidence is assessed at between 1 in 10,000 and 1 in 35,000 single
anaesthetics, but 1 in 3,500 of multiple exposures to halothane.

In all clinical series there has been a history of drug allergy. Eosinophilia
has been found in 20% of cases, serum auto-antibodies e.g., liver-kidney
microsomal antibody is associated with severe liver damage. This antibody
reacts with halothane altered hepatocyte membrane components, and is
demonstrated by immunofluorescence. In the presence of this antibody,
hepatocytes from halothane pretreated rabbits are susceptible to cytotoxicity
by normal lymphocytes (Williams 1986, Neuberger etal. 1983).

Enflurane

Enflurane has been used in clinical practice since 1970. It is in many
circumstances a most useful anaesthetic agent, recovery being more rapid
than from halothane. The myocardium is less sensitive to catecholamines
during enflurane anaesthesia, and cardiac dysrhythmias are rare. It is
therefore an agent to consider when surgery is planned on patients known to
have catecholamine secreting tumours, e.g. active glomus tumours of the
neck and posterior fossa. It is metabolised to free inorganic fluorine—
maximal levels of 25 mmols/l have been found. Cousins and Mazze (1973)
showed that levels of twice this value could cause nephrotoxicity. There is
no recorded case of liver failure due to enflurane. However, there are several
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problems with the use of enflurane in neuroanaesthesia. The E.E.G. during
enflurane anaesthesia shows episodes of paroxysmal activity with periods of
burst suppression. These E.E.G. abnormalities are dependent on concen-
tration and are more obvious in the presence of hypocarbia. Neigh, Garman
and Harp (1971), and may persist for up to 30 days after its administration
(Burchiel etal. 1977).

Enflurane is therefore used sparingly for neuroanaesthesia, as neuroan-
aesthetists are wary of this ability to produce epileptiform like activity on
the electrocephalogram, particularly in the presence of the obligatory
hypocarbia.

Enflurane increases the rate of C.S.F. production and I.C.P. markedly
for several hours (Artru etal. 1982). This effect may be the result of
increased choroid plexus metabolism as the metabolic rate for glucose is
significantly increased. It should be avoided in patients with raised
intracranial pressure, if more than 2% enflurane (Ethrane) is necessary
(Moss etal. 1983, Meyers and Shapiro 1978). The alternative agents
halothane and isoflurane are preferable.

Isoflurane

Isoflurane, an isomer of enflurane, has been in general use since 1981.
Recovery from anaesthesia is extremely rapid as it is less soluble in blood
than enflurane and minimal biodegradation takes place, only about 0.17%
is metabolised (Holaday 1975). Isoflurane has so many theoretical and
indeed practical advantages, that it has almost displaced halothane in
neuroanaesthesia. Even conservative neurosurgeons appreciate the rapid
awakening and opportunity for early neurological assessment.

To compare the drugs a definition of the concept of minimum alveolar
concentration or M.A.C. must be given. One M.A.C. is the alveolar
concentration of inhalational agent needed to prevent movement in 50% of
unparalysed subjects when a skin incision is made. M.A.C. value can thus be
compared, and similarly the effect of equipotent concentrations of various
inhalation agents on cerebral blood flow (Fig. 3).

Isoflurane at one M.A.C. in normotensive, normocapnic volunteers
does not increase cerebral blood flow while one M.A.C. of halothane and
enflurane does (Murphy, Kennel and Johnstone 1974). At 1.6 M.A.C. the
C.B.F. is doubled but with halothane it is quadrupled. The intracranial
pressure rise produced at these concentrations depends on the compliance
of the brain, I.C.P. rising in less compliant brains. This rise can be prevented
or lessened by hypocapnia, which in neuroanaesthesia is always produced
before these agents are introduced. At one M.A.C. isoflurane probably
produces less impairment of the autoregulatory response than one M.A.C.
halothane, at least this has been found in cats by Drummond, Todd and
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Shapiro (1983). This property of isoflurane makes it the preferred agent for
patients with cerebrovascular disease or hypertension in whom the blood
pressure may be very labile, giving some protection if changes in blood
pressure occur from surgical stimulation or haemorrhage.

Isoflurane causes no change in the rate of C.S.F. production (Vf) (Artru
1984) maintaining stability of intracranial dynamics. It has little depressant
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Fig. 3. Cerebral blood flow was measured in volunteers at various values of M. A.

C. for three anaesthetic agents. The volunteers were paralysed with tubocurarine

and their paCO, and systemic arterial pressure keptz at normal values. Flow

increased at light levels of enflurane (<) and halothane (O) anaesthesia, but did

not increase at the same levels of isoflurane (A). All three agents increased flow at

1.6 M. A. C. (Data from Murphy, Kennel and Johnstone (1974). Reprinted by
permission of Ohio Medical Anesthetics)

effect on baroreceptors (Kotrly etal. 1984), cerebral perfusion is better
protected in the event of sudden hypovolaemia from blood loss, or induced
hypovolaemia from diuretic agents.

