XN



Advances in
Stereotactic and Functional
Neurosurgery 11

Proceedings of the 11" Meeting
of the European Society for Stereotactuc

and Functional Neurosurgery,
Antalya 1994

Edited by
B. A. Meyerson and C. Ostertag

Acta Neurochirurgica

Supplement 64

Springer-Verlag Wien New York



Assoc. Professor Dr. Bjorn A. Meyerson
Department of Neurosurgery, Karolinska Hospital, Stockholm, Sweden

Professor Dr. Christoph Ostertag
Neurochirurgische Universititsklinik, Freiburg, Federal Republic of Germany

This work is subject to copyright.

All rights are reserved, whether the whole or part of material is concerned, specifically those of translation, reprinting, re-use of
illustrations, broadcasting, reproduction by photocopying machines or similar means, and storage in date banks.

© 1995 Springer-Verlag/Wien

Softcover reprint of the hardcover 1st edition 1995

Product Liability: The publisher can give no guarantee for information about drug dosage and application thereof contained in this book.
In every individual case the respective user must check its accuracy by consulting other pharmaceutical literature.
The use of registered names, trademarks, etc. in this publication does not imply, even in the absence of specific statement, that such
names are exempt from the relevant protective laws and regulations and therefore free for general use.

Typesetting: Thomson Press, New Delhi, India

Printed on acid-free and chlorine free bleached paper

With 72 partly coloured Figures

ISSN 0065-1419 (Acta Neurochirurgica/Suppl.)
ISSN 0720-7972 (Advances in Stereotactic and Functional Neurosurgery)
ISBN-13: 978-3-7091-9421-8 e-ISBN-13: 978-3-7091-9419-5
DOI: 10.1007/978-3-7091-9419-5



Preface

This volume contains selected contributions from the XIth Meeting of the European Society for Stereotactic and
Functional Neurosurgery held in September 1994 in Antalya/Turkey. Most of the papers deal with the many
therapeutic and technical advancements made in this field of neurosurgery. The emergence of new stereotactic
methodologies such as frameless stereotaxy and other forms of neuronavigation have become an indispensable
tool for all types of neurosurgical operations. An increasing number of young neurosurgeons takes an interest in
the neurosurgical approaches to the treatment of movement disorders, chronic pain and epilepsy. This is a clear
sign of the growing awareness of the long neglected fact that these neurosurgical treatments can be offered to large
patient populations.

Neurotransplantation as a novel treatment of Parkinson’s disease has paved the way for the application of this
technology for other indications. The pioneering work performed by the late Edward Hitchcock is reviewed here.
There is arenewed interest in pallidotomy for dealing with certain forms of Parkinson’s disease and certain aspects
of this operation are discussed in another paper. Progress in the neurosurgical treatment of pain is dealt with by
contributions on refined techniques of percutaneous cordotomy, DREZ operations and critical evaluations of
spinal cord stimulation. A novel approach is a report on the experiences of treating cancer pain by intraspinal
implantation of chromaffin cells. Several contributions cover the important issues of novel techniques for the
study of neural dysfunction, peroperative monitoring with PET, microrecording, magneto-encephalography and
other techniques.

This volume reflects the vitality of the field of stereotactic and functional neurosurgery and provides a broad
review of current concepts and future developments of new treatment modalities.

Stockholm and Freiburg, October 1995 Bjorn A. Meyerson
Christoph Ostertag
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Hitchcock’s Experimental Series of Foetal Implants for Parkinson’s
Disease: Co-Grafting Ventral Mesencephalon and Striatum

C. H. A. Meyer, A. Detta, and C. Kudoh

Midland Centre for Neurosurgery and Neurology, Birmingham, U.K.

Summary

Following 4 previous experimental series of foetal implants (mes-
encephalon) to treat patients with Parkinson’s disease subjects (N7)
in the fifth series were treated with co-grafts of foetal mesencephalon
and striatum implanted stereotactically into the caudate nucleus
bilaterally. The clinical outcome, better than in the previous series,
included improvements lasting through 18 months follow-up in
activities of daily living, clinical neurological motor examination,
timed motor tasks, and dyskinesia — with reduction in the patients’
need for dopaminergic medication.

Keywords: Foetal transplants; Parkinsons’s disease; stereotactic
implants.

Introduction

When he died prematurely and unexpectedly E.R.
Hitchcock, a pioneer in clinical neural transplantation,
had performed foetal transplants to treat Parkinson’s
disease in 55 patients. Consecutive patients formed
5 series (Table 1) in which Hitchcock varied the site of
implantation and the source of the implanted tissue,
while aiming to keep other variables constant, as an
evolving clinical experiment [2,3].

As discussed elsewhere [2,3] practices common to
each implant procedure included: (a) patients with
severe Parkinson’s disease —at least stage 4, Hoehn
and Yabhr scale [4], in “off phases” — deteriorating des-
pite optimal drug therapy; (b) graft tissue from single
foetus, therapeutically aborted, relatively late gesta-
tional age of 11-20 weeks; (c) relatively long lag time,
e.g. 5-12 hours, between foetal expulsion and dissec-
tion of graft en bloc; (d) graft injectate partially disag-
gregated into clumps (rather than cell suspen-sions) by
mechanical agitation (no enzymatic dissociation); ()
stereotactic implantation under local anaesthesia

through metal cannula — rather than open procedure;
(f) no immunosuppressive therapy.

In post mortem examination of Parkinsonian pa-
tients who died (from causes unrelated to transplant-
ation) more than 18 months after foetal implantationin
Hitchcock’s series I, IT histological study showed that
cells from second trimester foetuses could survive,
mature, accumulate neuromelanin and express TH-IR
when implanted in the striatum of patients who never
had immunosuppression [1].

In line with our laboratory evidence for human
second trimester tissue that co-culture with foetal stri-
atum enhanced the survival of foetal mesencephalic
neurones patients in series V were treated by co-grafts
of foetal mesencephalon and striatum. When Hitchcock
died seven patients described below had been treated in
this way.

Methods

7 male patients, aged 46-62 (median 52) years, with Parkinson’s
disease, at least stage 4 or 5 on Hoehn and Yahr scale [4], having
motor fluctuation (“on”/“off” phases) with dyskinesia and complying
with CAPIT* criteria for neural transplantation, were treated by
stereotactic intracerebral implantation of co-grafts of foetal mesen-
cephalon and striatum.

For each patient graft material came from a single therapeutically-
aborted foetus, gestational age 18—20 weeks. Foetal heart blood was
tested to exclude HIV, Hepatitis A,B, Cytomegalovirus and Herpes
Simplex infection. The aborted foetus was stored at 4 °C during 315
hours after expulsion before the dissection from it of blocks of foetal
ventral mesencephalon and striatum. These were kept undissociated
in Ham’s F10 culture medium at 4 °C. Immediately before surgery
the graft tissues were partially disaggregated by gentle agitation and
the clumpy suspension, volume 0.5-0.8 ml, was injected stereotacti-
cally through bifrontal burr holes into each caudate head. In each
case vital staining showed that viability of grafted cells was more
than 55%.



Table 1. Five Consecutive Experimental Series of Foetal Implants to
Treat Patients with Parkinson’s Disease. Foetal transplantation —
E.R. Hitchcock

Series  Year Patients Patients Foetus
n Site of Implant  Source of graft
1 1988 12 R caudate foetal mesenc.
11 1989 12 R putamen foetal mesenc.
111 1990 12 R caudate foetal mesenc.
v 1991 12 Bilat caudate foetal mesenc.
\% 1992 7 Bilat caudate

mesenc. &
foetal .
striatum

Established anticholinergic drug therapy was continued through-
out the study. To simplify drug regimes DA receptor agonists and
monoamine oxidase inhibitors were withdrawn at the outset and
replaced with Laevodopa. Pre-operatively the Laevodopa medication
was optimised to a dose giving the best therapeutic response [2]:
post-operatively also the dosage was adjusted to give the best clinical
neurological state.

Patients were evaluated 6 and 3 months and 1 week pre-operative-
lyand 3,6,12,18 months post-operatively according to CAPIT proto-
cols [4] including its rating scales for dyskinesia, modified Hoehn
and Yahr scale for Parkinsonian severity, Unified Parkinson’s Dis-
ease Rating Scale, and timed motor tasks. Other assessments: daily
Laevodopa dosage; number of “on” hours per day; Northwest
University Disability Scale [1] and Schwab and England Scale [5],
both for activities of daily living.

Results

Post-operatively for the 7 patients as a group there
was substantial reduction in the optimal Laevodopa
dosage (Fig. 1). For “off” phases when post-operative
status is compared with the status immediately before
surgery there was significant inprovement for all timed
motor tasks (Fig. 2), ratings of disability for activities of
daily living — NUDS, S&E, UPDRS (Fig. 3), clinical
neurological motor examination (Fig. 3), intensity and
duration of dyskinesia (Fig. 3), and the number of “on”
hours per day (Fig. 1). For assessments during “on”
phases (not listed here) post-operative improvement
reached clinical significance at p 0.05 for a substantial,
but smaller number of these parameters.

Discussion

In Hitchcock’s first four series the foetal tissue came
from ventral mesencephalon. In series I stereotactic
right caudate implantation of foetal mesencephalon
led to improvement in bradykinesia and rigidity, in
activities of daily living, and in a timed task of repeti-
tive pronation-supination of the forearm. Improve-
ments were bilateral though voluntary movement
benefited more on the side contralateral to the implant.

C. H. A. Meyer et al.

Median values (7 patients)

% p<0.05 (Wilcoxon 2-1)
when compared with
value just before op.

“ON” Hours/Day L Dopa Dose/Day

Fig. 1. Median values for group of Parkinsonian patients (N7).
Laevodopa dosage, number of “on” hours per day, and dyskinesia
according to CAPIT* rating scales for intensity (range 0-5) and
duration per day (0-5). For dyskinesia high scores are bad

Following surgery the optimal dose of dopaminergic
therapy could be reduced considerably. Dyskinesias
were reduced. Improvements, more obvious during
“off” phases, were most marked 6 months post-operati-
vely and had waned by 12 months [2,3].

Clinical results were less good for series I (implanta-
tion into right putamen) than for series I1I (implanta-
tion, as in series I, into right caudate) so in series I'V the
foetal tissue, injected bilaterally, was placed in the
caudate. Implanting grafts bilaterally did not greatly
enhance the clinical results for the patients as a group
though, as in earlier series, there were benefits for
individual subjects.

Clinical outcome as shown here was very much
better in series V when co-grafts of foetal mesence-
phalon and striatum were implanted into each of the
right and left caudate heads. There were lasting benefits
for all individual subjects. For the group as a whole, the
Parkinsonian patients were much better post-operat-
ively than pre-operatively throughout a range of par-
ameters including the CAPIT assessments [4] widely
used by contemporary investigators. Clinical benefits
were sustained to the end of an 18 month follow-up in
timed motor tasks, in activities of daily living, in the
clinical motor state, in motor fluctuation (the relative
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Sec  Stand-Walk-Sit During OFF Phase
30 i
25 Median values (7 patients)
20 W P <0.05 (Wilcoxon 2-1)
when compared with value
15 just before op. a
Pronation-Supination Forearm
Sec R L Sec : L
30 i 25
25 20 D’-H\/./\
20 15
15 10 : b
Movement between 2 Points
Sec : & Sec : L
40 i 30 i
30
20 20
10 10 : c

Finger Dexterity

Fig. 2. Time to complete standardized motor tasks specified in
CAPIT protocol [4]: (a) stand-walk-sit task; (b) pronation-
supination of forearm, 20 repetitions; (c) movement of hand between
points 30 cm apart, 10 to- and -fro repetitions; (d) finger dexterity:
apposition of all four fingers successively to thumb, 10 repetitions of
full cycle

time spent in the “on” state each day), and in dyskinesias.
Post-operative improvement, in both “off” and “on”
phases, reversed trends of progressive deterioration
before surgery. The dosage of dopaminergic medica-
tion, optimised preoperatively, could be reduced great-
ly after surgery.

The much enhanced outcome for series V followed
the co-grafting of foetal striatum with the foetal mesen-
cephalon: in other important respects the procedure in
series V adhered to the practices used in series I-1V —
single foetus of 2nd trimester, graft preparation (mech-
anical partial disaggregation, injection as clumps),
stereotactic instrumentation, no immunosuppression,
management of antiparkinsonian drug therapy, patient
selection.

The improved clinical results for series V support the
use of these practices and indicate the value of co-
grafting in treating Parkinson’s disease by foetal in-
tracerebral transplantation.

During OFF Phase
Median values (7 patients) m p<0.05 (Wilcoxon 2-t)
when compared with value just before op.

UPDRS - adl

UPDRS - motor exam

Fig. 3. Disability rating scales. Median values for group of
Parkinsonian patients (N7) for assessments for (a) H&Y: Hoehn and
Yahr scale, range 0-5, of severity of Parkinson’s Disease [4]; (b)
NUDS: North-West University Disability Scale [1] for activities of
daily living, range 0-50; (c) S&E: Schwab and England [5] Disability
scale for activities of daily living, range 0—100; (d) UPDRS Unified
Parkinson’s Disease Ratings Scale* with component scales MBM,
mentation-behaviour-mood, score range 0-16; adl activities of daily
living, range 0-52; motor exam, clinical neurological motor examin-
ation, range 0-108. For all scales direction upwards on the page is
bad
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Parkinsonian Rigidity, Dopa-Induced Dyskinesia and Chorea — Dynamic
Studies on the Basal Ganglia-Thalamocortical Motor Circuit Using

PET Scan and Depth Microrecording

M. Hirato, J. Ishihara, S. Horikoshi, T. Shibazaki, and C. Ohye

Department of Neurosurgery, Gunma University School of Medicine, Gunma, Japan

Summary

Regional cerebral glucose metabolism (rCMRGIu-!'8FDG) was
measured in 6 cases with rigid type Parkinson’s disease(PD) (2 cases
with dopa-induced dyskinesia =DID), 6 cases with chorea(Ch),
S cases with essential tremor (EssT) and 2 cases with normal
subjects(N). The effects of L-Dopa on rCMRGIu was studied in
3 cases with PD. With the aid of depth microrecording study,
stereotactic pallidotomy was performed in all cases with PD.
Thalamotomy was performed in 3 cases with Ch. In the EssT and
N group, the metabolic pattern was high in the frontal cortex (FCx)
but low in the lenticular nucleus (LN). In contrast, all cases with
a rigid type PD showed lower rCMRGlu in FCx(premotor, prefron-
tal area). However, 4 out of 6 cases were higher in LN than the
control group. Administration of L-Dopa shifted rCMRGlu toward
the normal pattern in this group. Five out of 6 cases with Ch
represented higher rtCMRGlu in FCx(3 focal, 2 diffuse) but lower in
LN. Moreover, when DID occurred, it showed almost the same
pattern as in Ch. Electrophysiological studies showed high back-
ground neuronal activity (BNA) in the medial segment of the
globus pallidus(GP) but low BNA in the lateral segment of the GP
in the rigid type of PD. In cases with Ch, irregular burst dis-
charges were often encountered in ventro-oral thalamus. From
these results, the on-going changes of basal ganglia-thalamocortical
motor circuit in cases with a rigid type PD, DID and Ch are
discussed. The underlying mechanisms of Parkinsonian rigidity was
considered to contrast with those of DID and Ch within the same
motor circuit.

Keywords: Parkinsonian rigidity; dopa-induced dyskinesia;
chorea; basal ganglia-thalamocortical motor circuit.

Introduction

Based on clinical and experimental studies, both
hypo- and hyperkinetic movement disorders may be
accounted for respectively by specific disturbances
within the basal ganglia-thalamocortical motor circuit
[1-4]. However, data in living humans remains incon-
sistent. The present study was conducted to elucidate
the underlying mechanisms of hypo-(parkinsonian rigi-

dity) and hyperkinetic (dopa-induced dyskinesia, chorea)
movement disorders in human beings. We performed
dynamic studies on the basal ganglia-thalamocortical
motor circuit using depth microrecording during the
course of stereotactic pallidotomy or thalamotomy
and positron emission tomography (PET) with '*FDG
and C*°0,.

Patients and Methods

Quantitative estimation of regional cerebral glucose metabolism
(rCMRGlu) was measured in 6 cases with the rigid type Parkinson’s
disease(PD) (2 cases with dopa-induced dyskinesia = DID), 6 cases
with chorea(Ch), 5 cases with essential tremor(EssT) and 2 cases with
normal subjects(N). The ratio of rCMRGIu in each structure (see
below) to that in the ipsilateral cerebellar hemisphere was calculated,
and the averaged ratio of each group was compared. We also studied
the effect of L-Dopa on rCMRGlu in 3 cases with rigid type PD. PET
studies were performed using ®FDG with Sokoloff’s method. Re-
gional CMRGIu was measured in the thalamus, caudate nucleus,
putamen, globus pallidus, and cerebral cortex. In our PET labora-
tory, the X-CT and the PET scanner are installed in parallel, and
a single patient bed slides between them. Thus, the centers of each
slice in X-CT and PET can be adjusted automatically, making
precise anatomical comparisons possible. Furthermore, the cortical
area was distinguished by the task dependent regional cerebra
blood flow (rCBF) study using C!°0, in the same cases with
FDG study. From our experience, sequential opposite finger move-
ment caused an increase of rCBF on the contralateral cortical motor
area.

With the aid of depth microrecording, stereotactic pallidotomy
was performed in all cases with PD. Thalamotomy was performed in
3 cases with Ch. The details of the stereotactic operations with the aid
of microrecording have been previously described. Before the oper-
ation, stereotactic MRI is done in order to get the necessary brain
image from which the electrode track during the operation can be
determined. Using Leksell’s stereoractic apparatus, electrodes
(usually applied in pairs) introduced through the burr hole pass
through a selected plane on MRI. Thus, we can anatomically locate
the electrode tip, in relation to the subcortical structure. Sponta-



neous electrical activity was continuously recorded when passing
through the caudate nucleus toward the globus pallidus (first exter-
nal and then internal segments) in cases with PD. In cases with Ch,
the electrodes pass through the pallidal projection zone of the
thalamus (VO) toward the ventralis intermedius. The signals are
integrated on line (arbitrary unit), and, if necessary, a bar histogram
can be made with the aid of a personal computer. Spontaneous
discharge pattern and sensory responses to natural peripheral stimu-
li or to voluntary movement of the contralateral extremities can also
be studied.

Results
PET Study

The FDG-PET image shows that a relative increase
of rtCMRGIu in the lenticular nucleus is marked in
rigid type PD, while a relative increase of TCMRGluin
the frontal cortex is noticed in cases with EssT and in
the normal control. In the former, the value of
rCMRGIlu and the average ratio of rCMRGIu were
high in lenticular nucleus in 4 cases, but low in the
frontal cortex in all cases. In EssT and in the normal
control, values were high in the frontal cortex but low
in the lenticular nucleus. Furthermore, in cases with
a rigid type PD, administration of L-Dopa shifted the
glucose metabolism toward a more normal pattern. In
3 cases in this group, rCBF was also studied during
sequential opposite finger movements. As mentioned
above, an zone of increased rCBF appeared in the
contralateral cortical motor area. By superimposing
the image on the FDG-PET Image representing the
same slice, after administration of L-Dopa, rtCMRGlIu
increased in the rostral portion of the cortical motor
area of the frontal cortex, i.e. in the premotor or
prefrontal area (Fig. 1). In cases with chorea, PET
shows a relative decrease of rCMRGlu in lenticular
nucleus (affected side) compared to EssT and to the
normal control. However, in the frontal cortex, 5 out of
6 cases showed an increase of rCMRGlu (3 focal,
2 diffuse). In a case with chorea after an ischemic insult
in the basal ganglia and with a concomitant history of
PD, the value of rCMRGIlu was low in the affected left
lenticular nucleus but focally high in the frontal cortex
(motor or premotor area) during the appearance of
chorea. It decreased when the choreatic movements
stopped. Furthermore, the DID group showed almost
the same pattern as in Ch during dyskinetic move-
ment.