Hypotension induced by isoflurane is due mainly to vasodilatation and
to a lesser extent reduced cardiac output (Newberg, Milde, Michenfelder
1983). It is easily controlled by adjusting the delivered concentration of the
drug. On decreasing the concentration of isoflurane the blood pressure
slowly rises without rebound. Bishay 1984 found that tachyphylaxis did not
occur even when hypotension was very prolonged.

Cerebral oxygen consumption is decreased by isoflurane up to one
M.A.C.in cats (Todd, Drummond and Shapiro 1982), and dogs (Newberg,
Milde, and Michenfelder 1983). The decrease in oxygen consumption that
accompanies isoflurane anaesthesia may account for the ability of iso-
flurane to protect the brain against ischaemia under profound hypotension
(Newberg and Michenfelder 1983).
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Controlled Hypotension

Hypotension has long been used by neuroanaesthetists to produce a surgical
field in which microsurgery is possible. This implies lowering the mean
arterial blood pressure to 60 mmHg (8.0 kPa) for “moderate” hypotension
and occasionally dropping the mean blood pressure to lower levels
(profound hypotension) for short periods, for example, to enable the
surgeon to secure the neck of a bleeding aneurysm. Hypotension is also of
great assistance to the surgeon when excising vascular tumours and
angiomas, the supplying vessels of which may have lost their ability to
autoregulate, and do not constrict in response to hypocapnia. Hypotension
thus reduces operating time, blood loss with risks of blood replacement, and
decreases post-operative complications and morbidity. Hypotension is
essential for most aneurysm surgery, supra- and infra-tentorial tumour
surgery and transnasal operations.

Hypotension is attended by risks in some patients particularly if
autoregulation is impaired by vascular spasm, raised intracranial pressure
or hypertension, and in patients with generalized arteriopathy. Hypoten-
sion demands intraoperative monitoring using intra-arterial catheterisation
also enabling arterial blood gas analysis, an intravenous line, and if
necessary a central venous line. The end tidal CO, must also be monitored.
A patient who has received muscle relaxants and is ventilated, rarely shows
ischaemic changes in the electrocardiogram (E.C.G.).

During controlled hypotension it is our practice to use an increased
inhaled oxygen concentration, a 50:50 oxygen, nitrous oxide mixture.
Hypotension may lead to uneven pulmonary perfusion with consequent
increase in pulmonary deadspace (Eckenhoff etal. 1963). This does not
occur if cardiac output and right heart function is maintained. Some
hypotensive agents, e.g. nitroprusside increase intrapulmonary shunting
and therefore an oxygen concentration of 50% is helpful. The pharma-
cology and limitations of the various hypotensive agents must be clearly
understood and selected to suit the practice of the surgeon and the medical
state of the patient. Many drugs produce safe adequate hypotension, none

of which need large dosage against a background of the mild hypotension of
beta blockade.

Beta Blocking Drugs

Beta-adrenoreceptor blockade is a rational prelude to using directly acting
vasodilator drugs (see below) or ganglion blockers, which can cause marked
tachycardia. The drugs available are practolol and labetolol. Practolol is a
competitive catecholamine antagonist at beta-adrenoreceptors, acting
mainly on the beta receptor sites of cardiac muscle. Labetolol has both
alpha and beta adrenoreceptor blocking activity, beta blockade pre-
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dominating over alpha in the ratio of 5: 1, the beta effect lasting up to 90
minutes. The dosage of labetolol varies in the range of 5mg-200mg
according to body size, age and physical condition. The dose easily
controlled as it acts synergistically with halothane, and is reversed by
atropine. Hypotension is decreased by reducing the volatile agent.

Alpha Blocking Drugs

Alpha blockade may be needed when hypertension or normotension is
resistant to beta blockade; alpha blockers such as phentolamine will act
synergistically with the beta blockers already given. Alpha blockers are the
drugs of choice when dealing with the hypertension caused by catechol-
amine secreting tumours encountered in neurosurgery such as glomus
tumours invading the posterior fossa.

The alpha blocker phentolamine is a short acting beta-imidazoline, a
powerful vasodilator having a mild sympathomimetic effect. It therefore
lowers peripheral resistance and blood pressure, increasing cardiac output
and heart rate. It decreases stroke volume and cardiopulmonary blood
volume. Phentolamine can be given orally, allowing pre-operative control
of blood pressure.

Trimetaphan

Trimetaphan is a short acting ganglion blocking agent lasting no more than
20 minutes. When the patient is positioned with head up tilt its principal
action of lowering the peripheral resistance may be accentuated. A
compensatory tachycardia is often seen, so that beta blockade with
labetolol or practolol should precede the use of trimetaphan. The dose
needed to produce a systolic blood pressure of 80 mmHg may be as little as
2.5mg, this can always be increased by additional boluses. Trimetaphan
releases histamine in susceptible subjects and a history of any previous
episode of asthma precludes its use, just as it precludes the use of non-
selective beta blockade. A comparison of trimetaphan with sodium
nitroprusside (SNP) has shown that trimetaphan has minimal effect on
I.C.P. but does not maintain the microcirculation as well as SNP (Ishikawa
1982, Ishikawa and McDowall 1980).

Direct Acting Vasodilators—Sodium Nitroprusside and Nitroglycerine

SNP is the most powerful hypotensive agent and has the virtue of
predictable effectiveness in all patients. Its use however, is not surprisingly
associated with difficulties which demand very close and continuous
supervision. It is mainly used with patients in whom other agents are contra-
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indicated (e.g. asthmatics) or ineffective as may happen with the youthful
and physically fit.

Sodium nitroprusside acts as a calcium antagonist, by interfering with
the mobilisation of intracellular Ca**+. S.N.P. contains 5 cyanide radicals,
which are liberated on breakdown of the drug. 98% of the cyanide produced
is contained in red blood cells; a small proportion is combined with either
methaemoglobin or Vitamin B,,. Cyanide is metabolised by liver rhodanase
to thiocyanate but sulphydryl groups must be available. Sodium thiosul-
phate can be given to supply them and reduce cyanide levels (Krapez et al.
1981) and does not affect the hypotension.

S.N.P. is given as a continuous infusion in 5% dextrose, 50 mg in 500 ml
of solution, regulated to maintain the required mean blood pressure; a
constant infusion pump, or other mechanical regulator must be used. The
infusion should be given through a cannula sited for the purpose. Preference
is for an arm vein as there is a lag period if a lower limb vein is used. The
patient is usually in a position of fairly steep head up tilt, and vasodilation
and pooling of venous blood occurs. Toxicity will be detected if the dose
administered exceeds 3.5 mg/Kg (half the lethal dose). Blood gases must be
measured as cyanide toxicity can be detected by falling pH and decreasing
PaO, and alteration of the plasma lactate and lactate/pyruvate levels. When
the base deficit falls to — 6 mmols/l the drug must be discontinued (Tinker
and Michenfelder 1978).

Longer term infusion to control post-operative hypertension must not
exceed 8 ug/Kg—!/min—! in the presence of adequate sulphhydryl groups
(Tinker and Michenfelder 1976).

Brain oxygen tension is maintained in S.N.P. induced hypotension
(Longnecker et al. 1980, Maekawa et al. 1979). Cerebral blood flow remains
adequate even if cerebral perfusion pressure is reduced to low levels.
Cerebral extracellular ionic haemostasis is better preserved than in trimeta-
phan induced hypotension (Morris et al. 1983), but hypotension induced by
isoflurane even more closely preserves ionic homeostasis (Morris and
Cooper 1987).

SNP is a vasodilator directly affecting cerebral vessels increasing
intracranial blood volume (Tinker etal. 1977). It should therefore only be
used after the dura is open, and during hyperventilation and the adminis-
tration of 50% oxygen, particularly in patients with low intracranial
compliance (Cottrell etal. 1980).

Withdrawal of SNP is followed by rapid rise of blood pressure, often to
levels higher than the control level. This rebound hypertension is one of the
great disadvantages of sodium nitroprusside as the small vessels of the
operated area are unprotected by autoregulation; bleeding and/or oedema
may occur. This phenomenon is less often seen in the patient who is well beta
blocked, as it is due to the effect of SNP on the renin angiotension system,
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with increase of plasma catecholamines and plasma renin activity (Miller
etal. 1977). In my opinion beta blockade in necessary in all patients in whom
it is not positively contra-indicated, e.g. asthmatic subjects. It must be
remembered that the pulmonary circulation can also be affected by rebound
hypertension, resulting in pulmonary oedema and hypoxaemia (Shibutami
etal. 1983).

Nitroglycerine produces a steadier and less precipitate fall in blood
pressure. Recovery is slower than with nitroprusside and can be prolonged.
It is unpredictable in its ability to produce hypotension when needed.
In one series hypotension was not produced in three out of twenty two
patients (Chestnut and Albin 1978). It is therefore not popular with
neuroanaesthetists.

Hydralazine given intravenously will produce hypotension but there is a
delay of 10—15 minutes after a bolus dose given intravenously. This impairs
its usefulness in acute situations though it can be useful in post-operative
management.