Electrophysiological Study

In cases with a rigid type PD, electrophysiological
studies revealed that the spontaneous activity of the

M. Hirato et al.

Fig. 1. Superimposition of the task rTCBF-PET image on the FDG-
PET image (case S.0.). Top left: FDG-PET image including the
carebral cortex adjacent to the central sulcus after administration of
L-Dopa. Top right: task rCBF-PET image during the sequential
opposite finger movement of the right hand in the same case. This
plane corresponds to that of the left FDG image. The increased zone
of rCBF was found on the contralateral cortical motor area. Bottom:
superimposition of the task rCBF-PET image on the FDG-PET
image. Arrow head shows increased zone of rCBF on the cortical
motor area. After administration of L-Dopa, TCMRGlu increases at
the rostral portion of cortical motor area in the frontal cortex, that is
the premotor or prefrontal area. The right side corresponds to the
right side of the patient

caudate neurons was moderate, and that of GPe neur-
ons relatively low, while there were vigorous dis-
charges in the GPi. The trajectory through GPi was
characterized by continuous high frequency spike dis-
charges. Sometimes, sensory responses to natural
peripheral stimuli or to voluntary movement in the
contralateral extremities were noticed in the GPi
(Fig. 2). However, in cases with chorea, irregular burst
discharges were often encountered both in GPi (ana-
tomically evaluated on MRI image) and in the pallidal
projection zone of the thalamus (VO) (Fig. 3).

Discussion

In rigid type of PD, the glucose metabolism was
relatively high in the lenticular nucleus but low in the
frontal cortex (premotor or prefrontal area) compared
to control cases. Administration of L-Dopa suggested
that glucose metabolism shifted towards a normal
pattern in the affected side. Electrophysiological
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Fig. 2. A sequential change of background neural activity along the trajectories toward GPi recorded during a stereotactic pallidotomy (case
S.Y., left rigid type PD). On the left is shown a bar histogram of the background neural activity on a sagittal view of the corresponding striatal
zone. The pair of traces (4 and B) represents the recording by a pair of electrodes set in parallel, rostrocaudally with 3 mm interspace. Black dots
on the trajectory A show the location where sensory responses were obtained to peripheral natural stimulation. On the right, examples of the
activity along the trajectories A and B at different levels are shown. Numbers indicate distance in microns from an arbitrary zero. Note the
hyperactivity of GPi neurons. AC anterior commissure, M P midpoint of inter commissural line

recording revealed that the activity of GPe neurons
was relatively low, while it was highly exaggerated in
the GPi. Thus, FDG metabolism in the lenticular
nucleus region was elevated in parallel with exagger-
ated spontaneous activity of GPi in the rigid type
PD. These results are in agreement with changes pre-
viously observed in the MPTP-induced monkey
model of Parkinson’s disease [1,4], showing striatal
dopamine deficiency due to nigrostriatal dysfunction.
Furthermore, Parkinsonian rigidity may be much
ameliorated by pallidotomy as well as by VO thala-
motomy. Therefore, the present study supports and
supplements previous findings and the recently pro-
posed pathophysiological interpretations of the func-
tion of the striato-pallido-thalamocortical connections
[1-4].

In contrast, Ch and DID displayed almost the same
pattern, showing low glucose metabolism in the len-
ticular nucleus but high in the frontal cortex. In a case

with chorea after an ischemic attack in the basal gan-
glia, the glucose metabolism was also low in the af-
fected lenticular nucleus but focally high in the frontal
cortex (motor, premotor area) during the appearance
of chorea. It became low when the choreic movement
stopped. Our electrophysiological study showed that
irregular burst discharges were present both in the GPi
and in the pallidal projection zone of the thalamus
(VO). Therefore, DID and chorea must be mediated by
the same motor circuit in rigidity [2,4]. However, the
neural function of basal ganglia and of the frontal
cortex in hyperkinesia is totally different from that in
the rigid type PD.

These results suggest on-going changes of basal
ganglia-thalamocortical motor circuit in cases with
rigid type PD, DID and Ch. The underlying mechan-
isms of Parkinsonian rigidity appear to be different
from those of DID and Ch within the same motor
circuit.
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Fig. 3. A sequential change of background neural activity along the trajectories toward VIM in a stereotactic thalamotomy (case Y.K., left
hemichorea). In the left top, coronal section of the thalamus parallel to the trajectory of the recording electrode. The oblique line shows
a simulation of trajectory. In left bottom is shown a bar histogram of the background neural activity projected onto a sagittal view of the
corresponding striato-thalamic zone. Black dots on the trajectory A and B show the location where irregular burst discharges were recorded as
shown on the right. On the right, examples of the activity along the trajectory A and B at different levels are shown. Numbers indicate distance in
microns from an arbitrary zero. Note that irregular burst discharges were recorded both in the GPi (trajectory B) and in the pallidal projection
zone of the thalamus (VO) (trajectory A). Vop N. ventralis oralis posterius, Vim N. ventralis intermedius, VC N. ventralis caudalis, CP posterior

commissure, 10 = 10mm
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Summary

Our ongoing study of ventral pallidotomy for the control of
Parkinson’s disease in selected patients has provided the opportunity
to explore the topographical and somatotopic organization of the
human globus pallidus. Utilizing microelectrode techniques we have
obtained recordings which were correlated with data from MPTP-
parkinsonian primates. In addition, we performed pre- and post-
operative FDG/PET scans in these patients. Our studies reveal
similarities between the MPTP-parkinsonian primate model and
human Parkinson’s disease in terms of physiologic recordings and
responses. However, we have encountered significant differences
between dominant and non-dominant hemisphere representations,
particularly for the hand, in the human. In addition, our PET studies
confirmed, as in previous parkinsonian primate models, glucose
hypermetabolism in the lenticular area of Parkinson’s disease pa-
tients. This hypermetabolism is dramatically altered by creation of
a lesion in the globus pallidus medialis. This is demonstrated by
follow-up PET scans which reveal not only a decrease in metabolism
of the operated lenticular region, but also in the frontal cortical
projections. These combined observations of the cellular activity
in the globus pallidus and the observed changes in PET meta-
bolism support the selection of the pallidum for lesioning and
control of Parkinson’s disease, and offer insight into the under-
lying physiology of this disorder. The above physiological and PET
data will be clinically correlated with our ongoing series of 35 +
patients.

Keywords: Pallidotomy; hypermetabolism; microelectrode; PET.

Introduction

Surgical approaches to the globus pallidus for relief
of symptoms arising from Parkinson’s disease (PD) —
rigidity, tremor, bradykinesia, and difficulty with gait
and balance — date back to Meyers [1], who first re-
ported results from division of the pallidofugal fibers at
the ansa lenticularis via a transventricular approach in
1942. He later abandoned this for a subfrontal ap-

proach, with an electrode for thermocoagulation being
passed through the anterior perforated substance and
into the pallidum above the optic tract [2]. In the
prestereotactic era, a number of other methodologies
were developed, including the anterior choroidal laga-
tion and chemopallidotomy techniques reported by
Irving Cooper in 1953 [3] and 1958 [4].

A variety of stereotactic approaches to the globus
pallidus (GP) were subsequently described by Spiegel
and Wycis [5,6] Spiegel et al. [7], and many others
[8-12]. While a significant improvement was often
reported in PD patients, these various techniques did
little to affect tremor and were accompanied by signifi-
cant mortality and morbidity. In 1967, Leévy [13]
presented a series of pallidotomies performed via
a posteroventral approach, reporting successful relief
of bradykinesia, rigidity and tremor without accom-
panying side effects and a low mortality.

With the advent of L-dopa therapy in the late 1960’s,
interest in surgical therapy for PD waned and relative-
ly few pallidotomies were performed. In 1985, after
reviewinga study published by Svennilson et al.[14] in
1960 whose methodology and results were similar to
Levy’s work, Laitinen etal. [15] resurrected the
posteroventral pallidotomy technique for PD. Lesion-
ing the posterior ventral GP in a series of patients,
Laitinen et al. [15] reported significant improvement
of parkinsonian symptoms.

The purpose of our study is twofold: 1) to refine the
approach to this anatomical target, and 2) to elucidate
the physiological events related to the GP in the
parkinsonian state.
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Fig. 1. Three-dimensional imaging with MRI

Method

Figure 1 demonstrates the use of a GE Signa-1.5 Tesla MRI
machine with data transferred to an independent workstation,
allowing 3D reconstruction and confirmation of fiducials in space,
thereby providing a more precise localization of the anatomical
target [16]. MRI-obtained data allowed us to create computer
reconstructions of GP topography in an attempt to relate its
anatomy to its physiology. Figure 2 shows a computer-created view
of the area of the GP [globus pallidus interna (GPi), globus pallidus
externa (GPe), and the caudate nucleus]. As no data can currently
define the precise optimal pallidal surgical site that yields maximal
efficacy and minimal complications, we are developing neurophys-
iological maps of the GP based on intraoperative microelectrode
recordings. Figure 3 shows different discharge patterns of cells
registered in both GPe and GPi. Figure 4 shows the location of right
GP cells responding to contralateral movement of different body
parts in coronal (3mm anterior from midcommissural line), axial
(22 mm lateral from interhemispheric line) and sagittal (6 mm below
intercommissural line) planes for six patients [ 17]. These findings are

M. Dogali et al.

similar to those in DeLong’s studies involving MPTP-induced
parkinsonian primates [18,19]. During movements of contralateral
limbs, the units consistently showed changes in discharge frequency
in temporal relation to movement cycles. During ipsilateral limb
movements, however, the discharge of the same unit showed no
consistent relation to movements. A small number of units (2%)
discharged nearly equally in relation to ipsilateral and contralateral
limb movements. In five out of twelve righthanded patients we found
finger movement responsive cells. Those cells were identified in four
out of six left GP (13 finger responsive cells in six left GP), and one
out of six right GP (only 1 finger responsive cell in six right GP). The
difference is statistically significant (y2 =10.26, p = 0.0035). This
suggests possible hemispheric specialization with greater representa-
tion of the dominant hand [17]. Figure 5 shows the preoperative and
six-month postoperative PET scans for a patient in our series. The
postoperative PET scan demonstrates markedly decreased glucose
metabolism on the surgical side in an area much greater than could
be predicted by surgical volume. This expanded area is consistent
with that reached by the frontal projections from the basal ganglia
[20].

Conclusions

Both different frequency and different pattern of
single cell activity were found in two pallidal segments:
GPe and GPi. The discharge of 19% of cells in both
pallidal segments was clearly modulated during
passive movements of individual body parts. The cell
clusters that alter discharge rates, a result of related
movements, were identified. These findings suggest at
least a partial somatotopic organization of the human
GP and similarity with experimental results in both
normal and MPTP-parkinsonian primates. If the con-
cept that the GP is hyperactive in PD proves valid,
identification of cells and their abnormalities would
help in providing the optimal target for very localized
lesions of the GP and result in predictable improve-
ment of PD symptoms. These findings differ from those
described in the MPTP-parkinsonian primate studies

Fig. 2. Computer-created topography of right GP and adjacent structures
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200 ms

Fig. 3. Cell discharge of GPe and GPi. (a, b) Two types of cell
discharges characteristic for GPe neurons (a) cell S-1538 = bursting
activity; (b) cell B-2257 = low frequency, irregular activity); (c, d) high
frequency, irregular discharges characteristic for GPi neurons;
(e) activity of movement-related (F-7134) during hip and knee move-
ments, activation during flexion and inhibition during extension; (f)
activity of movement-related cell (F-8868, same patient, same trajec-
tory, 1.7 mm below the cell F-7134) during hip and knee move-
ments; inhibition during flexion and activation during extension.
Thick horizontal line extension flexion, this horizontal line extension

(171

of DeLong et al. in the following ways. Differences
between pallidal segments in PD patients were not as
great as those reported in primates. This could reflect
interspecies differences, but is most likely because our
recordings were obtained in PD patients rather than
healthy subjects. The difference in handedness is not
reflected in any primate study. Both the clinical results
and the neurophysiological data are, however, in
keeping with one hypothetical basal ganglia circuitry
of DeLong eral. modulating the distribution of

11

Fig. 4. Right GP cell response to contralateral body movement. ICL
AC-PC intercommissural line

Fig. 5. Preoperative and postoperative PET
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dopamine through the brain, thus confirming the selec-
tion of the GP as a surgical target. Selection of the GP
is preliminarily supported by the data from our PET
studies, although further study is needed in this area.
Our investigations remain ongoing as our sample size
continues to expand.
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Summary

Unilateral ventrolateral (VL) thalamotomy for medically refrac-
tory tremorigenic movement disorders (MD) was performed in
9 patients with established multiple sclerosis. All patients had
abolition of their coarse action/kinetic tremor with improvement
in arm and hand function. In two patients some intention tremor
either remained or was unmasked. Target coordinates ranged
from 2 to —5mm relative to the intercommissural line and from
8 to 16 mm lateral to the midline. There were no permanent sur-
gical complications and the one stage peocedure under local
anesthetic was well tolerated. Although there were also improve-
ments in posture and speech in some patients the overall and longer
term functional impact of surgery was, except in two patients,
disappointing. Since multiple sclerosis is a spectrum of disease
entities, and tremor may be only one manifestation of the disease,
clinical studies that use comprehensive patient assessments and
objective criteria may allow prediction of longer term functional
outcome in specific patient subgroups. The specific aims of the
stereotactic procedure in severely disabled patients with MS and
MD must also be clear.

Keywords: Multiple sclerosis; tremor; thalamotomy; stereotactic
surgery.

Indroduction

Stereotactic thalamotomy is an established treat-
ment for disabling tremor in patients with multiple
sclerosis (MS). Review of the literature suggests that in
approximately 90% of patients there is immediate
relief with 70% of patients remaining improved at one
year [4-8]. Unfortunately, however, although there
may be abolition of the tremor the functional signifi-
cance of the results are unpredictable due to the multi-
plicity, activity and variable location of the lesions
causing both the tremorigenic movement disorder
(MD) and other clinical features of the multiple scler-
osis [5-7]. Recent experience using CT image guided
thalamotomy in a clinically heterogenous, but consecu-
tive, series of MS patients with tremor is described to

illustrate some of the problems and paradoxes in man-
agement of MS patients.

Methods

During the period from December 1989 to May 1994 12 patients
with established and medically refractory tremorigenic MD were
referred for surgery. These patients underwent pre-op video, clinical
review and CT and MRI brain imaging. Indications for surgery were
to abolish limb tremor with a view to improving the patient’s
functional status and/or facilitate general care. Ventrolateral (VL)
thalamotomy was performed under local anesthesia (diazepam and
droperidol), with dexamethasone cover. Where resting axial tremor
was severe CT was performed using intravenous propofol. The BRW
system was used with targets calculated from unreformatted axial
CT images [10]. Lesions were made with a Radionics RF3B system.
Intraoperative stimulations of the Gildenburg Stereotaxy Kit ther-
mocouple probe (GSK-TC 1.3 mm radius, 4 mm tip length, of which
3 mmis insulated) were performed at 2—5 Hz and 50 Hz. Lesions were
made 65 °C for 70s. Postop video and clinical review were under-
taken at 4 weeks and 3 months and one year.

Results

One 65 year old patient had a normal MR scan and
was not considered to have MS. One 32 year old female
had a slow (4 month) but steady transition in unilateral
brachial tremor from a mixed kinetic/intention tremor
to a fine intention tremor and operation was not
recommended. One patient refused surgery. Nine pa-
tients, with variable disseminated neurological deficits
due to multiple scerosis (Table 1), underwent unilateral
VL thalamotomy. During pre-surgery hospitalization
the kinetic tremor in one patient resolved considerably
without any additional medication. Target coordinates
straddled a large area of the VL complex (Fig. 1).
Tremor was significantly attenuated following probe
insertion in three patients. Intraoperative stimulations
at the site of lesion making using 2 or 5 Hz produced
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Table 1. Profiles of the Nine Patients Undergoing Unilateral Stereotactic VL Thalamotomy for Tremor Due to MS. All patients were unable to walk, dress, wash,

groom or feed independently

Tremor

Age MS Tremor Barthel Comment
Pt. (yrs) (yrs) (mths) — - score
Rest Postural  Kinetic Intention Location

1 43 7 12 + + ++ + L>R(UL+LL) 4/20 spastic hemiparesis, INO,
dysarthria

2 62 13 20 - — + — L (UL) 6/20 spastic hemiparesis
dsyarthria, catheterised.

3 36 6 60 + + ++ ++ bilateral (UL) 8/20 ataxia, dysarthria, nystagmus

4 36 4 36 + - ++ ++ R>L (UL+LL) 8/20 spastic hemiparesis, ataxia

5 32 2 20 + - ++ ++ L>R(UL+LL) 9/20 spastic quadraparesis, nystagmus
dysarthria

6 30 13 7 + + +++ ++ R(UL+LL) 8/20 ataxia, mild spastic hemiparesis

7 35 17 20 + + ++ ++ bilateral (UL) 9/20 r spastic hemiparesis, INO
dysarthria, nystagmus

8 34 3 18 + + +++ ++ bilateral (UL + LL) 6/20 poor vision, dysarthria,
spastic paraparesis, nystagmus

9 29 3 15 + + +++ ++ bilateral (UL + LL) 7/20 spastic paraparesis, nystagmus

L left; R right; UL upper limb; INO internuclear ophthalmoplegia

Fig. 1. Axial section of the thalamus 2 mm above the AC-PC plane
showing the anatomical co-ordinates (black circles) at which the
lesions were made in MS patients to abolish kinetic tremor. Al-
though the lesions are spread over a large area most were in the
region of the VL complex (Voa, Vop, Vim). Because of the variable
width of the third ventricle in MS patients physiological assessment
of target points is essential

either no phenomena (n = 6) or contralateral faciob-
rachial muscle twitching (n = 5). Stimulation at 50 Hz
produced tetanic spasm in muscles of the contralateral
upper limb (n = 5), nothing (n = 5), abolition of tremor
(1) and focal contralateral dysaesthesia (1).

Course brachial action/kinetic tremor was abolished
immediately in all patients with either a single (n=7)
or double (n = 2) Rf lesion with marked improvement
in arm and hand function. In two patients a cerebeller
intention tremor was unmasked following abolition of
the kinetic tremor and in one patient intention tremor
was unaltered by the lesion. In one of these patients the
persisting intention tremor resolved over the 6 weeks
following thalamotomy. In one patient passage of the
probe into the VL complex almost completely abol-
ished the kinetic tremor without an RF lesion being
made (the Radionics lesion generator malfunctioned).
This effect was maintained at three month follow up,
despite an MR scan showing no lesion. As well as
abolition of brachial and hand tremor with resultant
improvement in arm and hand functions, other benefi-
cial effects, particularly in the three months following
surgery, were also noted on axial dystonia, speech
volume, articulation and swallowing (Table 2). Transi-
ent psychomotor slowing and confusion (4-12 hours)
occurred in five patients. Two patients had transient
urinary dysfunction. Two patients became profoundly
depressed after surgery.

Discussion

This study has confirmed previous reports that
tremorigenic MD in patients with MS can be success-
fully treated by stereotactic thalamotomy with mini-
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Table 2. Clinical Outcome Following Unilateral Stereotactic Thalamotomy in Patients with Disabling Tremor Due to MS. Although brachial
tremor was abolished unilaterally in almost all patients, with dramatic improvement in arm function at six months postop only four patients
were considered “better” by their neurologist. At one year postop only two patient (Cases 4.5) were still significantly better

Tremor
Pt. Kinetic Intention Comment
1 abolished reduced excellent short term improvement of arm function, only 4/12 postop
2 improved none arm too spastic and ataxic for useful function.
3 abolished unmasked residual intention tremor resolved over 6/52 post-op, remains
profoundly ataxic.
4 improved improved resting tremor also improved, mild incontinence post-op.
5 abolished abolished resting tremor (head) also improved, swallowing better,
mild, transient post-op incontinence of urine.
6 abolished abolished postural tremor also abolished, major relapse of MS 4/12 postop.
7 abolished reduced dsyarthria less, truncal dystonia less, postop depression;
effects due to “microthalamotomy” due to probe passage.
8 abolished minimal dysarthria less, truncal dystonia decreased, post-op depression
9 abolished minimal postural tremor improved also.

mal surgical morbidity [4,6,7]. From the technical
viewpoint short acting general anesthetic agents such
as propofol are extremely useful for patients with
severe axial resting tremor. Use of propofol can facili-
tate fixation of the stereotactic base ring and also
optimise CT scan quality in these patients. Selection of
co-ordinates for target points should centre on the VL
complex but physiological testing will be required in
most patients to optimise lesion placement. The char-
acteristic physiological responses seen following VL
stimulation in non-MS patients were often not repro-
duced in this cohort. This finding may be related to the
focal and diffuse atrophy or damage of the brain that is
characteristic of MS. The neuropathological process
may also lead to gross widening of the third ventricle,
atypical thalamic nuclear relationships to conventional
stereotactic reference points and abnormal discharge
patterns from the nucleus ventro-intermedius (Vim)
region [1,7].