Adenosine triphosphate and adenosine are potent vasodilators and may
prove to be useful drugs but are not yet generally available. The induction of
hypotension is rapid as is the eventual recovery. Bradycardia rather than
tachycardia is produced (Sollevi, Langerkranser etal. 1984).

Post-operative control of blood pressure is often needed after surgery for
excision of large vascular tumours and arteriovenous malformations, or if
the patient previously suffered from poorly controlled hypertension. It is
logical to continue in the post-operative period the hypotensive technique
successful during the anaesthetic. In the majority of cases this means
continuing a labetalol infusion. Labetalol 100 mg in 100 ml normal saline
given at 80 drops/minute from a paediatric burette will control the blood
pressure in most cases, but fluid overload must be avoided. If necessary
hydralazine 10-20mg can be added intramuscularly or intravenously,
maximum doses of up to 500 mg in 24 hours can be used. Itis also possible to
continue a nitroprusside infusion 8 ug/Kg—!/min—!, continuing also the
beta blockade, and intra-arterial pressure monitoring.

The Sitting Position and Air Embolism

A survey of all United Kingdom centres (Campkin 1981) found that 52% of
centres used the sitting position regularly for posterior fossa exploration
and 31% for cervical laminectomies. In the United States of America the
figures are only slightly less (Tausk and Miller 1983).

The advantages to the surgeon of access to midline tumours, low venous
pressure (and therefore little bleeding) and comfortable operating posture
with the wound directly ahead, outweigh the disadvantages. The an-
aesthetist aims to maintain the systolic blood pressure at or near normal
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levels, to use controlled hypotension only if requested, and only to a systolic
pressure of 100 mm/Hg. Above all, the anaesthetist must ensure that the
central venous pressure is high enough to prevent entry of air into any
inadvertently opened veins or sinuses. Monitoring of central venous
pressure, arterial pressure by direct reading, and a continuous display of end
tidal CO, are mandatory for all procedures. The central venous line must be
positioned, using the anticubital fossa and brachial vein, so that the “T” of
the E.C.G. becomes bifid, resembling a “W”’. The catheter will have its tip at
the junction of the superior vena cava and right atrium. The position must
be rechecked when the patient is sitting and the neck and shoulders are
flexed. Prevention of air embolism dominates all anaesthetic techniques for
posterior fossa surgery in this position.

After the C.V.P. is recorded from the long line, positioned as described,
the patient should be given a fluid load, crystalloid, or plasma expander
until the C.V.P. is at least positive, ideally above the level of the wound.

Following induction with an intravenous agent, and intubation with
suxamethonium 1 mg/Kg, muscle relaxation is achieved choosing a further
relaxant which will ensure cardiac stability. Vecuronium, atracurium by
infusion, or pancuronium are all suitable and will produce little change in
blood pressure or pulse rate: tubacurarine is often used in young patients.
When the patient is placed in the sitting position, the systolic blood pressure
level and thus cerebral perfusion pressure must be maintained; anaesthetic
agents which are more powerful vasodilators and cardiac depressants are
avoided.

Trichloroethylene has retained a place here as a useful anaesthetic and
analgesic agent for old and frail patients, its analgesic effect lasting into the
post-operative period. The cardiovascular system remains very stable.
Isoflurane is gaining in popularity and can be used in these cases,
particularly when combined with a short infusion of alfentanil or a small
dose of fentanyl during the most stimulating parts of the operation, i.e., the
incision, muscle and bone work.

The anti-gravity suit is applied to all patients in this unit who undergo
surgery in the sitting position. The suit is the aviation type (Hewer and
Logue 1962, Fruenchen 1959). The combination of leg and abdominal
compression at an inflation pressure of 60 mm/Hg prevents arterial
hypotension, reduces the amount of intravenous fluids and blood trans-
fused and greatly assists in reducing the frequency and severity of air
embolism. In the operating theatre positive end expiratory pressure
(P.E.E.P.) is used to assist in raising the venous pressure. The combination
of P.E.E.P. at + 8 to 10cm of water with the anti-gravity suit raises the
venous pressure by 10 cms of water, but in some patients air embolism will
still occur. Attempts to selectively compress the jugular veins in the neck
with a tourniquet when air embolism is anticipated have so far not been
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successful. An air embolus can occur at any time during a suboccipital
exploration, and must be differentiated from the similar cardiovascular
effects of brain stem ischaemia, a fall in pulse rate and then blood pressure,
usually caused by transitory spasm of the posterior inferior cerebellar
artery, or manipulation of an intramedullary or lower pontine tumour.
When the fall in blood pressure and pulse is due to surgical manoeuvres the
dropin end tidal CO, is not sustained, though falling blood pressure leads to
a continued slow fall in paCO,. Diagnosis of air embolism depends on
falling CO, excretion from the lungs, and is detected by an infra-red
analyser capable of quantifying the dilution of CO, by air.