Action or kinetic tremor, which in MS patients is
often called “rubral” tremor, usually responds very well
to an appropriately placed radiofrequency lesion, how-
ever intention tremor seems much more refractory.
Indeed, in some patients it was unmasked by removal
of the “rubral” tremor. Residual, unmasked or later
recurrence of intention tremor was one impediment to
significant functional improvement in most of our
cases. The other major problem in this patient cohort is
the diffuse nature of neurological disease. The two
patients who had a sustained functional improvement
following thalamotomy had the least systemic neur-
ological disability and were therefore able to use their
tremor free limbs well. Most of the other patients were

severely disabled with spasticity, brain stem and cere-
bellar disease as well as multilimb and axial tremor.
These problems are uneffected by unilateral abolition
of “rubral” tremor. Additional beneficial effects in these
patients could be considered easing of their disabled
condition by improving voice volume, articulation and
resting tremor and facilitated nursing care. Nonethe-
less two patients became profoundly depressed, despite
abolition of tremor, presumably because of their frus-
tration with their residual disabilities. Such negative
feelings have previously been noted [8]. Functionally
most patients remained considerably handicapped
[6,8]. Realistic goals are therefore essential when se-
lecting patients for surgery [5].

In some patients with severe bilateral disabling
tremor it is theoretically attractive to consider a
thalamotomy on one side and the implantation of a
thalamic stimulator in the contralateral thalamus
[3,7]. The latter procedure also has the benefit of not
causing additional lesions in patients who already have
a disseminated disease. Such an integrated approach
could conceivably lead to a better functional outcome.
If such a study was to performed rigorous and objective
assessments of both the tremor [2] and functional
status of the patient should be undertaken. Unfortu-
nately there are major shortcomings and difficulties
withmany indices such as the Kurtzke Rating scale, the
Rankin and Bartel scales [6,9].

Although all patients were considered to have stable
neurological disease when referred for surgery two
underwent spontaneous changes in the composition of
the brachial tremor. Furthermore one patient had
sustained abolition of tremor merely after passage of
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the stimulating electrode into the VL complex. Post-
operative MR in this patient field to reveal any lesion.
The physiological bases of these phenomenon are un-
clear but presumably relate to the balance between
demyelination and oligodendroglial function in the
inflammatory plaques. Another unusual feature of the
series is the relative lack of surgical side effects. The
relative safety of VL thalamotomy in MS patients
varies with some having few problems [4,6,7] whilst
other have major difficulties [ 5,8]. Given the multiplic-
ity and bilateral nature of the MR visualized plaques in
most patients the absence of post-thalamotomy dys-
phonia, dysphasia, hemiparesis or dysphagia was sur-
prising.
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Summary

Seventeen patients with severe disabling spinal spasticity were
selected and treated by chronic intrathecal baclofen infusion using an
implanted programmable pump. Nine patients were tetraparetic,
seven were paraplegic and one paraparetic. Patients were regularly
followed for 5 to 69 months (mean 37,5 months).

The clinical efficacy of baclofen was estimated by means of evalu-
ation of: hypertonia, spasms, pain and functional disability. All
patients experienced significant amelioration of quality of life sec-
ondary to reduction of hypertonia, spasms and pain related to
contractures. Neurogenic pain improved in 3 cases and remained
unchanged in 3 others. In patients whose motor functions were
partially preserved, various degrees of motor improvement were
detected.

Electrophysiological recordings of Polysynaptic flexion reflexes
(FR) were obtained to control conditions, and under intrathecal
baclofen, in order to quantify the spinal excitability responsible for
spontaneous or induced spasms. Flexion reflex threshold was in-
creased and amplitude proved to be very significantly reduced by
chronic baclofen infusion in all our patients.

Twelve patients with neurogenic bladder dysfunction were also
evaluated by a clinically oriented questionnaire and by quantitative
urodynamic recordings, before and after pump implantation. In
patients with normal micturition, this was not changed by in-
trathecal baclofen. In patients with spastic bladder, intrathecal bac-
lofen produced a decrease of detrusor hypertonia and hyperactivity
in 50% of cases, with reduction of leakage and increase in functional
bladder capacity.

Keywords: Spasticity; neurogenic bladder, intrathecal baclofen;
flexion reflex.

Introduction

Chronic infusion of baclofen into the subarachnoid
space was introduced in 1984 by Penn and Kroin
[10,19,20]. Baclofen, is a GABA-B receptor agonist,
with pre-synaptic [3] and possibly post-synaptic [1]

inhibitory actions in superficial layers of the spinal
cord dorsal gray matter. High concentrations of this
drug at these specific receptor sites permit a marked
reduction of the spasms and rigidity by decreasing
motor neuron excitability [10,16]. In recent years,
technological advances have permitted a safer admin-
istration of intrathecal baclofen using the implanted
programmable pumps.

In this article, we report a 17 patients series with
severe chronic spasticity treated by intrathecal
baclofen and followed from 5 to 69 months (37.5
months on average). Polysynaptic flexion reflexes
(FR) were recorded first in control conditions and
then under intrathecal baclofen, in order to quantify
the spinal excitability responsible for spontaneous or
induced spasms. Assessments obtained by clinical
spasm scales were compared with polysynaptic flexion
reflexes recordings. The baclofen effects on lower
urinary functions were also analysed by urodynamic
studies in twelve patients with neurogenic bladder
dysfunction.

Material and Methods

1. Patients Selection

Twenty four patients were selected for an initial trial with in-
trathecal baclofen on the following criteria: 1) Severe, chronic and
disabling spasticity due to a spinal lesion; 2) Spasticity refractory to
oral drugs (including oral Baclofen), or unacceptable side-effects with
effective doses; 3) Absence of hypersensitivity (allergy) to baclofen; 4)
Favorable environment for rigorous and regular outpatient follow-
up; 5) Adult age (between 18 and 65 years), and cognitive capacity to
give informed consent.
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Table 1. Functional Disability Score for Spastic Paraplegic Patients

P. Mertens et al.

Pain 0 No pain
1 Unfrequent pain and or minor intensity; the patient does not complain
spontaneously; without any consequence on daily life
2 Frequent pain and or moderate intensity; the patient complain spontaneously; but
without any practical consequence on daily life
3 Very frequent pain and/or severe intensity; with practical consequence in daily life
4 Permanent and unbearable pain
Spasms 0 No spasms
1 Unfrequent spasms and of minor intensity; only provoked by mobilization;
without any functional consequenses
2 Frequent spasms and or moderate intensity; occurring at mobilization and also
spontaneously; but without impairing the patients confort in sitting and lying
position
3 Very frequent spasms and/or severe intensity; impairing the sitting and lying
position (awaking patient a night)
4 Almost constants spasms, making impossible any correct sitting position and
even lying position
Wheel chair 0 No disconfort
1 Minor disconfort, not reducing significantly sitting time in weelchair
2 Moderate disconfort, reducing sitting time in weelchair
3 Strapping is required to mantain correct sitting position
4 Weelchair impossible
Transfers 0 Easy, alone
1 Possible alone, but difficult
2 Need for one person helping
3 Possible but difficult with one person helping
4 Need for two persons helping
Washingand 0 Easy, alone
dressing 1 Possible alone, but difficult
2 Need for one person helping
3 Possible but difficult with one person helping
4 Need for two persons helping

I1. Acute Intrathecal Baclofen Trial

In this initial trial, baclofen was injected via a lumbar puncture or
asubcutaneous port connected to a catheter in the lumbar subarach-
noid space. The initial dose (5 to 25 pug) was increased by steps until
a satisfactory response was obtained or maximal dose of 100 pug was
reached.

The clinical efficacy of acute baclofen was estimated by means of
a composite evaluation which included the Ashworth, the spasm, and
the functional scales (Table 1), as well as standardized assessment of
walking abilities and amplitude of articular movements.

The acute trial was considered satisfactory if either a two-point
reduction in the Ashworth and spasms scores, or a decrease of the
functional score to values lower than 10/20, or both, were obtained.
However, in patients who were able to walk before the baclofen trial,
reduction of voluntary motricity due to baclofen-induced hypotonia
was an absolute exclusion criteria even if the rest of the evaluation
proved satisfactory.

Based on these evaluations, 17 out of the 24 patients were con-
sidered as good candidates for pump implantation. The reasons for
exclusion of the remainning 7 patients were, in five cases a significant
reduction in the walking performances owing to baclofen-induced
excessive hypotonia, even at low doses (5 pug), while in two other cases
even a dose of 100 ug was unable to decrease the pathological
hypertonia.

I11. Patients Undergoing to Chronic Baclofen Infusion

The 17 patients in whom a programmable pump was implanted
were regularly followed for 5 to 69 months (mean 37.5 months). The
age, sex, diagnosis and clinical conditions are summarized in Table 2.
One single patient was able to stand up and walk alone for several
meters, and another could do so with the help of crutches. All other
patients were wheelchair dependent or bedridden, even if in three
cases motor function was not completely abolished.

Eleven patients had pain related to spasms or central neurogenic
pain. Neurological bladder dysfunction was present in 14 patients.
One patient had a cystectomy performed due to severe abdominal
injury.

IV. The Implanted Pumps

In all cases, the pump used was a Synchromed Programmable
Pump (Model 8615-Medtronic Inc, Minneapolis-USA). The surgical
technic has been described in detail elsewhere [12,18-20].

IV. Post-Implantation M anagemenvt

During the post-operative period, the pump was programmed to
deliver a total daily dose approximately twice the minimal efficient
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dose in the acute test. Oral antispastic medication was tapered
gradually.

The patients were reviewed regularly every three months. At the
moment of pump refilling the patients status was evaluated with the
same quantitative scales used during the acute trial (Tables 1). The
dose and infusion mode were adjusted, if necessary, to maintain
a good clinical and functional condition (Ashworth and spasm
scores < 3 and functional score < 10).

V. Flexion Reflex Measurements

Flexion-reflexes (FR) were studied in order to quantify the spinal
excitability responsible for spontaneous or induced spasms.

The FR of lower limbs were recorded by surface electrodes applied
over the short head of biceps femoris, after electrical stimulation of
the ipsilateral sural nerve at the ankle. The stimulating and recording
parameters have been described in detail elsewhere [6].

Control responses (in the absence of intrathecal baclofen) were
obtained in all 17 patients. Responses during chronic intrathecal
baclofen infusion could only be recorded in 15 patients. The follow-
ing parameters of flexor polysynaptic responses were analysed quan-
titatively: (a) The threshold of FR was defined as the minimal stimulus
intensity (in milliampers, mA) necessary to obtain a reproducible FR
in the biceps femoris; (b) The surface of FR was calculated by
integrating the voltage of the electromyographic (EMG) response
over an analysis window of 500 msec, the result being expressed in pV
x sec. This parameter was calculated for stimulating intensities equal
to 2-3 times the reflex threshold; (c) The duration of FR (in msec) was
estimated between the onset and the end of the reflex response. When
the response exceeded the length of the recording window, a duration
equal to the window (500 msec) was noted.

VI. Lower Urinary Tract Investigations

Twelve patients with neurogenic bladder dysfunction were evalu-
ated, both in control conditions and under intrathecal baclofen.
Standardized clinical assessment of urinary urgency, incontinence
(leakage), type of voiding (voluntary, triggered by suprapubic tap-
ping, indwelling or intermittent catheterization) and frequency of
urinary infections was done by means of a specially oriented ques-
tionnaire. Urodynamic evaluation was performed by cystometry
following the technic described before [2]. The bladder was infused
with fluid at ambient temperature and recordings of intra-vesical
pressure were obtained. During bladder filling, the patient was
instructed to report his/her sensations to the examiner. The residual
urinary volume was measured after bladder emptying, both immedi-
ately before and after micturition. Sphincter EMG recordings were
not performed.

Results
a) Effects of Baclofen on Spasticity (Table 2)

Rigidity in the lower limbs was clinically reduced in
all patients. The mean Ashworth scale score dropped
from 3.8 + 0.7 in the preoperative period to 1.6 + 0.8 in
the last follow-up (p < 0.001). The frequency and inten-
sity of the spasms were clinically decreased too, the
mean spasm score being reduced from 2.8 + 0.7 pre-
operatively to 1 + 0.7 at the last follow-up examination
(p <0.001). However, it was frequently observed that
spasticity was restored in presence of an urinary infec-
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tion or bedsore, or when the drug reservoir level was
low (< 2ml).

b) Effects on Functional Scores, Motor Function and
Daily Living Activities (Table 2)

The mean functional score, which initially was
13.4+2.7, decreased after pump implantation to
5.8+ 2.7 (p < 0.001), thus underscoring the overall im-
provement of the patients for daily-life occupations.
Functional improvement was dependent on both clini-
cal stage and etiology: it was less marked for tet-
raparetic and/or multiple sclerosis patients (from
139432 to 7.1 +1.9) than for paraplegic patients-
secondary to spinal cord injury (from 12.54+1.2 to
3.3+ 2.2). (p < 0.005). Previous to pump implantation,
fifteen patients were unable to walk, and the sitting
position was difficult to maintain, owing to severe
rigidity and spasms. In this group, all patients achieved
a comfortable sitting position, with improvement of
passive mobility and facilitation of transfers, physical
therapy and nursing care.

In five patients in whom motor function of lower limb
was partially preserved previous to treatment, motor
improvement occurred as a consequence of the reduc-
tion of harmful hypertonia and spasms: one patient
among the wheelchair dependent (patient no. 7) be-
came able to walk with crutches after pump implanta-
tion; two patients able to stand up and walk a few
meters before pump implantation (one with the help
of crutches), increased their walking distances
after chronic baclofen therapy, but only one of them
(patient no. 9) became able to walk alone outside of his
house.

Improvement of upper limb motor skills was also
observed in four tetraparetic patients, but this was
hardly quantifiable with our scales.

¢) Effects on Pain

Pain improvement was assessed by the item “pain”
of the functional scale (Table 1). Nine patients had pain
related to spasms, which disappeared after pump im-
plantation in all of them. In 3 cases, spasms disap-
peared altogether, while in the other 6 patients the
frequency and intensity of spasms were significantly
decreased and the residual spasms were not painful.

Six patients had central neurogenic pain. Three re-
mained unchanged after pump implantation and three
seemed improved (reduction of 1 to 2 points in pain
scale).
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Table 2. List of Patients Included in the Study

P. Mertens et al.

Case Age/ Diagnosis Clinical Functional Spasms score Ashworth score Follow-up Intra-
no.  sex condition score/10 (month) thecal
_ Initial Final Initial Final baclof.
Initial Final pg/day
1 61 SCI paraplegic 14 3 1 2 2 5 132
F
2 44 MS tetraparetic 15 7 2 4 1 28 288
F
3 39 FD tetraparetic 13 9 0 4 1 55 276
M
4 34 SCI paraplegic 12 1 4 1 4 1 36 204
F
S 32 MS paraplegic 15 6 1 4 1 42 168
F
6 34 FD tetraparetic 7 3 0 3 2 41 168
F
7 61 CM tetraparetic 10 7 2 4 2 24 300
M
8 25 SCI paraplegic 12 7 4 1 4 1 69 792
M
9 58 SCI paraparetic 14 2 0 5 2 30 365
M
10 32 MS tetraparetic 14 9 1 3 1 6 204
F
11 52 DM paraplegic 11 5 1 4 1 43 184
M
12 42 MS tetraparetic 16 5 0 4 2 47 264
M
13 39 SCI paraplegic 12 2 2 4 2 14 196
M
14 33 MS tetraparetic 18 9 1 5 4 24 384
M
15 57 SY tetraparetic 12 8 1 4 3 55 408
M
16 52 MS tetraparetic 17 7 2 2 4 1 69 196
F
17 36 MS paraplegic 16 9 2 3 1 45 192
F
134 5,8* 1* 3.8 1,6% 36 277
+27 +27 +0,7 +0,7 +0.8 +18 +155

SCI spinal cord injury; MS multiple sclerosis; FD Friedreich disease; CM cervical myelopathy; DM dorsal myelopathy; SY

syringomelia; * p < 0,001.

d) Effects of Baclofen on Lower Limb Flexion Reflexes

Pre and postoperative flexion reflexes were obtained
in 15 out of the 17 patients of the series. Preoperative
recordings in the absence of intrathecal baclofen
yielded abnormal results in all these patients except
two (nos. 7 and 8). Abnormalities always consisted in
enhancement of flexion reflexes to exteroceptive
stimulation, as shown by significantly higher amplitude
and longer duration of responses as compared with
normal controls. In about half of the cases (46%) such
enhancement was associated with a very significant
decrease of the reflex threshold (i.e. reflexes appeared to
very small stimulation intensities). In 54% of cases,

flexion reflexes, although significantly enhanced, had
a normal or even increased threshold relative to
normal controls.

Under intrathecal baclofen, flexion responses were
suppressed altogether in the 2 patients whose reflexes
were not enhanced preoperatively (nos. 7 and 8). In
3 further cases, reflexes were abolished unilaterally and
greatly depressed on the other side (nos. 4, 11 and 17). In
the remaining 10 patients, flexion responses remained
present albeit significantly decreased in amplitude and
duration (Fig. 1). In no patient were responses un-
changed under intrathecal baclofen.

No significant correlation appeared between the
magnitude of flexor reflexes to sural stimulation and
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Stimulation at 5 mA

Stimulation at 10 mA

Stimulation at 15 mA

Fig. 1. Abnormalenhanced flexion reflexes to exteroceptive stimula-
tion (5SmA), with high amplitude, long duration and appearing at
small stimulation intensities. These flexion responses were abolished
or strongly attenuated by chronic baclofen infusion, with increasing
of their threshold (15mA). Left: control responses, right: under
chronic intrathecal baclofen
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the number of clinical spasms per unit of time as
estimated with the spasm score (see Fig. 2). Clinical
spasms reduction and depression of flexion reflexes
were not correlated too.

e) Effects on Lower Urinary Tract Function (Table 3)

In three patients, the normal micturition was not
modified by intrathecal baclofen. One patient was
relieved of his permanent catheter and intermittent
self-catheterization became possible, with rare leakage.
Intermittent bladder catheterizations performed by
other five patients were facilitated by intrathecal bac-
lofen owing to reduction of hip adductor hypertonia
and spasms.

Urinary urgency in two patients (patients nos. 5 and
16) was remarkably ameliorated under intrathecal bac-
lofen in both cases. Urine leakage was present in three
cases. After pump implantation, no significant change
was noted by one patients, while another was amelior-
ated and for the third this symptom disappeared
(patient no. 16).

The urodynamic quantitative study was performed
before and after intrathecal baclofen in 12 of the 14
patients with a neurogenic bladder. In absence of
baclofen, nine patients had hyperactive bladder charac-
terized by uninhibited contractions with high bladder
pressure, elicited at a low volume of urine and asso-
ciated in some cases with loss of urine. Under in-
trathecal baclofen, these contractions were suppressed

Fig. 2. Nosignificant correlation between exagerate flexion reflex amplitude and spasm scores, before (left) and after (right) chronic intrathecal
baclofen. Note that, previous to baclofen, the same clinical score [3] could coexist with a wide range of flexion reflex amplitude. The information
provided by flexor reflex was not redundant with that obtained by spasm frequency scale
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in one case (patient no. 16); they occurred at a higher
volume in another case (patient no. 7), at a higher
volume with lower pressure in three cases (patients nos.
1,13 and 15) and it were unchanged in three other cases
(patients nos. 10, 12 and 14). In case no. 17 a bladder
neck hypotonia was verified, with leakage during blad-
der filling at volume higher to 100 ml. Uninhibited
contractions were not observed at this volume.

Four patients had a low-compliance bladder, show-
ing abnormal high bladder pressure with step filling
curve, related to detrusor hypertonia. In two of them
(patients nos. 1 and 15) intrathecal baclofen increased
bladder compliance by reducing detrusor hypertonia.
In the other two patients (patients nos. 10 and 14),
detrusor hypertonia remained unchanged.

Before treatment, nine patients had a reduced func-
tional bladder capacity (on average 148 + 68 ml). Under
intrathecal baclofen a significant increase of func-
tional bladder capacity was observed in five patients
(402 £ 148 ml, p = 0.006). In four others, no significant
increase was noticed. It can be explained by a fibrous
bladder wall in two cases (patients nos. 10 and 14),
by a bladder neck hypotonia in one (patient no. 17)
and by an external sphincterotomy in one case (patient
no. 12).

f) Complications

Two patients died of causes not directly related to
baclofen administration. A 61 year-old patient with
post-traumatic spinal cord injury died at home of
pulmonary embolism, 5 months after pump implan-
tation. In the second case, a 32-year-old woman with
advanced multiple sclerosis, the death was caused by
aggravation of her underlying disease, 6 months after
pump implantation.