The precordial doppler probe potentially so useful in the detection of air
embolism, is often unreliable. It must be correctly positioned over the
atrium, and is very sensitive to interference from surgical diathermy, thus
losing its capacity to alert the anaesthetist at the moment it is needed. The
oesopharyngeal doppler probe may prove to be a more reliable instrument.

The treatment of air embolism must be immediate, the surgeon on being
informed applies a large saline swab to the wound. Immediate compression
of the neck veins by the anaesthetist may reveal to the surgeon the source of
the air as blood and air escapes from the open wound, the offending vein is
then easily secured. Nitrous oxide must be withdrawn from the anaesthetic
circuit to minimise the expansion of air bubbles in the blood, the solubility
of nitrous oxide being thirty times that of nitrogen, a large volume of nitrous
oxide will replace the nitrogen of the air. Aspiration of the right arterial
catheter may result in removal of some air. Hypotension following air
embolism is a late result in this rapid time sequence. It is treated
symptomatically with plasma expanders or blood transfusion. E.C.G.
changes seen in a display of lead 1 are late developments with changes in P
and T waves, right bundle branch block and S.T. segment depression. In
severe cases these are followed by bradycardia and cardiac arrest. In the rare
case of a patient failing to respond to immediate treatment, the patient must
be repositioned preferably in the left lateral position and further attempts to
aspirate air made; full cardiac resuscitation is carried out as necessary.
There is little point in discontinuing an operation in a resuscitated patient
who has suffered little or no anoxia. The operation should be continued in
the lateral or prone position as appropriate, and I.P.P.V. continued for
some time post-operatively, at least until the patient shows signs of
returning consciousness and effective spontaneous respiration.

Cardiovascular Changes in Posterior fossa Exploration

Monitoring of the arterial pulse by direct cannulation is mandatory during
surgery for posterior fossa tumours. Continuous display of the E.C.G.,
pulse rate and systolic and diastolic blood pressure will provide warning to
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the anaesthetist that a surgical manoeuvre is disturbing either directly the
vasomotor centre beneath the calamus scriptoris of the 4th ventricle, or that
brain stem ischaemia is at that moment being produced by manipulation of
brain stem branches of posterior inferior cerebellar artery or anterior
inferior cerebellar artery. In the first case of disturbance of the vasomotor
centre a rising blood pressure is seen without great disturbance of the pulse
rate (a rise of pulse rate of 10/minute is an average finding). This persistent
rise in blood pressure is harmless if the precipitating surgical manoeuvre
ceases; the blood pressure settles to its original level. Transient brain stem
ischaemia demonstrates itself by bradycardia and occasionally asystole.
Bradycardia responds immediately to atropine 0.3 mg—0.6 mg. Asystole
requires atropine and swift cardiac massage, and if necessary full resus-
citation. Interpreting the monitor in the light of the anaesthetic drugs is of
vital importance, and presents problems to junior anaesthetists who unless
restrained tend to treat symptoms and neglect or obscure the underlying
cause. To enable the monitor to be read intelligently, the anaesthetic is
adjusted to provide a continuously steady systolic blood pressure and pulse
rate, adjusting the inhalational agent as necessary, avoiding opiates and
their tendency to produce some hypotension, and beta blockers and
therefore avoiding iatrogenic bradycardia. The changes described are
reversible, particularly rapidly in the presence of hypocapnia. When
combined with hypercapnia they are more sinister.

The Effect of Anaesthetic Drugs on Recordings of Evoked Potentials

Evoked potentials whether somatosensory, visual or auditory are specific
for neuronal pathways, e.g. retina to occipital cortex. Measurements are
made of latency, that time which elapses from the stimulus to the
appearance of the potential (measured in milliseconds), and amplitude,
from the first negative peak to the deepest following positive valley
(measure in pV). Evoked potentials are used pre-operatively to test the
integrity of specific neuronal pathways, and are changed by hypoxia
variations in body temperature (Symon etal. 1979), interference with blood
supply and tissue distortion from excessive retraction (Grundy 1983). A safe
period of deliberate ischaemia, for example, the use of temporary clips in
aneurysm surgery (Symon et al. 1984, Momma et al. 1987), can be timed by
recording the changes in the recorded evoked potential. The effect of
anaesthetic drugs on evoked potentials must be understood and allowed for
in interpreting evoked potentials, the effects of anaesthetic drugs being
present on both the operated and normal side of the brain. Each anaesthetic
agent affects brain electrical activity and conduction differently. Intraven-
ous and inhalational agents both prolong the latency and decrease the
amplitude of cortical evoked potentials. At 0.5 M.A.C. or in the case of
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halothane 0.5% the central conduction time (C.C.T.) is increased without
significant hypotension. At 1.5 M.A.C. hypotension is seen, and further
prolongation of C.C.T. (Wang etal. 1985).