Pocket infection was verified in two patients after
pump exchange for battery failure. The device was
removed and antibiotic therapy introduced with com-
plete recovery. The pump was re-implanted 3 months
later in one patient and a neuroablative procedure
(lumbo-sacral microsurgical drez-tomy) was per-
formed in the other patient. In this later case the
presence of a cystectomy was considered as a addi-
tional factor predisposing to infection.

Catheter-related complications were: spontaneous
intrathecal catheter rupture (one case), dislogment (one
case), radicular pain disappearing after correction of
the catheter position (one case) and catheter occlusion
(one case). In all these cases, surgical correction was
successfully performed under local anaesthesia.
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No major side-effects of intrathecal baclofen was
observed. Mild drug overdose resulting in mental con-
fusion and excessive flaccidity was verified in one
patient; it occurred when the patency of system was
being tested.

g) Drug Tolerance

Individual dose requirements varied considerably.
The increase of dosage to keep the therapeutic effects
was evident in the first months after implantation, with
relative dose stabilization after the first year. However,
in presence of bedsores, urinary infections or multiple
sclerosis relapses, the spastic condition was aggravated,
prompting a dose increase. Sometimes but not always,
this dose could be later reduced. High baclofen doses
up to 700-800 ug/day were required by two patients.
In the first case, with spinal cord injury, a later stabiliz-
ation was achieved at 792 ug/day and had lasted for
18 months. In the second case, with cervical syrin-
gomyelia, a myelographic study showed a partial
blockage of CSF circulation at level of catheter
(T12-L1) and the effective dose could be successfully
reduced and stabilized at 408 pg/day after catheter
replacement.

Discussion
Clinical Findings

Our results confirm the long term efficacy (up to 69
months) of chronic intrathecal baclofen infusion in
reducing muscular hypertonia and spasms, in agreement
with other reports [4,12,18,19,20]. Functional improve-
ment was significantly greater in paraparetic and
paraplegic patients with spinal cord injury, than in
tetraparetic patients with a progressive disease. The
same was also observed by Penn and Kroin 1987 and
by Lazorthes et al. (1990). In five patients in whom
motor function was partially preserved, motor improve-
ment was consistently achieved as a consequence of the
reduction of harmful hypertonia and spasms. Never-
theless, in the patients able to walk and who were
submitted for the test, it was sometimes difficult to
reach an optimal equilibrium between reduction of
excessive hypertonia and disabling hypotonia. This
was the principal cause of exclusion during baclofen
trial in our series.

In our series, the responsiveness of painful spasms to
baclofen was optimal as was the case in previous
reports [12,18,21]. Neurogenic pain was reduced in
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three cases and remained unchanged in three other
cases. Although the antinociceptive effect of baclofen is
supported by experimental studies [22,24], the results
in clinical practice are very inconstant: Ochs et al.
(1989) and Sahuquillo et al. (1991) reported that neuro-
pathic pain was unaffected by intrathecal baclofen in
their series. On the other hand, Herman et al. 1992
reported that intrathecal baclofen suppresses central
pain in patients with spinal lesions and Taira et al.
(1994) in pain after cerebral stroke.

Tolerance

A great variability in the effective dose was observed
at 69 months of follow-up. In the present study, no
correlation could be found between etiology of spastic-
ity and drug responsiveness or tolerance. Coffey et al.
1993 reported that both, the initial dose and the daily
dose at last follow-up evaluation, were higher for pa-
tients with spinal cord injury than for patients with
multiple sclerosis. However, it seems that several fac-
tors can be implicated in drug responsiveness: the
integrity of nervous structures and the normal cereb-
rospinal fluid flow [12,18] or the site of drug delivery
(position of catheter tip) [8,13]. In addition, technical
problems as the occurrence of CSF-leakage at the place
where the catheter was introduced in the dural sac has
been described simulating drug tolerance [5].

On the other hand, a decrease in the receptor bind-
ing density during chronic baclofen infusion was ob-
served in an experimental study [11].

Complications

Catheter-related complications were the most fre-
quently observed complication in our series as in the
others [4]. They could be easily corrected under local
anaesthesia and without serious consequences.

One paraplegic patient died of pulmonary embolism,
in this case the spasms scores was reduced of 3 to 1. It
must be questioned for paraplegic patients, that the
spasms might not be totally suppressed, to avoid ve-
nous stasis and for keeping muscular trophicity in the
legs [15,18].

Use of Flexor Recording in the Assessment of Baclofen
Efficacy

Clinical spasm scores mainly assess the temporel
characteristics of spasms (i.e. recurrence) and their
mode of appearence (i.e. spontaneous or induced). In
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contrast with this, the study of flexion reflexes investi-
gates the intrinsic features of the spasms, namely their
threshold (i.e. the minimal stimulus intensity required
toelicit a spasm) and their intensity, as measured by the
amplitude and duration of the EMG response in flexor
muscles. Both parameters proved to be very signifi-
cantly influenced by chronic baclofen infusion, which
abolished or strongly attenuated flexion responses in
all our patients (Fig. 1). In our series, the information
provided by flexor reflex recording was not redundant
with that obtained by clinical scales: patients with
the highest spasm scores were not necessarily those
who exhibited the more intense flexor responses to
stimulation (see Fig. 2). On the other hand, the
intensity of the spasms was better correlated with the
patients disability than was by their frequency. There-
fore, an independent and specific measure of spasm
intensity, such as that provided by flexion reflexes, may
prove an useful tool to estimate both the intrusive
character of spasms in daily life, and the benefit of
antispastic treatment.

Baclofen Effects on Lower Urinary Tract Function

After baclofen infusion, no change was reported by
patients with normal miction. In the patients with
hyperactive bladder (9 patients), inconstant results was
observed. The uninhibited contractions were reduced
or suppressed in 50% of cases, even if a optimal control
of hypertonia and spasms of lower limbs was present in
all patients during urodynamic study. We can suppose
that the “effective dose” able to suppress the lower limb
spasticity is, in some cases, not enough to achieve an
optimal effect on the hyperactive bladder. In experi-
mental studies, the depression of micturition reflex was
obtained only with very high doses, probably caused
by depression of supraspinal centers (ponto-mesen-
cephalic micturation center) [9,14]. In the other hand,
the incomplete suppression of bladder hyperactivity
allowed that the suprapubic tapping rest to be effective
in voiding bladder (patient nos. 7, 13 and 15).

The increase of functional bladder capacity was
observed in only five patients, it can be related to
detrusor relaxation and/or to the reduction of the
abdominal muscle hypertonia [17]. In the other four
patients no improvement was observed: the functional
bladder capacity remained restricted due to an inexten-
sible fibrous bladder wall in two cases, and in two other
cases due to a permanent urine leakage secondary
a bladder neck hypotonia (one case) and to a former
external sphincterotomy (one case).
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In this series, most of patients assessed were in an
advanced stage of disease with serious bladder dys-
function which had not been treated before. It can
explain the inconstants results obtained with this treat-
ment in our hands.

Conclusion

The chronic intrathecal baclofen has proved to be an
effective and reversible method in the treatment of
disabling spasticity of spinal origin, allowing a quanti-
tative modulation of muscular tone of lower limbs. It is
especially important for paraparetic patients with use-
ful motricity. For paraplegic patients this method
provides a significant amelioration of quality of life
secondary to reduction of hypertonia, spasms and pain
related to contractures. In the other hand, this treat-
ment is required a rigorous and regular follow-up and
a permanent hospital support.
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Summary

Intrathecal baclofen is at present the best treatment for severe
spasticity of various etiologies. In walking patients affected by severe
spasticity a careful evaluation of the motor performance is needed for
a correct indication for this treatment. The examination should focus
on the delicate balance between spasticity and voluntary muscle
activation which is crucial for an improvement of motor perform-
ance during gait. Seven patients have been neurophysiologically
evaluated by the use of a Cibex apparatus measuring torque and
movement velocity of the lower limbs simultaneously with static and
dynamic recordings of the EMG.

Keywords: Spasticity; intrathecal baclofen.

Introduction

Spasticity is a clinical sign often present in asso-
ciation with decreased muscle strength. It is character-
ized by a marked increase in muscle tone both of
agonist and antagonist muscles typically giving pro-
gressive resistance to a fast passive movement of the
limb. In patients who are bedridden or confined to
a wheelchair spasticity resulting in exaggerated exten-
sion of the legs severely interferes with nursing and
care, whereas in patients who have some retained walk-
ing capacity spasticity requires the usage of crutches
making the walking unstable and hinders the climbing
of stairs.

Severe spasticity can be effectively treated with in-
trathecal baclofen administered by means of a sophisti-
cated but expensive programmable and implantable
pump. The implantation of such a device is performed
only when there is no response to any oral antispastic
treatment without side effects and there is a positive
response to test administration of bolus doses of in-
trathecal baclofen.

This is a report of the usage of a neurophysiological
test battery for the evaluation of motor performance in
spastic walking patients who may be candidates for
permanent intrathecal baclofen treatment. The clinical
evaluation was based on the Ashworth scale of spastic-
ity and the scales of reflexes and of muscle spasms
(Table 1) which are in use in the international protocol
for the treatment of spastic patients with intrathecal
baclofen.

Patients, Material and Methods

Seven patients ranging from 24 to 50 years of age and with
a history of familial spastic paraparesis ranging from 2 to 20 year
were included in the study: one of the patients was diagnosed as
having juvenile amyotrophic lateral sclerosis. The spasticity in these
patients ranged from grade 3 to grade 5 in the Ashworth scale and
they were all able to walk with the help of two crutches but they were
unable to climb stairs. All patients had tried antispastic treatment
with oral baclofen or tizanidine without serious side-effects but with
insufficient benefit (Table 2).

The patients were subjected to a battery of neurophysiological
tests before and following a bolus dose of intrathecal baclofen.

In order to assess lower limb spasticity, the torque and angular
range of motion (ROM) were measured together with the recording
of dynamic EMG from quadriceps and hamstrings muscles during
alternate flexion-extension movements of the knee. A Cybex 6000
Isokinetic Dynamometer (Technogym, Italy) was used for the ROM
measurements. Surface EMG electrodes were used and the signals
were filtered, rectified and processed using finite impulse response
(FIR)filters. The patients were comfortably seated in the Cybex chair
with the backrest set at 90°. Trunk and thigh were firmly fixed with
straps.

For the examination of the continue passive motion (CPM) the
patient was asked to relax as much as he could while the dy-
namometer lever moved passively the lower limb from 90° of knee
flexion to complete knee extension at constant velocity. The axis of
rotation of the dynamometer was aligned to the axis of rotation of
the knee joint. Three sessions of three movement cycles each with
angular velocities of 60°/sec, and 180°/sec. were performed. The
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Table 1. The Ashworth Scale of Spasticity, the Spasm Frequency
Scale and the Scale for Tendon Reflexes Used for the Clinical Evalu-
ation and Scoring of Spastic Patients

Grade Muscle tone

Ashworth scale for spasticity

1 normal

2 slight increase in tone

3 more marked tone, but affected parts easily flexed
4 considerable increase in muscle tone,

difficulties in passive movements
5 affected parts rigid in flexion or extension

Spasm frequency scale

0 none

1 no spontaneous spasms, vigorous sensory and motor
stimulation results in spasms

2 occasional spontaneous spasms

3 1-10 spontaneous spasms per hour

4 more than 10 spontaneous spasms per hour

Scale of “tendon” reflexes

0 absent

1 normal

2 increased
3 clonus

recorded torques and the EMG activity produced during muscular
lengthening allowed the assessment of the velocity-dependent stretch
reflexes of the flexor and extensor muscles.

In second phase of the procedure three sessions of three repetitive
voluntary knee flexion-extension movements with maximal effort
were performed. Since the patients were unable to produce consistent
torques to pull the lever through the complete ROM in a isokinetic
way, we set the Cybex dynamometer with an active-assisted pro-
gram. In this way, the lever, moving at a preset constant velocity,
helped the leg to perform the full range of motion. Different angular
velocities —60°/sec., 120°/sec. and 180°/sec — were applied.

In the dynamic phase of the test the following data were collected:
(1) the maximal extensor and flexor torques produced at different
velocities. The recorded torque is the resultant of two movement
forces: one is due to the activation of agonistic muscles and the other
results from contraction of antagonistic muscles acting in the oppo-
site direction. Articular stiffness adds to these forces. Torque-velocity
linear regression ratio, which in normal subjects has a decreasing
pattern, was analyzed,;

(2) the mean power and the power-velocity ratio were analyzed;

EMG
RECTUS FEMORIS

Fig. 1. Records of movements and muscle activation in a normal
subject

(3) the EMG activity of the rectus femoris and hamstring muscles
were filtered and rectified and analyzed in relation to the recorded
torques.

Results

In a control, non spastic subject, the pattern of
motion and muscle activation during active movement
at 120°/sec angular velocity is shown in Fig. 1.

In spastic patients three distinctly different types of
disturbances could be distinguished:

First type: decreased stretch refex activation during
the lengthening of the quadriceps and hamstring
muscles.

Second type: deficient voluntary muscle activation
with decreased or absent motor unit recruitment.

Third type: the performance of active movements is
mainly hampered by the co-activation of agonistic and
antagonistic muscles.

Fourth type: mixture of the above mentioned dis-
turbances.

The different types of spasticity-related disturbances
are exemplified by the following three patients.

Table 2. Patients Selected for the Neurophysiological Evaluation Before and After Intrathecal Baclofen. Walking spastic patients selected for
passive and active neurophysiological assessment before and after intrathecal baclofen

Pt. Age Disease Ashworth Condition

1 50 FSP S ambulation with two canes by swinging movements
2 34 FSP 5 poor walking with two canes

3 50 FSP 3 walking but not climbing stairs

4 32 FSP 5 moving with great difficulty with two canes

5 24 ALS 4 walking with one cane, not climbing stairs

6 45 FSP 4 walking with difficulty on flat surfaces

7 47 FSP 5 walking with two canes

FPS familial spastic paraplegia; ALS amyotrophic lateral sclerosis. The condition and the Ashworth scoring are measured before treatment.



28

EMG
RECTUS FEMORIS

EMG

HAMSTRINGS

TORQUE

ANGULAR ROM

1. Dones et al.

EMG
RECTUS FEMORIS

EMG
HAMSTRINGS

TORQUE

ANGULAR ROM

Fig. 2. Case 1: Records of movement and muscular activation before and after a bolus test with intrathecal baclofen
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Fig. 3. Case 2: Records of movements and muscular activation during passive and active movements

Case 1. Male, familial spastic paraparesis, 50 years
old, 25 years of disease history, grade 5 of the Ashworth
scale. By analizing the biomechanical and electro-
myographic data the spastic paraparesis this case can
be characterized as the first type where the main feature
was the low stretch reflex thresholds. A bolus adminis-
tration of intrathecal baclofen (25 pg) produced a signifi-
cant bilateral decrease .of stretch reflex activation
particularly in the extensor muscles. There was an
improved pattern of recruitment of knee extensor units
during voluntary contractions at low velocity (60°/sec)
but at high velocity (180°/sec) the interference of the
enhanced stretch reflexes of the extensor muscles was

unchanged. The patient was later implanted with
a pump and is now able, with 75 micrograms/day of
intrathecal baclofen, to walk with only one cane and to
climb stairs without assistance (Fig. 2).

Case 2. Female, familial spastic paraparesis, 34
years old, 16 years history of the disease, grade 5 of the
Ashworth scale. The knee flexion-extension movement
was highly impaired by stiffness particularly in the
extensor muscles. The spasticity had a mixed pattern
(type 4) with both a weak stretch reflex and a lack of
voluntary muscular activation (Fig. 3).

This patient had previously had a pump implanted
on the basis of a general clinical examination. However,
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Fig. 4. Case 3: Records of movements and muscular activation during passive and active movement

the administration of a test dose of 25 micrograms/day
revealed that the drug caused an impairment of the
motor function. The treatment was therefore with-
drawn.

Case 3. Male, Familial spastic paraparesis, 45 years
old, 25 years history of the disease, grade 4 of the
Ashworth scale. In this case, the pattern of spasticity
was classified as the first type referred to above. The
EMG traces of the CPM phase showed a moderate
intensity of the stretch reflex both in the rectus femoris
and in the hamstrings muscles. The EMG traces of the
dynamic phase showed a good timing of flexor-exten-
sor muscle activation with a low level of co-contraction
(Fig. 4).

A bolus test dose of 75 micrograms of baclofen
resulted in an improved motor performance and the
patient was considered a good candidate for continued
baclofen treatment via intrathecal administration.

Discussion

In patients who do not benefit from oral baclofen
treatment and who are bedridden or confined to a
wheelchair, the decision to perform an implantation of
a pump for continuous intrathecal administration may
be based on a clinical evaluation of the spasticity using
the scales referred to above and the response to a bolus

test dose of baclofen. In these patients the prime goal is
to reduce their spasticity and muscle spasms and the
possible effect on residual voluntary motor perform-
ance can generally be disregarded.

In spastic patients who are still able to walk the
prime aim of the treatment is to improve motor per-
formance. In our experience, the clinical effect of test
doses of intrathecal baclofen is difficult to evaluate and
do not provide reliable guidance for the decision of
implanting an expensive device for continued treat-
ment. For such patients, we believe that the neuro-
physiological evaluation as reported in the study may
be a valuable tool in determining whether a patient can
be expected to enjoy a substantial improvement of the
motor performance by the reduction of the spasticity.
Moreover, we have had the experience that our neuro-
physiological tests can be useful in guidening the daily
dosage of intrathecal baclofen. The prime advantage
with our tests is not to measure spasticity per se, but to
give a ratio between spasticity and muscle strength
during both passive and active movements of the limb
providing reliable information about the functioning
of the limbs during walking.

Correspondence: Giovanni Broggi, M.D., Department of
Neurosurgery, Institute Nazionale Neurologico “C. Besta”, Via
Celoria, 11, VI-20133 Milano, Italy.
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Summary

We describe microelectrode recording and stimulation techniques
to delineate the cellular boundaries and neural projections of
stereotactic brain targets. These techniques have applications in the
surgery for pain, movement disorders and in psychosurgery. Neur-
onal records from stereotactic operations including thalamotomy,
pallidotomy, cingulotomy and anterior capsulotomy are discussed.
These tools are used to distinguish gray matter from white matter, to
obtain direct measures of cellular activity in the target, to identify the
physiological properties and receptive fields of the subpopulation of
neurons at the electrode tip and to avoid lesion making induced
injury to adjacent structures. Microelectrode recording and stimula-
tion techniques improve physiological localization and decrease the
possibility of unwanted neurological complications with functional
stereotactic procedures.

Keywords: Globus pallidus; psychosurgery; pain; Parkinson’s
disease.

Introduction

The accurate identification of subcortical and corti-
cal structures during stereotactic surgery is essential in
guiding the placement of lesions for therapeutic benefit.
The determination of targets by imaging techniques
alone is subject to variable accuracy and inter-individ-
ual differences in anatomy and physiology. Because of
this, the confirmation of stereotactic targets using
neurophysiological landmarks is important to maxi-
mize the benefits and minimize unwanted neurological
complications.

We employ microelectrode recording and stimu-
lation techniques in all functional neurosurgical
operations which at our centre include pallidotomy
for movement disorders, mesencephalic tractotomy,
thalamotomy and deep brain stimulation, for pain and
movement disorders and cingulotomy and anterior

capsulotomy for obsessive compulsive disorders and
other psychiatric disturbances and chronic intractable
pain.

Each procedure has in common the necessity to
distinguish gray and white matter and to define the
nature of the surgical target and the important adja-
cent structures. The microelectrode recording tech-
niques make it possible to record from individual
neurons and test their responsiveness to various
somatosensory stimuli. In addition, the passage of
small electrical currents through the fine tip of the
microelectrodes allows spatially precise localization of
sensations, movements and evoked potentials. This
permits a physiological definition of the target and
identifies important neighbouring structures to be
protected.

This paper briefly describes the microelectrode
technique and illustrates some typical properties and
characteristic responses of selected neurons.

Methods and Materials

Stereotactic Procedure

All operations are conducted under local anaesthesia. A Leksell
model G stereotactic frame is used. Patients undergo either CT or
MRI in stereotactic conditions to calculate the coordinates of the
target directly or in relation to the position of the anterior and
posterior commissures. Where applicable, digitized sagittal brain
maps from a stereotactic atlas [13] are stretched or shrunken
according to the relation between the patient’s intercommissural line
and that of the atlas.

Microelectrode Recording

Laboratory assembled microelectrodes including commercially
available parylene-C insulated tungsten microelectrodes are adapted
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for extracellular recording as previously discribed [3,7,17]. The ex-
posed tips of the electrodes are electroplated with gold and platinum
to reduce the impedance to 0.5 to 1 MegaOhm to improve the signal
to noise ratio of recordings.