Halothane has been found to cause an increase in the latency of the
visual evoked potential (V.E.P.) (Uhl, Squires, et al. 1980). Nitrous oxide up
to 50% as commonly used in neuroanaesthesia produces a dose related
reduction in V.E.P. and somato-sensory evoked potential (S.E.P.)
amplitude without changing the latency (Sebel, Flynn, Ingram 1984).
Isoflurane produces dose dependent increase in latency of S.E.P., V.E.P.
and brain stem auditory evoked potential (B.A.E.R.). Amplitude reduction
is-seen in S.E.P., V.E.P. but B.A.E.R. are little affected (Sebel et al. 1986).

Drugs used in anaesthetic practice, alter consciousness and very variably
affect later components of the somato-sensory evoked potential. Compar-
ison of affected and normal sides of the body is essential to interpretation.

Benzodiazepines and opiates (fentanyl) are exceptions and can be used
without affecting brain electrical response monitoring (Domino 1967,
Samra etal. 1984).

Further studies must be carried out on the effect of hypocarbia and
hypotension on evoked potentials.

Summary

Over the years the basic principles underlying the practice of neuroan-
aesthesia have not changed, but introduction of new anaesthetic agents and
associated techniques have improved the ability of the neuroanaesthetist to
“fine tune” the patients physiological state. This has improved the capacity
of the neuroanaesthetist to mitigate the inevitable fluctuations which occur
and prevent their ill effects. Further improvement is still desirable and
possible. It takes years for the correct plan of usage of new drugs to be
formulated for the clinical situation, and their relationships established to
new techniques of patient monitoring. Like neurosurgery itself neuroan-
aesthesia shows no signs of approaching a final definitive state in the
forseeable future.
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Editorial Note

This chapter reflects what could be regarded as one of the principal
techniques of neurosurgical anaesthesia in the United Kingdom at the
present time. However, not all anaesthetists are entirely in favour of volatile
halogenated anaesthesia and many units in the United Kingdom and
abroad perform neurosurgery under gas and oxygen anaesthesia supple-
mented by techniques of neuroleptanalgesia with such drugs as phenoperi-
dine and haloperidol. Many anaesthetists in France have abandoned
trichlorethylene for many years and many anaesthetists in various parts of
Europe are still attached to thiopentone anaesthesia.

This chapter, therefore, must be regarded as an acceptable technique,

but not the only one.



Controversial Views of the Editorial Board Regarding the Management
of Non-Traumatic Intracerebral Haematomas

(excluding those in the brain stem or arising from vascular malformation)

Collected by Professor Bernard Pertuiset. Edited by the Chief Editor

This chapter contains a review of the present status of the management of
non-traumatic intracerebral haematoma in Europe. The questionnaire was
addressed to the Editorial Board of Advances and Technical Standards and
the views expressed represent a consensus of major interests throughout
Europe.

1. Was the average time of admission to a neurosurgical service after
haemorrhagic stroke?

In almost all the services covered, the average time of admission was several
days after the ictus, although in the case of Cohadon severe cases would be
admitted on the day of bleeding and the same applied to a number of cases
from Guidetti and Nornes. In the majority of incidences, however, cases
with intracerebral haematoma would be admitted first ot a medical service
and subsequently transferred.

2. Are patients carried to hospital in an ambulance with special medical
facilities?

These were available in Belguim according to Brihaye, in France according
to Pertuiset and Cohadon, in Norway according to Nornes, mostly in
Germany according to Loew and also in Zurich according to Yasargil. In
the services of Miller, Symon, Pasztor, specially medically equipped
ambulances were not generally employed.
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3. With the patient in coma is early tracheal intubation advised by the
ambulance staff with artifical ventilation if necessary? Is medical treatment
carried out on the ambulance?

There was almost general agreement that comatose patients should be
transferred at least intubated and in Brihaye’s case all such admissions were
transferred at once to a intensive care unit. Most of the editors believed that
no specialized treatment should precede CT examination or a definite
diagnosis but is interesting that Professor Loew would immediately start
anticonvulsive prophylaxis and nimodipine which would be stopped if
subsequent investigations showed no blood in the subarachnoid space.
Yasargil suggested that dexamethasone would be given by the majority of
primary care physicians before the patient was transferred. Both Pasztor
and Symon pointed out that transfer or partially conscious patients should
be carried out in the lateral semi-prone position and neither advocated
intubation by ambulance staff.

4. What routine investigations are employed in the case of supra-tentorial
haematoma?

It has become obvious from the replies of all the editors that CT scan is the
key examination. Brihaye stressed the importance of the routine examina-
tions of an intensive care unit, ECG, EEG, chest and skull X-rays, blood gas
determination, and haematological workup but all agreed that only in the
case of suspicion of aneurysm would angiography be carried out. In all the
major centres of Europe, CT and angiography are evidently available now,
day or night. All the authors stressed the importance of clinical examination
by a competent surgeon.

5. Should a lumbar puncture be performed?

There was uniform agreement that lumbar punctures were not necessary
and should not be performed, it has thus become clear that the primary
investigation in the verification of an intracranial haemorrhage should be
CT, and several of the editors stressed the unfortunate results of potential
lumbar punctures performed outside. This perhaps contrasts with the
opinions expressed in the questionnaire on the management of subarach-
noid haemorrhage in which where the patient was fully conscious and had
neck stiffness suggestive of subarachnoid haemorrhage, lumbar punctures
were still often performed in primary care centres in Europe before referral
to a neurosurgical unit.
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6. In which case is early surgery, i.e., on 1st or 2nd day advised? Does this
advice depend on the clinical condition or investigations or both?

The only consensus for early operation would be in the case of lobar
haematomas. Loew gave the criteria that lobar haematomas with a midline
shift of more than 0.5 cms should be operated upon and the same point was
made by Pertuiset stressing particularly that temporal haematomas in the
young patient should be evacuated lest temporal herniation supervene.
Cohadon proposed early surgery in patients who were in coma or whose
clinical situation was rapidly deteriorating but also commented that the
location of the haematoma influenced him and a similar reply was received
from Guidetti who excepted patients with extensive basal ganglia haem-
orrhage, Pertuiset used the Hunt and Hess grading to determine that
patients over the age of 65 and Hunt and Hess grade 4, 5, would not be
operated upon and Loew also excluded operation in poor general condition
or a biologically age of more than 70 years. Symon stressed that where
evacuation of a polar frontal or temporal tip haematoma or an external
capsular haematoma was to be considered angiography should precede
surgery.

7. If early surgery is to be performed is this done through a craniotomy,
craniectomy or a burr hole aspiration?

Interestingly here, only Cohadon used a burr hole initially. He would
aspirate the haematoma till the ICP returned to a normal value and remove
the haematoma totally only when ICP rose again to over 25-30 mm of
mercury. All the other editors preferred a more generous approach either
through a large trephine or small bone flap although Loew commented that
where a clot had not been removed early its subsequent lysis might permit
burr hole evacuation. He also commented that in his service large bone flaps
were removed and used as a model for acrylic cranio-plastic later, and that
they also enlarged the dural sac with a pericranial flap. Several authors,
Guidetti and Cohadon, clearly relied on intracranial pressure measurments
as a guide. Pasztor point out that the precision of pre-operative localization
on CT had enabled evacuation under direct vision through relatively small
exposures.

8. If early surgery is performed are the clots partially or totally removed?

Cohadon pointed out that the majority of deep haematomas in the thalamus
or putamen were not operated on anyway so the clot would not be
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completely removed, but most other authors commented that if one had
gone to the bother of exposing the clot then it should be removed as
completely as possible though Miller cautioned that in early surgery one
should be careful not to start further bleeding. Both Pertuiset and Pasztor
commented that incomplete removal of the haematoma was preferable to
starting excessive bleeding, and Symon commented that the use of self-
retaining retraction, mirrors and the headlight enabled very thorough
removal of the clots which was also Yasargil’s policy.

9. Do indications and technique vary with the location of the haematoma?

In general, most of the editorial board would not operate on deep
haematomas in the dominant hemisphere and both Nornes and Pasztor
commented that the expected results of the evacuation would modify both
the decision to operate and the extent of the evacuation.

10. If there is blood in the ventricular system does this alter the indication for
surgery and is external ventricular drainage performed?

Cohadon commented that intraventricular blood was no contra-indication
to surgery as far as he was concerned and he used ventricular drainage from
time to time. Both Brihaye and Guidetti used intra-ventricular drainage
occasionally and Loew commented that large haematomas frequently
ruptured into the ventricles and this did not influence his policy for or
against operation, but that external ventricular drainage might be necessary
if there was a great deal of blood in the ventricle. Symon commented that in
his service, external ventricular drainage was never employed acutely, but
could be used later if communicating hydrocephalus appeared, in which
case a ventriculo-peritoneal shunt would usually be performed. It is
interesting that the consensus appeared in favour of ventricular drainage if
there was a great deal of blood in the ventricle and that this did not really
influence the choice for or against surgery which was made on other
grounds.

11. Does the indication for early surgery vary with associated disease with age
or with anticoagulant therapy?

Loew stressed the importance of biological age and the majority of editors
regarded extreme age and severe associated disease not necessarily as
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influencing the immediate management but certainly modifying the extent
of subsequent treatment. All indicated that coagulopathy must be reversed
before operation and Miller noted that arterial hypotension was best
managed after the evacuation of the haematoma and cautioned against the
lowering of arterial pressure in the presence of mass lesion and raised
intracranial pressure.