The microelectrodes are inserted into protective 19 gauge stainless
steel guide tubes that are held on the arc of the stereotactic frame. The
electrode is extruded into the brain for up to 20 mm beyond the end
of the guide tube in small increments using a hydraulic microdrive.

Single unit activity detected by the microelectrode is amplified
(DAM 80, World Precision Instruments) and filtered (200-5000 K)
to remove unwanted frequencies. Tracings are displayed on an
oscilloscope and fed to an audio monitor. Data are stored on
videotape using an 8 channel digital recording device (Instrutech).

Microelectrode Stimulation

The delivery of small electric currents through the microelectrode
tip is carried out with a constant current stimulus isolation unit and
pulse generator (World Precision Instruments). The stimulation
parameters normally used are 1 sec trains at 300 Hz with a 0.2 ms
pulse width and currents from 1 to 100 microamps. In some instances
longer trains of up to 4 sec are used.

Visual Evoked Potentials

The optic tract is identified by responses to microstimulation and
by recording axonal multiunit activity and/or slow wave evoked
potentials to repetitive flashes from a strobe light.

Results and Discussion
Ventral Intermediate Nucleus (VIM) of the Thalamus

Lesions or chronic electrical stimulation of VIM
thalamus are used to treat tremor associated with
Parkinson’s disease, essential tremor, cerebellar
tremors or post traumatic tremors [3,10-12,17]. VIM
thalamotomy has also been used in dystonia [19]. VIM
targets are generally 14—17 mm from the midline, 2 to
8 mm anterior to the posterior commissure and O to
3 mm above the intercommisural line (Fig. 1A).

As studied by microelectrode recordings, VIM neu-
rons produce large amplitude potentials and have
a high spontaneous activity. VIM neurons respond
primarily to passive (and voluntary) movements. In
addition, these neurons respond to tapping and
squeezing of the muscles or tendons. VIM neuronal
responses may be phasic or tonic. This nucleus is
arranged somatotopically with neurons subserving in-
traoral structures positioned medially and the upper
limb and lower limb progressively more laterally.

A characteristic of VIM is the presence of neurons
that fire in bursts that are synchronous with peripheral
tremor (Fig. 2). Microstimulation at the site of these
“tremor cells” can produce an almost instantaneous
arrest in tremor that usually returns soon after the
period of stimulation has ceased.
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Fig. 1. Postoperative MRI scans showing (A) thalamotomy for
tremor, (B) posteroventral GPi pallidotomy, (C) cingulotomy and
(D) anterior capsulotomy. Lesions and surrounding edema are
indicated by white arrows. The MRIs in (A,C) and (D) were done at
0-7 postoperative days; (B) at 3 months
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Fig. 2. Thalamic tremor cell. Recording of a neuron in VIM in
a Parkinson’s patient. This example shows a neuron in VIM
thalamus whose firing is time locked with wrist tremor as shown in
the EMG tracing

There is increasing interest in the use of chronic
electrical stimulation of VIM to treat tremor because
this modality is showing promising effectiveness and
may be associated with a lower risk than lesion surgery
[1]. The surgical target for chronic stimulation appears
to be the same as that for lesioning.

The criteria for target selection in VIM for the
placement of chronic stimulating electrodes or lesions
include: an area populated by neurons rather than
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axons, an area anterior to the ventrocaudal nucleus
and superior to the base of the thalamus, an area
populated by neurons which respond to joint move-
ments (Kinesthetic cells) and which discharge at a fre-
quency similar to peripheral tremor (tremor cells,
Fig. 2), an area where the mechanical disturbance with
the microelectrode diminishes tremor and where elec-
trical microstimulation produces tremor reduction or
arrest.

There are a number of risks associated with creating
lesions in the vicinity of VIM. Paresis occurs with
injury to the laterally positioned internal capsule. As
studied with microelectrodes, the internal capsule does
not contain high amplitude units and is relatively
silent. Microstimulation in the capsule produces para-
esthesia or motor contractions.

Ataxia and hypotonia after VIM thalamotomy are
thought to be related to dysfunction of the ventrooral
posterior (VOP) nucleus which receives the dentato-
thalamic projection. VOP is situated anterior to
VIM and contains “voluntary neurons” which fire in
advance of limb movements and are believed to be
involved in aspects of the planning of movements.

Numbness occurs if the VIM lesion encroaches on
the somatosensory ventrocaudal nucleus (immediately
posterior to VIM) or its afferent fibres. The ven-
trocaudal nucleus (also known as ventral posterior
medial and lateral) also shows a high spontaneous
activity, large voltage units and a somatotopy similar
to VIM but neurons here have very discrete receptive
fields and respond to light touch or vibration of the
skin and subcutaneous tissue. Microstimulation in the
ventrocaudal nucleus gives rise to discrete projected
fields (paraesthesias). Chronic electrical stimulation of
this sensory nucleus is sometimes used to treat chronic
pain particularly central and deafferentation pain.

Globus Pallidus

Lesions in the globus pallidus (Fig. 1B) are used
in the treatment of bradykinesia and rigidity in
Parkinson’s disease [9,16]. The surgical procedure is
believed to work by downregulating the tonic inhibi-
tory overactivity of the internal segment of the globus
pallidus (Gpi) on the motor system [4,5,18]. The pub-
lished target is 18—22 mm lateral to the midline, 3 mm
anterior to the midcommissural line and 6 mm below
the intercommissural line [9]. A recent report suggests
that chronic electrical stimulation of the internal seg-
ment of the globus pallidus may have similar benefits

[14].
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Fig. 3. Movement-related unit in globus pallidus. Pallidal neurons
respond to limb movements. Firing rate histogram of a single GPi
neuron whose discharge pattern is related to wrist movement as
indicated by the wrist accelerometer

For pallidotomy, the trajectory of the microelectrode
is 19 to 21 mm from the midline. The microelectrode
passes successively through the putamen, the external
globus pallidus (Gpe) the external and internal seg-
ments of the internal globus pallidus (GPie, Gpii) and
the optic tract. GPie and GPii are separated by a 1 mm
wide lamina of white matter which can often be recog-
nized as an area of diminished activity.

In patients with Parkinson’s disease, GPe neurons
show 2 distinct discharge patterns [7,15]. Some units
have a slow frequency discharge (10 to 20 Hz) inter-
rupted by pauses, others discharge at a higher fre-
quency (30 to 60 Hz) also with intervening pauses.

Neurons in GPi have a baseline rate of firing that is
higher than that found in GPe [7,15]. The range of
discharge rates is 20 to 200 Hz with an average rate of
approximately 80 Hz and with few prolonged pause
periods.

Both GPi (Fig. 3) and GPe units respond to joint
movements. Although the majority of units respond
exclusively to contralateral movements, several units
can be activated by movements of both right and left
limbs. Units can show a preference to voluntary or
passive movements.

Border cells are a third class of neurons in the globus
pallidus. In primates, these neurons are situated at the
borders of the internal and external pallidal segments
[2]. Border cells fire with a regular pattern with a rate
of 30 to 40 Hz [7]. In contrast to neurons in GPi and
GPe, we have not found that the discharge pattern of
border neurons is influenced by movements.

It is important to identify the optic tract during
pallidotomy to identify the ventral border to the target
and to avoid possible visual complications of lesion
making. The microelectrode entering the optic tract is
signalled by a loss of detected cellular activity, by the
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activation of axonal discharges and visual evoked po-
tentials in a time-related fashion to strobe light stimu-
lation and by the observation of electrical stimulation
effects. Microelectrode stimulation is done using 200
microsecond pulses at 1 to 100 microamps and 300 Hz.
Patients report blue, yellow or white lights; points,
stars or clouds in the contralateral visual field. The
threshold for stimulation can be as low as 2 micro-
amps. Increasing the stimulating current produces
a larger and brighter visual perception. With increas-
ing distance away from the optic tract, the stimulation
thresholds increase. We do not use currents above 100
microamps. The distance between the most ventral
GPi unit and the optic response is generally 1 to 2 mm.

The criteria for making lesions in the internal globus
pallidus of patients with Parkinson’s disease are: 1) the
identification of units in GPi that responded to move-
ments to confirm target localization and 2) the identifi-
cation of the optic tract and internal capsule to
delineate the ventral and posterior borders of GPi and
to ensure that these structures can be spared.

The customary GPi lesion we make is approximately
6 mm in diameter and is placed in an area of GPi that
contains neurons responding to joint movements that
are at least 4 mm dorsal to the optic tract.

Cingulate Gyrus

Cingulotomy is performed for obsessive compulsive
syndrome and in certain chronic pain states [6,8]. The
published targets are in the cingulate gyrus from 2 to
4cm behind the anterior border of the lateral ven-
tricles. The cingulum can be targeted directly from the
MR image (Fig. 1C).

Microelectrode recordings in the cingulum reveal
neuronal activity in the dorsal portion of the cingulate
gyrus. As the electrode courses ventrally, the cingulate
bundle shows low background noise which is charac-
teristic of white matter. The cortical layer at the bottom
of the cingulate gyrus is signalled by a reappearance of
neuronal action potentials. Finally, the neural activity
returns to a quiet background as the electrode leaves
the cingulate gyrus to penetrate the underlying corpus
callosum.

We have not noted any effects of electrical stimula-
tion in the cingulum with low currents.

Anterior Limb of the Internal Capsule

Anterior capsulotomy is used in the treatment of
psychiatric disorders including obsessive compulsive
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disorder, affective disorders and intractable pain. The
recommended targets are 17 mm rostral to the anterior
commissure, 18-20mm lateral to the midline and
based from the level of the intercommissural line to
a point 16 mm in a rostral and dorsolateral direction
[8]. The capsulotomy target is easily selected from the
MR image (Fig. 1D).

Microelectrode recordings during capsulotomy
reveal the presence of spontaneously active low firing
frequency units in the head of the caudate nucleus lying
immediately medial to the capsule at the lesion base.
Within the capsule itself there is low background noise
and no neuronal action potentials. We have not noted
any effects of electrical stimulation of the anterior limb
of the internal capsule using currents up to 100 micro-
amps.

Conclusion

Modern stereotactic imaging and neurophysiologi-
cal techniques makes possible the precise physiological
definition of stereotactic brain targets. These studies
provide important information on neuronal function
and increase the accuracy and safety of stereotactic
procedures. Further refinements of these techniques
will define the optimal physiologic targets for stereo-
tactic neurosurgery. With chronic stimulation pro-
cedures, the end-point will be to choose the most
effective target where stimulation is free of unwanted
side effects. In lesion surgery, the goal will be to define
the smallest possible lesion that is therapeutically effec-
tive and completely devoid of unwanted complica-
tions.
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Neurophysiological Monitoring of Cranial Nerves During Posterior Fossa Surgery
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Summary

Intraoperative neurophysiological monitoring of cranial nerve
functions in surgery for microvascular decompression and tumors of
the posterior fossa is important for minimizing risk of permanent
damage to the nerves. In particular, intraoperative BAEP and the
EMG function of muscle innervated by trigeminal and facial muscle
have been found useful. We report here our experiences with in-
traoperative monitoring of brainstem auditory evoked potentials
(BAEP) and EMG recorded from muscles supplied by the trigeminal
and facial nerves.

Keywords: Cranial nerves; posterior fossa surgery.

Introduction

Patients undergoing posterior fossa surgery for
tumor removal or microvascular decompression (M VD)
are exposed to the risk of permanent cranial nerve
damage. Intraoperative neurophysiological monitor-
ing of cranial nerves provides a direct and immediate
feedback about the functioning of neural structures
that may be inadvertently damaged during surgery,
and it minimizes possible further damage [2,4-6, 8].

This review describes our experience of intraoper-
ative electrophysiological monitoring of the V, VII and
VIII cranial nerves.

General Procedures and Technical Considerations

Patients usually undergo a preoperative neurophysiological as-
sessment to obtain complete and detailed baseline data. This in-
volves the recording of brainstem auditory evoked potentials
(BAEP) and an audiological evaluation. For the electromyographic
(EMG) study of the facial and trigeminal nerves, we use surface
electrodes to record compound muscle action potentials (CMAP)
and the blink-reflex. A two-channel recording machine (such as the
one we use) is usually sufficient in cases scheduled for microvascular
decompression or removal of small tumors.

1. Brainstem Auditory Evoked Potentials

Recordings are made after anesthesia in order to evaluate any
change induced by drugs and other non-pathological factors (e.g.

temperature, blood pressure and chemistry). The stimuli consist of
17.7 Hz alternating clicks delivered into the external auditory meatus
at supramaximal intensity by means of earphones. The unstimulated
ear is masked using white noise. Traces of 500-1500 usually unfil-
tered averaged responses are obtained with band pass filter at
200-3000 Hz.

2. Electromyography

Monopolar needle electrodes are inserted into the belly of the
orbicularis oculis or nasalis for the facial nerves, or in the ipsilateral
masseter for the trigeminal nerve. Both spontaneous activity and
CMAP evoked by direct nerve stimulation are monitored.

Specific Procedures

1. Acoustic Neurinomas and Other Ponto-Cerebellar-
Angle Tumors

We use both ipsilateral and contralateral BAEP
recordings and EMG. The recordings made during
ipsilateral stimulation are used to evaluate the integrity
of the acoustic nerve during tumor removal; the con-
tralateral side is stimulated whenever it is necessary to
evaluate brainstem function or to check whether or not
ipsilateral changes are due to artifacts.

2. Microvascular Decompression

In patients undergoing surgery for hemifacial spasm
and trigeminal neuralgia both EMG and BAEP are
recorded. Other procedures, such as recording of the
direct acoustic nerve compound action potential (CAP)
[7], electrocochleography or optical pathway neur-
ophysiological evaluation are not routinely performed.

Data Interpretation

1.1. Changes in Latency and Amplitude of Evoked
Potentials

In order to quantify the stability of the electro-
physiological signals during surgery, we tried to evalu-
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Table 1. Facial Nerve Results. Review of 119 patients with acoustic
neuroma operated on between 1985 and 1990

Facial nerve Monitored Non-monitored
patients patients
Identified and isolated 47/49 51/70
Unidentified or cut 1/49 12/70
Damaged and poorly 1/49 7/70

responsive to electrical stimuli

ate the effect of a number of non-pathological factors
which may affect evoked responses under general anes-
thesia.

Comparison of baseline and intraoperative data
show that the amplitude and latency of BAEPs are
only minimally affected; they are in fact remarkably
stable during both MVD surgery and in other types of
surgery performed with the patient in a sitting position.
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During and after the opening of the dura mater, we
have frequently observed variations in amplitude or
latency of 0.3-0.4 ms. The transitory synchronization
of the waveform probably reflects a change in intrac-
ranial pressure affecting the brainstem [16], and the
increased latency is probably due to local physiological
changes (e.g. variations in temperature caused by fre-
quent washings of the operative field [3,5] or the slight
stretching of the acoustic nerve during cerebellar
retraction [13].

In view of the postoperative preservation of hearing
(Table 3) [10], we consider these changes in BAEPs as
not being predictive of acoustic nerve damage: in only
one of four patients (undergoing MVD surgery) a mild
pan-tonal hearing deficit was present.

Greater changes in latency (from 0.5 to 1.8 ms) and
amplitude have been observed in the low-risk phases of
an operation, such as during electric drill craniectomy
in close proximity to the mastoid and, particularly,

Table 2. Brainstem Auditory Evoked Potentials and Hearing Function in 119 Patients Evaluated 1985-1989

Preoperative Usefulness of outcome

BAEP change monitoring in out

Wave abolition none deafness deafness
78/119

Only waves I and II none deafness or severe deafness
recordable: 9/119 hearing loss

Only V wave satisfactory: 3/5 severe hearing loss deafness =3

recordable: 9/119 (4 not monitored)

Interwave I-111 good: 10/10
increased: 16/119 (6 not monitored)
Normal: 2/119 ideal: 1/1

(1 not monitored)

satisfactory hearing =1
poor hearing =1
deafness = 8
satisfactory hearing = 2
mild hearing loss = 1

mild hearing loss

usually normal

Comments:
—70/119 patients did not undergo intraoperative recordings;

— only in 1/70 non-monitored patients (with intracanalar tumor) was postoperative hearing function satisfactory;
—1in 21% of the 119 interventions the acoustic nerve appeared to be anatomically preserved.

Table 3. Correlations Between Intraoperative Changes and Postoperative Outcome in 41 Patients Undergoing for Trigeminal Neuralgia

Intraoperative changes

Hearing function

17 pts. only minimal changes
in 1 patient
18 pts. increase in latency and/or
reduction in amplitude*
6 pts. marked abnormalities and/or

wave suppression

moderate hearing loss

no deficit

only BAEP changes

BAEP and audiometric impairment
only audiometric defect

: severe hearing loss or deafness

: moderate hearing loss

: no defects®

=AY WU

2No correlations have been found between changes in latency or amplitude and hearing loss.
®The patient had the suppression of waves during electric drill bone demolition.
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during the retraction of the cerebellar lobe and the
positioning of retractors. These changes have been
observed more frequently and for a longer period of
time during the more critical phases of surgical ma-
noeuvres directly involving the nerve and vessels. The
finding of such frequent and sometimes dramatic
changes in BAEPs during the preliminary phases of
surgery makes it possible that the severe hearing loss
experienced by some patients operated on before the
introduction of an intraoperative monitoring may ac-
tually have been caused by what were originally be-
lieved to be no-risk procedures.

It has been found that these changes in amplitude
and latency are usually reversible if promptly reported
to the surgeon [3,6,11,14] and that, unless subsequent
modifications occur, the incidence of hearing loss is
reduced. An incidence of hearing loss of about 4-5%
after surgery for trigeminal neuralgia, and up to 10—
12% in hemifacial spasm surgery is reported in the
literature as well as in our cases [1,3]. In our 2/48 cases
of hearing loss following MVD surgery and 2/49 cases
of deafness following acoustic neurinoma removal sig-
nificant changes in BAEPs were mainly observed dur-
ing the preliminary phases of the operations.

Surgical manceuvres performed near, or directly on
the acoustic nerve produced significant BAEP changes
in all of our acoustic neurinoma patients, and in many
undergoing MVD; however, no clear correlation was
found between the increase in latency, the reduction in
amplitude and the degree of hearing loss.

The improvement in BAEPs following transient
changes has recently been investigated by Moeller et al.
[7], who simultaneously recorded BAEPs and acoustic
nerve action potentials [6,7,13].

1.2. Wave Suppression

Complete BAEP wave suppression has been ob-
served in all of our patients undergoing surgery for
acoustic neurinomas, and in some operated on for
MVD (Table 3). The suppression of all BAEP waves
(regardless of whether this occurs gradually or sudden-
ly) has usually been associated with severe hearing loss
or deafness and, this association has been found even
when the acoustic nerve appeared to be anatomically
preserved [3,16] (Table 2). Pan-tonal hearing loss
occurred only in the immediate postoperative period
and it is possible that it was due to the effect of bony
vibration on the transmission apparatus or the cochlea.

The abolition of BAEP wave V, with a preserved
wave I, may be associated with good postoperative
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Fig. 1

Fig. 2

hearing function. We have observed the reappearance
of wave V soon after surgery in some patients, but we
have never found that a suppressed BAEP recovers at
the end of surgery.

If wave 1 is clearly present and well synchronized at
the start of surgery, it should be carefully monitored
because any changes in its amplitude or latency may
indicate cochlear dysfunction, which may be predictive
of a severe and usually irreversible loss of hearing.

In patients undergoing acoustic neurinoma surgery,
BAEP wave suppression has been mainly observed
during or after cerebellar lobe retraction (Fig. 1), dur-
ing the dissection of the tumor capsule from the acous-
tic/facial bundle, and during the removal of the
intrameatal portion (Fig. 2). In patients undergoing
MVD surgery, the suppression has usually occurred
during or after manceuvres directly involving the
acoustic/facial bundle. On the basis of the patterns of
the BAEP changes, we believe that there are two
mechanisms underlying hearing loss: one directly in-
volving the nerve itself (excessive stretching, nearby
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coagulation and the partial resection of nerve fibers),
and an indirect mechanism probably due to ischemic
damage to the cochlea. Intraoperative BAEP monitor-
ing alone is probably not enough to distinguish these
two mechanisms. Therefore, methods such as direct
CAP recordings and electrocochleography could prove
to be useful [6,7,13].

2. Electromyography

On the basis of EMG on-line recordings and CMAP
evoked by direct nerve stimulation, the following fea-
tures of EMG activity during surgery may be relevant:

oelectrical discharges).

Neurotonic discharges have been observed during
surgical manceuvres directly involving the nerve, as
well as during irrigation of the operating field with
saline and concomitantly with nerve stretching. The
frequency and intensity of the discharge are probably
directly related to the extent of nerve damage and
functional loss [2]. Direct nerve stimulation is of value
because it makes it possible:

— to distinguish nevers from other structures;
—and to check their axonal integrity.

A reduction in CM AP amplitude probably indicates
a partial nerve conduction block and suggests the
presence of neurapraxia or structural damage
(axonotmesis or neuronotmesis). During MVD sur-
gery, only a few of our patients (with mild and transi-
tory facial deficits) have shown changes in CMAP,
none of which was significant; however, a reduction in
amplitude or the complete suppression of CMAP has
frequently been observed in patients undergoing
acoustic neurinoma surgery, and this has invariably
been associated with facial paresis or paralysis.

Conclusion

Function monitoring, first introduced in the 1950s, is
now considered indispensable during all brain surgery,
and the application of neurophysiological recording
techniques have completely changed the scene in oper-
ating theatres over the last few years.

For surgery of acoustic neurinomas and other PCA
tumors, we have found EMG monitoring to be a valu-
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able tool in reducing the risk of nerve damage, and it
should be used in all patients. BAEP recordings are
useful for preserving hearing function (in patients with
small tumors and good preoperative hearing), but the
risk of producing a hearing loss is still high; the useful-
ness of this and other monitoring techniques for the
preservation of hearing function in the removal of
medium-sized and large tumors is generally poor. In
MVD surgery, the monitoring of evoked potentials
and EMG are both important means in the assessment
of cranial nerve function and should be performed in all
patients. Since hearingloss is the most severe complica-
tion, monitoring of BAEPs should, if possible, be
supplemented by recordings of nerve action potential
from the acoustic nerve [6].
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Summary

The authors present a method of stereotaxic localisation using
magnetic resonance imaging (MRI) computerized tomography (CT)
and digital subtracted angiography (DSA) which does not require
localisation frams fixed to the patient’s skull, but uses only four
cranial landmarks corresponding to the holders of the neurosurgical
stereotaxic frame. The method presents no major constraints in
routine examinations. The geometrical distortions of the imaging
devices are corrected. Three-dimensional localisation is performed
using sagittal and axial slices in MR, axial slices in CT and only two
associated frontaly and lateral views in DSA. The images data are
transferred to a PC-based system. By locating the landmarks on the
images, the transformation matrixes can be computed to obtain the
3D coordinates of a target in the stereotaxic space and in any
imaging modality. The results obtained show the precision of the
corrections and the millimetre accuracy of pin-point target localisa-
tion.

Keywords: Neurosurgical stereotaxy; 3-D localisation; medical
imaging; computer assisted system.

Introduction

In conventional stereotaxic neurosurgery, brain
lesions are located with the help of standard X-ray
techniques. The pictures are taken in association with
a stereotaxic frame, which is fixed to the patient’s head
by means of four pins fastened to the outer table of the
skull. The film holders are placed in a plane normal to
the base plane of the frame with a long focal point-to-
plate distance and the X-ray images are considered
faithful, full-sized and undistorted documents. The
frame provides a system of reference forming the basis
for biopsies and radiosurgery. However, the modern
techniques of medical imaging have become absolutely
essential to allow precise localisation of tumoral or
vascular targets and the associated nervous structures.
These techniques necessitate the use of special devices.
The commonly used methods [2,7-9,11,13] consist of
N-shaped locators in CT and MRI, or pin landmarks

boxes in DSA, placed on the base of the surgical frame
on the patient’s head. These devices pose problems due
to difficulty in their fixation on the head, awkwardness
of the frame, discomfort experienced by the patient,
and laborious examination protocols. They give some
artifacts in CT and MRI, they are often so bulky that it
is necessary to use the body coil in MRI, and they limit
the imaging possibilities in DSA; moreover, large
FOVs are necessary to observe all of the head and the
localizing device resulting in a decreated image resolu-
tion.

In order to solve these problems, we present
a stereotaxic localisation method suitable for MRI, CT
and DSA, and designed to locate and determine target
positions without using a stereotaxic frame. A com-
puter-assisted system is also introduced. This system
enables to transposed data between images obtained
from different imaging modalities, MRI, CT, DSA and
X-rays, on one workstation. It computes the par-
ameters of the stereotaxic instrument settings repro-
ducing the path of a surgical probe to the centre of
a lesion and allows direct visualisation of the points at
which a simulated probe trajectory intersects the image
slices.

Materials and Methods

1) Neurosurgical Room and X-Ray Picture Acquisition

In the operative room, we use a neurosurgical stereotaxic frame
based on the Talairach method [14] allowing biplane serial angiog-
raphy without distortion and with a constant enlargement factor.
The frame provides a system of reference for locating targets and for
biopsies. A CCD camera is used to digitise the X-ray pictures.

2) Localisation Landmarks

Four markers are positioned in the fixing supports of the
stereotaxic frame previously placed in the outer table of the patient’s
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Fig. 1. Four landmarks are positioned in the place of the fixing
support of the neurosurgical stereotaxic frame drilled in the outer
table of the patient’s skull. A small tank containing about 0.1 ml of
CuSO,. B small lead ball of about 1.5 mm diametre

skull. These landmarks (Fig. 1) contain at one end a 0.1 ml CuSO,
solution tank for MRI localisation, and at the other end a small lead
ball (1.5 mm in diameter) for CT and DSA localisation.

3) MRI Localisation

Using an 0.5 T GE MR-MAX imager, we carry out S mm-thick
contiguous sagittal and axial slices in a gradient echo sequence
(TR =400ms, TE = 12 ms, 256 x 256 matrixes, FOV = 250 mm) to
cover the patient’s entire skull, including CoSO, landmarks [10].
This procedure takes less than 10 minutes. If a tumour volume extent
is still required, slices of any desired orientation can then be per-
formed, without moving the patient’s skull, with T2-weighted pulse
sequences or with paramagnetic contrast agent for example.

4) CT Localisation

We use a Siemens DRH CT scanner. After sagittal scout view
acquisition in order to locate the approximate plane of the fixing
supports, we carry out about 10 transverse 1 mm-thick contiguous
slices (256*256 matrixes, FOV =26cm). The lead balls of the
markers are sufficient to obtain the same reference plane as in MRI.

5) DSA Localisation

A Philips DVI-S angiography system is used. Problem in DSA
localisation results from the conic projection which produces an
unsteady enlargement according to the position of the object in
relation to the X-ray tube-detector axis. The four lead head land-
marks are clearly visible on the images, and simply by knowing the
real relative distances between the ends of the four head landmarks,
we have shown [4] that it is possible to determine the stereotaxic
localisation system and to deduce therefrom the coordinates of
a target defined on antero-posterior (AP) and left-right (LR) projec-
tions. However, these distances are not known a priori; that is why,
during a preliminary stage, we place a locating plate comprising four
locating markers in a known geometrical arrangement in the im-
mediate vicinity of the top of the patient’s skull (Fig. 2). From two
pictures taken in AP and LR projections, we can distinguish these
fourlocating markers and the four head landmarks of the patient and
the respective distances between the head landmarks are deduced.
On pictures taken under standard clinical conditions, and in the
absence of the locating plate device, only the projections of the
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Fig. 2. Dry skull phantom on the locating plate device. L locating
markers; H fiducial head landmarks

patient’s four head landmarks are visible and make it possible to
determine the coordinates of a target.

6) Distortions and Calibrations

Digitising by the CCD camera is dimensionally calibrated by the
acquisition of a refrence circle having a known diameter. The pro-
cedure has to be performed every time the system is switched on in
order to compensate for time drifts.

In MRI, 3D enlargement factors and relative offsets by which the
centre of slices in one orientation is shifted from another orientation
is monitored at each examination by fast acquisitions in the sagittal,
axial and coronal orientations, of a cubic phantom filled with a 1g/1
solution of CuSO,.

In CT, only the mechanic rigidity of the gantry and of the table
gives possible misregistration. In our case, the precision of the table
position is very important and has been carefully verified. Unlike
teleradiography, DSA gives rise to considerable geometric distor-
tions which depend on the orientation of the detector because the
influence of the earth’s magnetic field. We designed a calibration grid,
and images are acquired in different orientations and FOV in order
to produce matrixes for enlargement and correction of the distortion
proper to each FOV and each angle of incidence.

7) Hardware and Software System

The informatic device [3] is build on a standard 486 IBM compat-
ible computer integrating an additional image processing board,
a high resolution monitor, a CCD camera to digitise the X-ray
images, and magnetic tape reader to enable the MR, CT and DSA
images to be transferred. The images are analysed in all modalities
taking into account the pre-established calibration factors or
matrixes. In MRI, the software automatically computes the 3-D
coordinates of the barycentre of the markers viewed on the sagittal
and axial images. In CT, the barycentres of the landmarks are
obtained in a similar manner. In DSA, the user first clicks the four
locating markers and the four head landmarks on the AP and LR
images carried out with the locating plate; afterwards, he also clicks
the four head landmarks on the acquisitions obtained without the
locating plate. Then, in each imaging modality, the 3-D coordinates
of the four markers are computed and are used to deduce the
stereotaxic trihedron. The system can be used to calculate the 3-D
position for different imaging modalities (radiography, MRI, CT,
DSA), to adjust the surgical tools for orthogonal and oblique ap-
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proaches. The system can be used to display the intersections of the
probe with the MR or CT slices. The anatomical references, AC and
PC, as well as the furthest distances from the horizontal cortical
(fronto-occipital), vertical (vertex-temporal lobe) and transverse
planes can be defined and are used to construct the three- dimen-
sional proportional grid developed by Talairach, and to like up
with a stereotaxic atlas. More recently, special developments make
it possible to determine dosimetric treatment planning in multi-
beam radiotherapy and to display isodose curvers on the images

[6].

8) Error Monitoring Procedures

The value of the angle formed by the two diagonals of the
stereotaxic trihedron should be precisely 90°; in a same manner, the
distances of the markers in relation to the reference plane should be
exactly 0. For each imaging modality, the determination of these
values makes it possible to detect an abnormal deviation in the
position of the markers, due to imaging artifact or movement of the
patient, and thus assess the confidence in the calculations.

Results

To enable the accuracy of the complete localisation
method to be assessed, measurements have been ob-
tained on two phantoms. These measurements pro-
duced by our image processing software, are given in
tenth of millimeters, although image pixel sizes deter-
mine the over-all attainable precision.

The first phantom consists on a 16 cm diameter PVC
tube to which the 4 landmarks are inserted in the fixing
positions of the stereotaxic frame. Inside this cylinder
are fixed 3 simulated targets, small spherical volumes
of 0.05 ml CuSO, solution. The examinations are con-
ducted on this phantom with X-ray, MRI and CT
imaging, and the targets coordinates are calculated.
Table 1 gives the respective positions of the targets,
measured on the images by our devicee When

Table 1. 3D Stereotaxic Coordinates of the 3 Targets (First
Phantom) are Measured on the X-ray, MRI and CT Images (the
Target 3 was Not Viewed on X -ray Pictures). The similarity of values,
in the order of one millimetre is comparable with the value of the pixel

Coordinates  Target 1 Target 2 Target 3
(mm)

X (X-ray) +42.5 -74 /

X (MRI) +41.6 -85 —318
X(CT) +42.4 —8.6 —32.1
Y (X-ray) —129 +41.9 /

Y (MRI) —124 +45.2 —304
Y (CT) —119 +43.3 —-29.1
Z (X-ray) +67.0 +18.2 /

Z (MR]) +68.5 +184 +87.4
Z(CT) +68.3 +18.2 +88.4
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Table 2. 3D Stereotaxic Coordinates of the 3 Targets (Second
Phantom), Measured on Stereotaxic X-ray Images and Using CT and
DS A. The Pixel size is 1 mm for CT images and is about 0.5 mm for
DSA images

Coordinates Target 1 Target 2 Target 3
(mm)

X (X-ray) +11.5 +9.6 +5.6
X (CT) +11.1 +8.8 +5.6
X (DSA) +10.9 +9.4 +54
Y (X-ray) +43 —-10.9 —254
Y (CT) +4.0 —11.6 —245
Y (DSA) +3.8 —-10.7 —26.3
Z (X-ray) +38.2 -27 —449
Z (CT) +36.1 —4.0 —46.0
Z (DSA) +39.9 —-24 —449

a simulated surgical operation is conducted on the
phantom, simulated probe trajectories give arc adjust-
ment parameters and each target is reached with an
accuracy in the order of one millimetre, which is not
exactly measurable given the respective sizes of the
surgical instrument and of the volumes concerned.

The second phantom is made of a dry skull encap-
sulated in polyester resin. Three spherical lead targets
(diameter: 0.5 mm) are placed inside a conduit running
from the base of the phantom. The stereotaxic frame is
positioned as in the case of a real operation. The three
targets are localised in the neurosurgical operative
room using X-ray pictures, CT and DSA. Table 2 gives
the coordinates of the three targets of the anatomical
phantom, those measured on the basis of LR and AP
DSA studies compared with those obtained with CT
scans and radiographs.

Discussion
1) The Accuracy of the Method

The accuracy of the system cannot exceed the intrin-
sic resolution of the imagers and it also depends on the
field and matrix used (i.e. in the order of 1 mm for MRI
and CT, 0.5 millimetre for DSA). In MRI, the com-
bined use of sagittal and axial slices for the barycentre
registration of the markers makes it possible to achieve
an accuracy of between 1 and 2mm on the three axes.
In CT, target localisation accuracy is in the same order
of magnitude in the axial slices but depends on the slice
thickness in the Z-axis. In DSA, the results obtained
regarding the positions of the targets demonstrate
an accuracy of within one millimetre for the three
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coordinates when compared with those obtained in
teleradiography and CT.

These results can be obtained only thanks to the
corrections of the geometrical distortions of the im-
agers, particularly in MRI [12] and DSA. While the
non-linear MRI distortions are partially rectified on
most imagers by internal correction matrixes, the elec-
tronic gains of the gradients, the determine the factors
of enlargement, may vary in time and a simple gain
correction procedure is sufficient to provide the desired
precision. The use of a cubic phantom has the advan-
tage of permitting geometrical calibration measure-
ments in the three planes without changing the
arrangement of the phantom, and the measurements are
acquired just before or just after the examination to
provide the geometrical correction factors (enlarge-
ments and displacements of the slice centres) that are
the most relevant at the time of the examination. In
order to correct the distortion of the image intensifier
in DSA, we initially attempted to use only enlargement
factors established by prior calibration along the two
axes of the images, but the results obtained gave errors
far greater than the size of a pixel. With the use of
correction matrixes, the position errors approximate
by equals to the size of the pixels of the images. Here, we
show only the accuracy obtained in localising pin-
point targets; in the case of irregular AVM shapes,
ambiguity persists as to the precise recognition of the
positions and sizes of vascular targets on the basis of
LR and AP projections only [1]. Three-dimensional
reconstruction of the vascular tree and the use of
magnetic resonance angiography [5] should make it
possible to overcome these difficulties in the long
term.

2) The Data Processing System

The system comprises an image data base derived
from X-ray radiographs, MRI, CT and DSA images
available for stereotaxic localisation. On the condition
that the image files are accessable, the system can be
adapted to any imaging environment. In routine use,
the accuracy parameters, associated with the data ac-
quisitions, are of fundamental importance in alerting
the user to any movements of the patient during the
preparatory calibration stage using the locating plate,
or to any malfunction in the data processing or detec-
tion system. The adopted method does not involve
image re-calculation, which necessitates the use of
heavy data processing systems; on the contrary, dot by
dot correction permits the use of simple image work-
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stations that are easier to maintain, modify and distrib-
ute, at low cost.

3) The Value of the Method

The most interesting aspect of the method resides
primarily in the absence of the locating frame through-
out the image examinations. This makes procedure
simple as compared with conventional methods. The
use of small-sized landmarks makes it possible to use
a conventional MRI head coil and small FOVs in MR
and CT, which guarantee good sensitivity, resolution
and image quality. In DSA, the usual clinical image
protocols can then be conducted without any particu-
lar constraints. Views can be taken without any incon-
venience being caused by any cumbersome mechanical
device attached to the patient’s head. The head land-
marks are sufficiently close to the patient’s skull to
permit the use of the customary FOVs; thus, even in
examinations for stereotaxic localisation purposes, the
resolution of the images remains excellent and they can
be used without any risk of interfering with the radi-
ological diagnostic work.

Conclusion

Our three-dimensional location method has proved
sufficient accurate for routine clinical use. This method
does not need the use of any special stereotaxic frame
and the only real constraint is the installation of the
landmark supports under stereotaxic conditions prior
to the imaging examinations. Given its swiftness due in
particular to the ease with which the patient can be
positioned, the examination times are short. The pro-
posed protocols and the quality control procedures
provide millimetre accuracy and security. Our system
has been in use for more than three years on a routine
basis in the stereotaxic operating room and about 70
patients have undergone operations successfully. It
allows a high degree of accuracy in reaching difficult
targets, and it has been found to be user friendly.
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Summary

While this work is in its very early stages, the 3D laser scanner
shows significant promise as a surgical localization device with
advantages over other sensing methods. Accurate 3D surface extrac-
tion and matching, a central problem in computer vision, is the key to
frameless stereotaxic neurosurgery using this technique.

Keywords: Frameless stereotaxy; 3-D laser range imaging; contour
scanning; image co-registration; stereotactic neurosurgery.

Introduction

This paper describes preliminary work to develop
a new approach to frameless stereotaxy in which pa-
tient-image registration is accomplished using a 3D
laser range imaging sensor and precaptured CT scans.
Although current and projected image guided interac-
tive interventions rely on the scanning technologies
(mechanical, optical, or acoustic) the application of 3-
dimensional laser range imaging to contour scanning
in neurosurgery is unique and enjoys potential advan-
tages over these methods. The 3D laser scanner is
insensitive to moisture and ambient lighting and tem-
perature and is capable of high resolution and poten-
tially lower computational requirements. Preliminary
results support its feasibility, however, higher resol-
ution will be necessary for clinical applications. Poten-
tial advantages include: minimal impact on surgical
procedures, hands-off operation, invisible to surgeon,
good standoff distance, does not affect other instru-
mentation, and can be made eye safe.

Concepts

A 3D imaging device is used to map the surface of the
object of interest and place it in the coordinates of the
operating room. By registering the surface with the

same surface derived from precaptured imagery, the
correspondence between image space and surgical
space is obtained (Fig. 1).

3D-Laser

Three-dimensional (3D) laser scanning (laser range
imaging) is being actively developed for a number of
applications, including industrial parts inspection
(metrology), industrial robot vision, and robotic ve-
hicle guidance. An active sensor employs a modulated
laser beam for illuminating each element of the target
area and a receiver that compares the modulation
phase of the laser light reflected from the target with the
phase of the emitted light to determine the distance
(range) to that target element. The scanner samples the
target surface in a raster pattern, collecting both the
range and reflectance data in a single scan. Figure
2 shows a range image in scanner coordinates (left) and
cartesian (real world) coordinates (right).

The sensor operates in two modes. In the first, the
working depth (ambiguity interval) is 8.4 inches, resol-
ved into 256 steps, each measuring 0.033 in (0.8 mm). In
the second mode, the ambiguity interval is 0.5 inches
with range steps of 0.002 in (0.05mm). The sensor
operates at a standoff distance of approximately 36
inches, with a 35 x 35degree field of view (approxi-
mately 17 inches square); the typical area resolution is
0.02 inches (0.5 mm). The scan rate is 0.5 sec per image
for 320 by 320 pixels.

This type of imaging laser scanner must be distin-
guished from laser line scanners which produce only
individual contours. The output consists of range and
reflectance images in complete spatial registration at
the pixel level. The gray levels in the range image
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Fig. 1. 3D laser scanner localization concept

J. Taren et al.

Fig. 2. Left: Range image in scanner coordinates. Right: Shaded surface rendering of range image in cartesian (real world) coordinates

represent the distance from the sensor to the target at
each position in the image plane. The gray levels in
a reflectance image represent the reflectance of the
materials in the target at that location. Additional
advantages of the 3D image laser scanner are the fast
image acquisition time and frame rate. By contrast,
a typical laser line scanner, which must be physically

repositioned between lines, requires several seconds to
acquire an image.