12. When is early surgery contraindicated?

None of the editors would operate on a verified intracerebral haemtaoma in
an aged patient, in a moribund condition, Miller summarized the views in
the words “with signs of brain stem dysfunction I do not recommend
surgery nor do I recommend surgery for patients with deep dominant
hemisphere haematomas associated with massive neurological deficit
including complete aphasia”. All editors stressed the importance of
reversing anticoagulants before surgery.

13. When early surgery is not performed what kind of monitoring and
treatment do you advise?

Cohadon, monitored the intracranial pressure for two to six days, Nornes
used intracranial pressure monitoring and monitoring with the cerebral
function monitor with if necessary “barbiturate coma” Loew also used
barbiturate sedation with hyperventilation and intracranial pressure regis-
tration but the others considered the management of an intensive care unit
sufficient without intracranial pressure monitoring. Several, e.g., Pasztor
and Guidetti would use mannitol though this was clearly not a general view,
and there was similar disagreement or failure to mention the use of
dexamethasone. Those who did use it were unconvinced by its value.

14. When the patient has not been operated on in the early stage what would be
your indications, if any, for delayed surgery?

Guidetti commented that delayed surgery was indicated because of late
deterioration and this appeared to be a fairly general view. Evidence of
enlargement of the haematoma on CT (Pertuiset) or delayed transfer of the
patient from another unit with a lobar haematoma (Symon) seem to be
further reasons for delayed operation and in Yasargil’s view a late operation
was needed and would be indicated only if angiographic studies have
revealed an arterio-venous malformation.
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15. In a patient, who has survived, and is conscious with a severe neurological
deficit should liquid haematoma be removed and when?

Similar answers were received here to question 14, midline shift according to
Brihaye, advancing intracranial pressure according to Guidetti, persistent
drowsiness or headache according to Miller. None were terribly convinced
that the effectiveness of this manoeuvre and Symon pointed out that there
was really no evidence that removal of a liquid haematoma late, accelerated
convalescence.

16. Is angiography performed before the patient is discharged?

The general consensus was that angiography would be performed only in
the young patients who were hypotensive and in patients with subcortical or
lobar haematomas. Nornes and Symon pointed out that angiography
would be performed any operative procedure and several of the editors
indicated that were there was a haematoma in an unusual situation
angiography must be performed to exclude an unusual aneurysm or arterio-
venous malformation.

Cerebellar Haematomas

17. What is their frequency with respect to the supratentorial haematomas?

Figures between 1 and 8% emerged from the editorial board but it was clear
that since regular CT scanning had been employed, posterior fossa
haematomas were being increasingly discovered and in Pasztor’s view the
ratio of supra tentorial to cerebellar haematomas at the present time stood
at 6:1.

18. How do you establish the diagnosis?

This was obtained invariably done by CT scanning with an appropriate
clinical picture and Symon, Miller and Pertuiset commented on the utility of
angiography especially when operation was being considered.

19. Do you perform early surgery or only external ventricular drainage?

Here Guidetti and Symon both pointed out that small haematomas
diagnosed on CT could well be managed conservatively, provided the
patient was conscious and was not suffering from raised ICP. Brihaye and
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others pointed out that external ventricular drainage alone was un-
satisfactory the haematoma should be removed and drainage added if
necessary and although Loew would drain the ventricles in larger haema-
tomas with some degree of disturbance of consciousness and ventricular
dilatation, he would operate on the haematoma if deterioration followed
drainage. Miller pointed out that in his experience ventricular drainage
made a small number of patients worse.

20. In the case of early surgery which position should be used for operation?

The majority of authors favoured supine or “park bench” position, most
agreeing with Brihaye and Symon that while younger patients would sustain
the sitting position, older patients should be operated upon lying down.
Only Pasztor felt that the sitting position presented such considerable
advantages in terms of surgical access and time that he would always
employ if it was at all possible. Yasargil apparently used the sitting position
but made no comment on its specific indications.

21. Should the whole haematoma be removed or only a part of it?

There was uniform agreement that the whole haematoma should be
removed.

22. Are these haematomas more severe than the supratentorial ones?

The old view of the dangers of posterior fossa haematomas were stressed by
Cohadon and Guidetti, pointing out that patients in poor clinical condition
or diagnosed late with large posterior fossa haematomas very rapidly died
without surgery. It was clear, however, that modern CT scan diagnosis had
produced evidence of small intra-tentorial haematomas which had an
excellent prognosis and could be managed conservatively with care to
observe the ventricular size, the general agreement that large infratentorial
haematomas were undoubtedly more dangerous than the supratentorial
equivalent, and should be removed.
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