Laser range sensing has many advantages over infra
red LED, sonic, and magnetic field sensors in the
environment of an operating room: it is negligibly
affected by the medium thorough which it travels; it is
unaffected by and will not affect adjacent instrumenta-
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Fig. 3. Left: Volume rendering of CT data. Right: Shaded surface rendering of the surface generated by raytracing the binarized CT data

tion; and finally, ambient temperature and lighting
conditions have negligible effects on sensor perform-
ance. When coupled with contour-based surface-
matching, no fiducial marks are required.

CcT

Computed Tomography scanning is ideally suited
for this project because of its high contrast resolution
and high spatial resolution [2,3]. The superior contrast
resolution of CT with respect to plain radiography
permits direct visualization of not only the skull, but of
the brain itself and also of many different kinds of
pathology (brain tumors, vascular abnormalities, etc.).
The constant relationship of the skull to the brain
(and/or any given pathologic process inside the head) is
well-demonstrated on CT.

The superior spatial resolution of CT scanning is
particularly important for high precision, reproducible
imaging of the bones of the skull. This sub-millimeter
resolution permits intracranial structures to be repeat-
edly, accurately localized without difficulty. Although
Magnetic Resonance (MR) imaging does not reliably
image bony structures, it provides better contrast res-
olution with respect to the brain and some pathologic
brain processes. MRI will therefore be considered in
future studies, either alone or registered with CT.

For preliminary experiments, axial CT images of
a skull were acquired with a GE 9800 CT Scanner at
approximately 1 mm resolution. The 3D data sets de-

rived from the range image (Fig. 2) and the CT scan are
shown in Fig. 3 with binarized data (right) and a vol-
ume rendering of CT data (left).

Data Registration

Our current approach to registering the surface
derived from CT and laser range images is based on
matching manually-selected fiducial points. The trans-
formation matrix is obtained from solving the system
of linear equations which arises from the set of corre-
spondence points. We discuss below the extension to
automatic registration of laser range and CT images,
which is required for real-time localization and track-
ing during cranial surgical procedures.

Automatic registration of laser range and CT data
requires: 1) 2D or 3D image segmentation to extract
the surface of the skull (or head) from CT images; and 2)
3D surface matching, to determine the transformation
required to place the data sets in a common spatial
reference system.

The external surface of the head or skull can be
extracted from CT data in one of two ways: individual
contours can be extracted from each slice using 2D
operations and then assembled into a 3D surface; or the
original slices can be assembled into a 3D data set from
which the surface is extracted using 3D operations.

In our initial experiments with skulls, the extraction
of the surface is relatively simple because of the high
contrast of bone and the absence of other tissues. We
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Fig. 4. CT surface (center) registered with range surface

therefore chose extract contours from individual slices.
Each slice was binarized at an intensity threshold
which selected bone. A connected components analysis
was performed to filter out small noise and minor
breaks were repaired using a morphological closing
operation with a small disk. The boundaries (interior
and exterior) of the skull were represented as chain
codes with explicit representation of surface contain-
ment relationships. The contours from each slice were
combined to form a 3D surface.

Extraction of the external surface of a head from CT
requires somewhat more sophisticated processing be-
cause the surface to be registered with the range data is
the external surface, or skin. However, extraction of the
skin boundary is simpler than the boundaries of other
soft tissues because of its location. We have had success
in applying a morphological scale space approach to
the extraction of tumor boundaries in CT data [4], but
anticipate that simple morphological approaches will
be sufficient to extract the skin surface.

J. Taren et al.

Coregistration of Data Sets

Image registration is a fundamental problem in inte-
grating different image data sets. In our approach to
surgical localization, two 3D surfaces must be regis-
tered. Figure 4 shows 3D CT surface data coregistered
with 3D range surface. Automatic 3D surface registra-
tion requires the identification of corresponding struc-
tures on the two surfaces, from which the coordinate
transformations can be computed. The structures can
be points, lines (curves), or 3D surface elements. Be-
cause much of the surface of the skull is quite smooth,
we matched the surface in a coarse to fine fashion.
Coarse correspondence was established by matching
regions of high curvature followed by fine-tuning with
a more computer-intensive approach such as that of
Besl and McKay (1). The difference in sampling of the
range and CT scanners means there is no a priori
reason to expect individual points in the two data sets
to correspond. Therefore the surface extracted from the
CT data set is interpolated and modeled as a continu-
ous surface and that from the range data set as a set of
discrete surface samples.
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Summary

Preliminary experience with the ISG wand for frameless
stereotaxy is presented. The wand is a multijointed mechanical arm
with a range of 25 inch radius sphere. The arm has a analog/digital
hybrid tansducers to locate the spatial position of the probe tip. The
real time displays of triplanar 2D images with an optional 2D/3D
image helps in surgical planning and interactive surgery. Seventeen
patients underwent neurosurgical procedures with the help of wand.
The wand was used to place minimal craniotomies, localise the
brain-tumour interface and excise the lesions. The wand had an
accuracy of 1.8 mm (SEM + 0.36 mm) in localising the lesions. Thus,
the use of frameless stereotaxy has made easier and more precise
surgical planning in several applications.

Keywords: Computer assisted neurosurgery; frameless stereotaxy,
stereotactic surgery, viewing wand.

Introduction

The conventional frame based stereotactic techniq-
ues help the surgeon to operate through minimal cran-
iotomies, accurately localise deep seated lesions and to
resect lesions from eloquent areas with confidence [8,
11, 17]. However, this involves not only invasive fix-
ation of the skull pins but also often prolonged pro-
cedural timings to acquire intraoperative images. The
fixation pins may not only be inconvenient to patient
and surgeon; but may also occasionally restrict the
freedom to access intracranial lesions [ 7, 13]. For these
reasons the frame based stereotaxy is yet not widely
and routinely utilised for most neurosurgical oper-
ations.

Frameless stereotaxy offers the advantage of
stereotactic accuracy with a temporal and spatial free-
dom for surgery. Temporal freedom is achieved in
terms of scanning and operating upon the patient at
different timings and spatial freedom by means of
getting rid of the base frame, which allows the surgeon

to position and move the patient throughout the sur-
gery. Various systems using optical [6] or magnetic
[10] encorders, or ultrasonic dectectors [3] for 3D
digitisation have been described. The authors present
preliminary experience with a multijointed arm using
proprietary analog/digital hybrid transducers for 3D
digitisation. This frameless system has accuracy com-
parable to contemporary image guided frame systems
[5, 18].

Material and Methods

The system consists of stereotactic software and hardware created
by ISG technologies (Missisauga, Ontario, Canada) interfaced with
the Surgicom (Faro Medical Technologies, Lake Mary, Fla.); a pass-
ive, articulated mechanical arm to perform stereotaxic spatial
measurements. The arm has two degree of freedom at each of its three
joints. There are two different lengths of probe which attach at the
distal end of the arm. The position of the probe tip in space is
calculated by the potentiometers. The position of the arm is tracked
continuously and updated 30 times per second. This is interfaced
with the Hewlett packard Apollo series 715 running Unix system
V at 57.9 million instructions per second. The software is written in
“C” and assembly languages. The presurgical workup and planning
is done on ISG technology’s, Allegro, 3D reconstruction workstation
unit.

The detailed description of the principles and characteristics of
this wand have been previously described [4, 16, 18]. Certain updates
and modifications are discussed in this paper.

Preoperative Surgical Planning

One or two days prior to surgery eight reference fiducials which
can be identified on the relevant imaging are stuck with adhesive
patches to the patients head. A CT scan with 3 mm. thick contiguous
slices and a field of view of 20-25 cm. is prescribed making sure to
include the fiducials and the lesion. In the case of MRI the epilepsy
scanning protocol which consists of a whole-head coronal, three
dimensional volumetric spoiled gradient-echo (SPGR) acquisition
with minimum TE and TR, 192 views, one repetition, 1.5 mm section
thickness with 124 partitions, 24-cm field of view and 35° flip angle, is
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Fig. 1. The three 2D triplanar displays show the arm tip position at the meeting of the cross hair. The fourth inline view (left hand bottom) gives

the reformatted view along the axis of the prode tip

prescribed. The data is then transferred either via a computer
networking or on a 13 mm magnetic tape to the Allegro 3D recon-
struction workstation.

A 3D model of the lesion is reconstructed using the drawing
thresholding and seed growing methods of image segmentation. The
skin is also reconstructed taking care to include all the fiducials in its
reconstruction. From here the data is transferred on a quarter inch
tape to the intheatre workstation.

Interactive Surgical Planning and Surgery

On the day of surgery, after the patient is anaesthetised he is fixed
in a Mayfield head holder and the wand is clamped to the head
holder. A quick check of the arm accuracy through its various joints
is performed before proceeding to registration. The registration is
performed by selecting four of the most accessible, least displaced
and non-colinear fiducials. The registration accuracy is given by the
root mean square (RMS) of the registration data set. A visual check
of the registration is done by locating the probe tip position on the
skin surface on all the triplanar images. The function “Tip to
Landmark distance” of the computer software provides an objective
assessment of checking the registration accuracy. A fiducial, not used
for registration, is selected by the cursor and the probe tip is pointed
onto it. The distance of the wand tip to the selected landmark is then
displayed, which is the accuracy of the wand. Once registration is
achieved, real time display of the probe tip in triplanar 2D views and

an optional 3D/2D view is produced along the wand trajectory
(Fig. 1). With the help of this information the best of the reviewed
trajectories for approaching the tumour is selected. A craniotomy
flap is marked appropriate for the size and site of the lesion. During
the surgery the wand is used to find out the depth and position of the
lesion, brain-lesion interface and to decide the extent of excision.

Seventeen patients underwent neurosurgical procedures with the
wand (Table 1). In sixteen patients the wand was used to place small
localised craniotomy and in fifteen cases out of these it was used
interactively throughout the surgery. In one case of recurrent glioma,
it was used in conjunction with CRW frame for biopsy and catheter
implantation for interstitial brachytherapy

Results

System Accuracy

The maximum range of arm movements is described
as a sphere of 25 inch radius. Two standard deviations
of the error is +0.66mm on accuracy and repro-
ducibility. The mean RMS in all these patients was 2.15
(+ S.D. .80). The overall accuracy of the system how-
ever depends on several variables and has been found
to have a mean of 1.80mm (+ S.D. 0.36 mm) in the
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Table 1. Clinical Data of the Patients Operated with ISG Wand

No. Age/ Lesion Pathology Comments
Sex
1 F/44 (R) fronto-parietal astrocytoma gr 4 wand + CRW frame
recurrent tumour
2 F/47 (R) temporo-parietal astrocytoma gr 4 craniotomy and
recurrent glioma debulking
3 F/66 (R) parietal tumour astrocytoma gr4 craniotomy and
excision
4 F/21 (R) cingulate gyrus astrocytoma gr2 craniotomy and
1 cm sized lesion excision
5 F/19 (L)temporal 1.5cm astrocytoma gr 1 craniotomy and
sized lesion excision
6 M/30 (R)frontal AVM AVM craniotomy and
excision
7 M/36 (L) post. Temporal 1 cm astr. gr 1 craniotomy and
lesion excision
8 M/34 (L) post Temporal astr. grl craniotomy and
lesion excision
9 F/35 (L) medial Temporal DNET craniotomy and
lesion partial excision
10 M/41 (L) temporal cavernous angioma craniotomy and
cavernous angioma excision
11 F/27 (L) Medical temporal hippocampal cramiotomy and
sclerosis sclerosis temporal lobectomy
with amygdalo-
hippocampectomy
12 M/50 (R) occipital glioma astr gr4 craniotomy and
excision
13 F/39 (R) parietal meningioma craniotomy
meningioma
14 F/37 (R) occipital AVM AVM craniotomy and
excision
15 F/26 (R) frontal cortical cortical Scar craniotomy and
scar Partial excision
16 M/18 bifrontal dermoids dermoids craniotomy and
excision
17 M/45 (L) parietal glioma astr gr4 craniotomy and

debulking
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clinical setup. This is quite comparable to the other
frame based systems [4]. The more widespread the
fiducials are, the better is the registration accuracy. We
have compared the accuracy data of fiducial (n = 10)
and surface matching (n = 7) methods of registration

and have not found any statistical difference between
the two.

Of the seventeen patients operated with the assist-
ance of the wand there was no acute morbidity. The
wand helped in achieving total excision of all the well



52

P. K. Doshi et al.

Fig. 2. Pre- and postoperative MRI of a patient having left temporal lesion

circumscribed lesions (Fig. 2). Three out of four pa-
tients with glioma improved in their clinical status after
surgery and one remained stable. Of the eleven cases
with lesional epilepsy eight patients had improvement
(Engel gr I) in their seizures.

Discussion

From the initial description of Clarke’s [8] stereo-
tactic systems to late nineteeneighties, word
‘stereotaxy’ meant, use of a base ring and arc systems.
With the advent of CT/MRI compatible frames
stereotaxy was extended more widely to biopsies of
masses [ 14], aspiration of abscesses [ 1], evacuation of
haematomas [2] or insertion of radioisotopes [15].
Kelly et al. developed a computer graphics assisted arc
quadrant system for volumetric resections of brain
tumours [11, 12]. However all these systems were still
based on use of a frame. The development of frameless
stereotaxy depended on improved quality of neur-
oimaging and computer graphics.

Most of the frameless stereotactic methods describ-
ed registration using one or the other types of marker
fixed to the patients head during the scanning. With the
ISG software it is possible to register the patient to the
image data set without using any markers. This is done
by visually correlating five anatomical landmarks and
selecting and correlating thirty surface points. The
registration achieved by this way is comparable to the

fiducial registration. (Fiducial based registration
(n=10) Mean=1.6, Surface registration (n=7)
Mean = 1.9). All our epilepsy cases are usually scanned
under epilepsy scanning protocol and hence it only
requires the transfer of data across the ethernet, thus
obviating the need for extra scan.

The ISG wand clamps to the Mayfields headrest to
which the patient’s head is fixed. This allows the table
position to be changed during the surgery without
disturbing the relationship of the wand to the patients
head. The way it attaches to the mayfield keepsit away
from the surgical field thus allowing complete freedom
in draping and operating, even with a microscope and
eclectrocorticography. Like other frameless systems [ 6,
10] the encorders in the arm are not influenced by the
ambient environment, instrumentation or the line of
sight problems.

The tip to manual distance function gives the dis-
tance from the tip to the manually selected target. This
not only assists in checking the accuracy and planning
the surgery but is also very useful interactively. In case
11 the posterior extent of the tempral lobectomy on
each gyrus was planned by measuring the distance
from the temporal pole. Thereafter before resecting the
amygdala-hippocampus complex, again the length of
hippocampus to be resected was measured. This corre-
lated well with the excised specimen.

The other function of the software is to provide 2D
inline view along the wand trajectory. This view is
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Fig. 3. The 3D view with the translucency window displays the
tumor as visualised in relation to the skin surface, this is helpful in
planning craniotomies

helpful in locating the brain tumour interface and
deciding the extent of excision. The other functions of
translucency and cut plane offers small but definite
advantage in the planning and execution of the surgery
(Fig. 3).

The accuracy of the wand depends on a number of
variables. The preoperative factors include scanning
proctocols, slice thickness, patient movement, scan
resolution and image segmentation. The operative fac-
tor is the brain shift. The wand does not have capacity
to update its images for the brain shift and hence, once
this has occured it may be difficult to detect and
compensate. Various avenues are being explored to
answer this problem, these include intraoperative
ultrasound, per-operative imaging and tracking the
brain surface with video imaging.

The potential of this system is considerable. Its use
for endoscopy, biopsy and skull base surgery has been
described. It’s use can be extended to radiosurgery
where fractionated radiotherapy can be administered.
Its utility in the spinal surgery and transoral and
transsphenoidal surgery is also being investigated. The
pace of progress is such that computer assisted neur-
osurgery of this kind is likely to become a routine
procedure. The viewing wand with its potentialities
and continuous upgradation will have a definite place
in frameless stereotaxy.
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The Impact of Interactive Image Guided Surgery: The Bristol Experience

with the ISG/Elekta Viewing Wand

D. R. Sandeman and S. S. Gill
Department of Neurosurgery, Frenchay Hospital, Bristol, U.K.

Summary

From June 1992 to August 1994 we have accumulated a 305 case
experience with the ISG Viewing Wand, the first commercially
available system for interactive image guided neurosurgery. Prior to
the arrival of the wand 2.5% of intracranial procedures were carried
out using the Leksell G frame for image guidance. Since the arrival of
the wand that percentage of procedures suitable for image guidance
has increased to 10%. The wand was used for 287 supratentorial
procedures, 108 craniotomies, 48 trephine exposures, 34 burr hole
biopsies, 4 ventriculoscopies and 1 shunt insertion. 19 posterior fossa
explorations were performed. 28 skull base procedures, including 22
transsphenoidal pituitary operations, 3 petrousectomies and 3 or-
bital explorations were also carried out. In addition 3 spinal cases
were included in the series, 2 transoral explorations and 1 sacral
laminectomy. The technique was applicable to 193 tumour cases, 14
vascular cases including 7 aneurysms and 16 epilepsy cases. Both CT
(70%) and MRI (30%) scans were used for image guidance. Contour
matching algorithms were used for registration throughout. Since
the arrival of the wand conventional stereotaxy has been used for 26
cases, 22 stereotactic biopsies, 2 thalamotomies and 2 craniotomies
(0.5% of intracranial procedures). We conclude that contour match-
ing, interactive image guidance using a mechanical arm has replaced
frame based stereotaxy in our department except for point source
localisation in deep midline structures. It is a technique that has
universal application to intracranial neurosurgical procedures and
as such represents a major advance in image guided neurosurgery.

Keywords: Interactive image-guided surgery; frameless stereotaxy;
computer-assisted surgery; robotics.

Introduction

The Frenchay Neurosurgical Department in Bristol,
UK provides a comprehensive neurosurgical service to
a population of 2.5 million in the South West of
England, performing in excess of 2200 operations
a year of which 1200-1300 are intracranial procedures.
This activity has to be fed through two operating
theatres and 48 adult neurosurgical beds so there is
considerable pressure to make efficient use of resources
in the department. In June 1992 interactive image

guided surgery was introduced to the department in
the form of the ISG Viewing Wand. As this as the first
installation outside the umbrella of the Federal Drug
Administration and the first to apply the technology to
a complete cross section of intracranial neurosurgery
we set out to study the use of the Wand with four main
aims in mind: 1. to examine the range of application of
the system, 2. to determine the application accuracy of
the system, 3. to study the logistics of wand use in
a busy practice such as ours and 4. to determine the
universality of application or otherwise of contour
matching interactive image guided neurosurgery. This
paper is a summary of our first 27 months experience
with the system.

Material and Methods

The ISG viewing wand is a free standing mechanical
arm system for interactive image guided surgery that
allows registration of a three dimensional data set to
the patient using contour matching algorithms [2].
The Wand itself, first developed by the Canadian com-
pany, ISG and now refined and marketed by the
Swedish company, Flekta, consists of a mechanical
arm with six moveable joints each with a 320 degree
range of movement. Each joint contains potentio-
meters that constantly relay the position of each joint
and therefore the tip of the Wand to the host computer,
the Hewlett Packard 710.

The ISG/Elekta Wand software is Unix based image
processing software that allows accurate segmentation
and seeding of the skin surface on either CT or MRI
scans to produce accurate three dimensional recons-
truction from two dimensional scan data [6]. The
software also allows for near real time reformat of the
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two dimensional scan data in any plane including the
standard tri-orthogonal planes and an in line view in
the direction the Wand is pointing.

To be useful clinically the position of the pre-
operativeimages on the computer have to be registered
accurately to the position of the patient’s head [5].
Firstthe armitselfis attached using a special adapter to
the three pin head rest. The registration process itself
consists of three parts. Firstly the position of recognis-
able skin features are registered by placing the wand on
the skin point, always the nasion and then a combina-
tion of points around the eyes and ears registering the
same point on the 3D image on the computer. A mini-
mum of three fixed points with a maximum of five
points are used.

The second part of the registration process involves
placing the Wand on a minimum of thirty randomly
placed points on the scalp surface in a distribution that
covers the whole circumference of the scalp. The con-
tour matching algorithm is then run on the computer
to complete the registration.

Finally and essential to the whole process of registra-
tion to preoperative images is a thorough accuracy
check. First the wand is placed on the recognisable skin
features and the position compared to that of the wand
tip on the computer screen. The second check is to
place the wand lightly on the skin in all four quadrants
of the scalp and observe its position on the triortho-
gonal display on the computer. The Wand is then
pressed in towards the bone and the degree of move-
ment of the tip observed on the screen. A symmetrical

Table 1. Supratentorial Tumour Surgery
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exact match of wand position is required to be certain
of an application accuracy before intraoperative brain
shifts occur of +/—2mm. A variety of tips can be
attached to the Wand. We have used long and short
straight probes, a bayonet probe, a biopsy cannula,
various designs of electrode carrier and the rigid ven-
triculoscope.

Results

The overall series of cases to data is summarised in
Tables 1-4. A total of 318 operations in 305 patients
were performed, including 13 multiple procedures un-
der the same anaesthetic. The mean registration time
for the series was 21 minutes with a range of 5-70
minutes. The mean operation time was 2.32 hours
(median 2 hours) with a range of 20 minutes to 13
hours. Mean length of hospital stay was 8.9 days
(median 6 days) with a range of 1-154 days. This
compares with an overall mean length of stay for all
intracranial cases in the department of 10 days (median
7.7 days, range 1-423 days).

Table 1 summarises the experience to data with
supratentorial tumour surgery. 25% of intrinsic tu-
mours were biopsied either directly or using the ven-
triculoscope, 50% had standard craniotomies and
25% were suitable for a minimally invasive surgical
approach and resection. The minimally invasive ap-
proach to gliomas supported by the Wand, the extra
certainty of tumour margins offered by the wand and
the reduction in disruption of the normal brain that

Biopsy Craniotomy Trephine Ventriculoscopy Transphenoidal Total

Intrinsic tumours

Malignant glioma 25 56 21 1 - 103

Low grade astro 5 15 15 - - 35

Lymphoma 3 1 1 - - 5
Total 33 72 37 1 0 143
Extrinsic tumours

Meningioma - 12 3 - - 15

Metastasis 1 12 9 - 22

Pineal 1 3 - - 7

Pituitary - 4 1 - 24 29

Craniopharyngioma 2 1 1 - - 4
Total 4 32 14 3 24 77
Missed lesion 1 1 - - - 2

Total 37 105 52 4 24 222
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Table 2. Infratentorial Tumour Surgery
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Craniotomy Post fossa SOC Petrousectomy Total

Meningioma - 3 - 4
Cholesteatoma - - - 2
Dermoid 1 - 1 - 2
Acoustic - - 3 - 3
Glomus - - 1 1 2
Metastasis - - - 1 1
Brain stem tumour

Low grade astrocytoma - 2 - - 2

Malignant glioma - - - 2
Clivus tumour 2 - 1 - 3
Cerebellar

Haemangioblastoma - 1 - - 1

Juvenile astrocytoma - 1 - - 1

Medulloblastoma - 1 - - 1
Total 3 10 7 4 24

SOC suboccipital craniectomy.

can be achieved with wand surgery is reflected in the
length of stay for the different glioma operations. The
mean length of stay for both surgical biopsy and for
definitive resection was 6.1 days. Of the surgical resec-
tion cases, for those undergoing standard craniotomy
the mean length of stay was 6.7 days. For trephine and
minicraniotomy cases it was 4.9 days.

The system has been used in the surgery of 77
extrinsic tumours. For metastases and some meningi-
omas the wand was used in the same way as for
intrinsic tumours, i.e. to locate and resect lesions within
the brain with the minimum disruption to the normal
brain. With skull base meningiomas the wand was used
for orientation within the tumour and for locating
important structures adjacent to or within the tumour.
For pineal tumours the wand was used either to aid
orientation during direct surgery or to orientate the
ventriculoscope during ventriculoscopic biopsy and
third ventriculoscopy. In trans-sphenoidal approaches
to the pituitary gland, the wand was used to provide
tri-orthogonal orientation during the approach, an
advantage over our standard technique of lateral X ray
screening alone. This allowed the sphenoid fenestra-
tion to be made in precisely the right place so that
fracture of the Vomer could often be avoided.

In two patients ( < 0.5%) the lesion was missed and
histology not obtained. This compares favourably with
series of other forms of image guided surgery [7].

The wand was easily applicable to all types of pos-
terior fossa surgery included cerebello-pontine angle
tumours, intracerebellar tumours and brain stem tu-
mours. However the series only contains three acoustic

neuromas out of a total of 75 acoustics operated on in
the department during the study period. The acoustic
surgeons very quickly decided that the wand did not
enhance their already minimally invasive sub-occipital
approach as it was not possible to image the anatomy
that they wished to avoid.

Tables 3 and 4 summarise the use of the wand for
indications other than tumour surgery. All the non
lesional epilepsy surgery in the department is now
carried out wand directed. Rather than use anatomical
cues to orientate the dissection for a selective temporal
lobectomy, a trans-sulcal approach is now used having
first used the wand to place deep brain electrodes for
peroperative recording. The extent of resection is now
tailored to the peroperative neurophysiology. The
exact extent of a callosotomy can easily be determined
by the wand and the placement of deep brain electrodes
can be carried wand directed much more quickly than
with frame based techniques.

One application for the wand that has extended the
range of image guided surgery is in vascular surgery.
We started using the wand to locate peripherally
placed aneurysms that were difficult to find with
conventional techniques. However the use of the wand
has increasingly been extended to include more con-
ventionally placed aneurysms e.g. pericallosal and
middle cerebral aneurysms, where the wand allows
a minimally invasive approach to be carried out to
identify the proximal vessel and the aneurysm safely
without extensive anatomical dissection.

Table 4 outlines the other non tumour applications
of the wand. The role in abscess surgery is the same as
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Table 3. Non Tumour Surgery — Non Lesional Epilepsy
Biopsy Craniotomy Trephine Total

Selective temporal lobectomy - - 16 16
Deep brain electrodes - - 7 7
Callosotomy - 2 - 2
Multiple subpial transection - 1 - 1
Neurophysiology - 1 - 1
Total 0 4 23 27
Vascular surgery Craniotomy Trephine Post fossa Total
Aneurysm 4 3 1 8
AVM 4 - 3 7
Cavernoma 3 1 4 4
Intracerebral haematoma 1 - 1
Total 11 5 4 20
Table 4. Non Tumour Surgery — Other

Biopsy Burrhole  Trephine Crany Post fossa  Orbity T/oral Laminy Total
Abscess surgery - 7 4 - 1 - - - 12
Orbital surgery 3 - - - - 9
Hydrocephalus - 1 - - - - - 1
Spinal surgery ~ - - - - - 2 1 3

Crany craniotomy, Orbity orbitotomy, T/oral transoral, Laminy laminectomy.

for tumour surgery. Of particular value is the ease with
which multiple abscess can be drained. Orbital surgery
has been greatly enhanced by image guided techniques,
particularly the biopsy of orbital lesions. In one case of
hydrocephalus associated with a Russell Pennybacker
cyst. The wand was used to locate and drain both the
ventricle and an isolated cyst with the same catheter.

We have started to explore the use of the wand in the
spine. High cervical surgery can be carried out image
directed using exactly the same technique as for skull
base procedures. Application for surgery to the rest of
the spine however is limited by the additional problems
of registration when the wand base cannot be fixed
firmly to the relevant anatomy. We have overcome this
in one case of a sacral osteoblastoma by scanning the
patient in the operative position, fixing the wand to the
operating table and minimising the movement between
the patient and the wand base. We then registered the
image to bony landmarks on the spine at the same
point in expiration and were able to achieve an accu-
racy of +/— 5Smm, sufficient to localise a 2cm dia-
meter osteoblastoma. However the problems of regis-
tration will limit the universal application of the tech-
nique in the spine.

Discussion

Frame based stereotaxy has never been universally
applicable to general intracranial neurosurgery [5].
Reasons for this include problems of accessibility with
the frame in place, particularly in the posterior fossa
and around the skull base, the difficult and time con-
suming logistics of peroperative scanning and the re-
luctance of general neurosurgeons to learn stereotac-
tic techniques. Use of the viewing wand is applicable in
any intracranial case where a pointer that relates in-
traoperative position to a preoperative image to an
accuracy of no more than + / — 2 mm has advantages.
The range of application will therefore vary with an
individual surgeon’s requirements, but as this study
shows, the system can have application to a complete
cross section of intracranial neurosurgery, enhancing
minimally invasive surgical techniques, reducing the
exposure required, minimising trauma to the normal
brain and aiding localisation of vital structures in
anatomy distorted by the pathology. The system has
extended the range of image guided surgery to include
the posterior fossa and brain stem, the skull base and
the orbit and is applicable to pathology not usually
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associated with image guided techniques. e.g. vascular
surgery and pituitary tumours. The indications for use
of the system in the spine, apart from the high cervical
region will prove limited because of the different regis-
tration technique required when compared with good
real time biplanar X ray screening.

The implications of a universal enhancement of
minimally invasive neurosurgery will need to be care-
fully assessed not only in terms of outcome and side
effects of surgery, but also in terms of treatment proto-
cols, health economics and training. Already we have
seen a greater reliance on radical surgery in our treat-
ment policies. We have witnessed a tangible benefit in
terms of theatre utilisation and patient throughout in
the fact that we have sustained a 2.5% increased work-
load on a 10% reduction in available beds. The impli-
cations for the training of junior neurosurgeons will
be enormous as the effects of European legislation
take effect in the UK, effectively halving the length of
time a junior surgeon can now spend in a training
grade.

The use of contour matching is unique to the viewing
wand and is of fundamental importance as it is this
allows registration to preoperative images. Universal
availability of images for interactive image guided
surgery is not possible if a fiducial scan is required
before each intervention. The theoretical advantage of
fiducial based systems in terms of accuracy is nullified
by the way in which interactive image guided systems
are used, as an adjunct to craniotomy where an appli-
cation accuracy of greater than + /— 2mm is neither
possible nor necessary [3].

Lack of real time update with the system is always
presented as a theoretical objection to its applicability.
However the system is interactive in that it allows the
surgeon to constantly update the registration to both
fixed and moveable anatomical structures simply by
placing the wand on a structure and assessing its
position on the computer screen. It is this fundamental
difference to frame based stereotaxy combined with the
universal application of the wand and systems like it
that make the term “frameless stereotaxy” such a mis-
nomer. We recommend that the term “Interactive im-
age guided neurosurgery” coined by Macuinas should
be adopted instead [4].

What is the role of frame based stereotaxy in the
future? Some light has been thrown on this question by
this series. The Leksell G frame has continued to be

D. R. Sandeman and S. S. Gill

used for the point localisation of deep brain structures
in procedures such as thalamotomy and thalamic bi-
opsy. We perceive that the stereotactic frame will
persist in this its traditional role until such time as
lockable arms have been fully developed. The relocat-
able stereotactic frame has created the ability to frac-
tionate stereotactic radiosurgery and as a result the
main developments for frame use will be in the delivery
of all head, neck and brain radiotherapy [1].

The technology of the location device in interactive
image guided surgery is developing rapidly. Mechani-
cal arms will be replaced by armless systems. The focal
length of a microscope can now be registered to the
preoperative image. Lockable arms are being devel-
oped which will have applications, particularly in
neuro-endoscopy. Active robotic arms are also a possi-
bility for the future but will present a completely new
set of problems to overcome. However the major
breakthrough in this field bas been made with the
ability to register a patient to a three dimensional data
set. Modern neurosurgery began with the advent of
cross sectional imaging and the microscope. Interac-
tive image guided neurosurgery is technology that
bridges the gap between the two and as such represents
as fundamental an advance.
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Summary

Stereotactic endoscopic techniques are extremely helpful in diag-
nosis and therapy of cystic intracerebral space occupying lesions.
Acute space occupying lesions can be managed effectively and
without major tissue traumatization. Up to now we have operated
on more than 70 cystic intracerebral space occupying lesions with
a stereotactic endoscopic technique. The main diagnoses were
colloid cysts, cystic craniopharyngeoma, arachnoidal and pineal
cysts. In must be stressed that in cystic anaplastic astrocytomas and
glioblastomas as well as metastases only an acute inner cerebral
decompression can be achieved by neuroendoscopic techniques in
combination with the application of reservoir systems. In benign
parenchymal or intraventricular cysts neuroendoscopicintervention
is performed for definitive treatment. The results are overall en-
couraging. There was no operative mortality and operative morbid-
ity was below 3%. Postoperative follow-up in patients with benign
cysts showed no evidence of recurrence.

Keywords: Stereotactic neurosurgery; neuroendoscopy; cystic
brain tumour; colloid cyst; craniopharyngioma; pineal cyst.

Introduction

Intracerebral cystic lesions are a domain for
stereotactic endoscopic interventions [3,5,12]. This
group of pathological space occupying cavities in-
cludes colloid cysts, cystic craniopharyngiomas, pineal
cysts, arachnoideal cysts, as well as malignant tumours
with cystic components as it is the case with anaplastic
astrocytomas, glioblastomas and metastases. Cystic
lesions of the third ventricle have to be discussed
separately. From an anatomic and functional point of
view the third ventricle can be divided in three com-
partments: the anterior, the posterior, and the superior
part. Raimondi describes a fourth parasellar part [19].

Microsurgical interventions on cystic lesions,
located in the different parts of the third ventricle,
demand various operative approaches [7,20,22,24,25].
They carry a high risk of complications. In contrast,

with a frontal, precoronar stereotactic endoscopic bur-
rhole approach all compartments of the third ventricle
can be reached easily with a flexible steerable endo-
scope and the cystic lesions can be evacuated in mini-
mal invasive, less traumatical technique. Colloid cysts
located in the anterior and superior part, cystic cran-
iopharyngiomas in the parasellar and anterior part,
and pineal cysts in the dorsal part of the third ventricle
are typical indications for stereotactic- endoscopic in-
terventions.

Material and Methods

Instruments

Different rigid and flexible endoscopes for neuroendoscopic inter-
ventions are presently available. The specifications vary and one
must choose according to the planned operative application. For
neuroendoscopic interventions in intracerebral, space occupying cysts
we prefer the flexible steerable endoscope together with the rigid
Marburg Endoscopy Fixation and Guiding System which is compat-
ible to our stereotactic system. The system consists of a special
self-retaining arm, which provides the necessary stability during the
operative procedure. The endoscopic working depth is regulated by
micrometer screws. The metallic guiding system consists of bougies
and guiding tubes of different diameters and length. Supplementary
instruments are microforceps for biopsy, microscissors for cyst fenes-
tration, bare laser fibers for hemostatic procedures and vaporization
and radiofrequency probes. Digital dynamic subtraction radio-
graphy is used intraoperatively for ventriculography or cystography.

Operative Technique

Endoscopic interventions on cystic intracerebral processes can be
performed “free-hand” or with stereotactic technique. We prefer the
stereotactic-endoscopic technique because it offers the advantage of
CT or MRI precalculated guidance to the region of interest [12,13].
It is advisable to choose two target points, one at the outer cyst wall
and one at the bottom of the cyst. Both can be reached using one
trajectory without changing angles at the stereotactic system. After
burrhole trepanation, incision of the dura mater and coagulation of
the arachnoidea, the endoscopy guiding tube is inserted and guided
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to the calculated target point (outer surface of the cyst wall). The
inner guiding tube is removed and the cyst membrane can be
inspected. In inventricular cystic processes (colloid cyst, pineal cyst)
the anatomic-topographical relationships can be judged with good
optical quality, whereas in intraparenchymal cysts rinsing of saline
solution is necessary to get an impression about the surface of the
cyst. Endoscopic inspection and judgement of the capsule consist-
ence and its vascularization is an obvious advantage against “blind”
stereotactic evacuation of cystic lesions, because the main problem
with the perforation of elastic cyst walls is the occurrence of post-
punctional hemorrhage. The opening of the cyst membrane is per-
formed with the help of microscissors or microcatheters. Thin
membranes can be fenestrated by use of radiofrequency or laser
coagulation. After fenestration the endoscope is guided through the
cyst to the second calculated target point. The cyst contents are
aspirated either directly through the endoscope’s working channel or
through an applied microcatheter. If the contents is too viscous
(colloid cyst, cystic craniopharyngioma) it is aspirated under con-
tinuous rinsing. In our experience it is very important to vaporize the
remaining cyst capsula with radiofrequency or laser application. The
success of the intervention is controlled intraoperatively by digital
dynamic subtraction cystography combined with ventriculography.
In patients with cystic glioma, where a resection of the solid tumour
parts is planned, an Ommaya reservoir for repeated fluid aspiration
is installed.

Results

From June 1990 to August 1994 more than 70
patients with intracerebral cystic space occupying
lesions were operated on in stereotactic endoscopic
technique. There was no operative mortality, operative
morbidity was 1.4%. Malignant cystic neoplasms
(anaplastic astrocytomas, glioblastomas, metastases)
were operated on to establish histopathologic diag-
nosis, to reduce raised ICP, and to apply reservoir
systems for repeated puncture. In some cases stereotac-
tic endoscopic intervention was followed by microsur-
gical resection of the solid tumour parts and
radiotherapy. Stereotactic endoscopic operations for
benign intracerebral space occupying lesions were per-
formed with the aim of a definite cure. Intraventri-
cular cysts were treated most successfully.

a) Colloid Cyst

Seven patients with colloid cysts were operated on in
stereotactic endoscopic technique. Three patients had
symptoms according to group 1 (headache, papil-
ledema, and neurologic disorders) and four patients
according to group 3 (headache, drop attacks) defined
by Kelly [14]. Total evacuation and vaporization of
the capsule was performed in all cases. There was one
patient with an intraoperative hemorrhage from the
tumour capsule. Six months after the intervention this
patient is suffering from memory deficits and slight loss
of impulsion. Up to now there was no cyst recurrence
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Fig. 1. (a) CCT:colloid cyst of the third ventricle. (b) After stereotac-
ticendoscopic intervention CT control shows only a small rest of the
cyst capsule

(Fig. 1a, b). In four more patients, who were admitted
to our department with the radiological diagnosis
“colloid cyst”, stereotactic endoscopic biopsy of the
intraventricular tumour revealed two ependymomas,
one plexuspapilloma, and one solid craniopharyn-
gioma.

b) Cystic Craniopharyngioma

In five patients with cystic craniopharyngioma, the
large space occupying intraventricular tumour part
was evacuated through a precoronar burrhole ap-
proach. The cyst wall was shrinked by laser beam or
radiofrequency as much as possible. If parts of the
capsule were adherent to parasellar structures they
were left in situ. 3 patients are now without tumour
recurrence, whereas in two patients nine and twelve
months after the endoscopic intervention the remaining
solid tumour portion was removed in microsurgical
technique (Fig. 2a, d).

¢) Pineal Cyst

Cystic lesions of the pineal gland caused periodical
headache and vertigo in two patients. Neuroradiologi-
cal examination showed the large space occupying
cystic lesion with a hydrocephalus due to an aqueduct
stenosis. The cysts were punctured and the contents
were aspirated. Adherent parts of the capsule were left
in situ. The restoration of normal CSF circulation was
controlled intraoperatively by dynamic digital sub-
traction ventriculography. Both patients are without
neurological deficits or cyst recurrence (Fig. 3a, b).
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Fig. 2. (a, b) Sagittal and coronar MRI: suprasellar cystic lesion in the anterior part of the third ventricle growing up from the suprasellar
region. (c, d) After evacuation of the cystic craniopharyngioma control MRI shows the residual tumour capsula

Discussion

Stereotactic endoscopic interventions for cystic
malignant intracerebral space occupying lesions are
performed to guarantee a high rate of acute decom-
pression using a minimally invasive approach and at
the same time to establish histopathological diagnosis.
The main goal for the intervention is to save patient’s
quality of life for the remaining short space of life. The
decision for a secondary microsurgical tumour-
resection should be made with regard to the patient’s
general state. This therapeutic strategy is evident. In

contrast, the treatment of benign intracerebral/intra-
ventricular cystic lesions appears more controversial.
In our opinion intraventricular cysts are particularly
omitable for stereotactic endoscopic intervention using
a flexible steerable endoscope together with the
Marburg Neuroendoscope Fixation and Guiding Sys-
tem.

Colloid Cysts

Since the first extirpation of a colloid cyst performed
by Dandy in 1921 various operative techniques in the
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Fig. 3. (a) MRI: a large space occupying lesion in the pineal region which causes a compression of the proximal aqueduct of Silvii. (b) MRI
control after stereotactic endoscopic cyst evacuation with the remaining tumour capsule. Clearly visible the decompressed aqueduct

therapy of this pathology have been proposed
[1,2,6,15,18]. Before the microsurgical era operative
mortality was 10-20% [8]. Conventional microsurgical
approaches to resect colloid cysts are the frontal trans-
cortical method [20], which uses the lateral ventricle
as a corridor, and the interhemispheric transcallosal
approach [25]. The complication rates of both tech-
niques amount to 5% (the number of CSF diversion
system is not included). In 1978 Bosch reported about
the first successful evacuation of colloid cysts using
stereotactic techniques [6]. He was followed by
Donauer, Konziolka, Ostertag, and Warnke, who have
the largest series of colloid cysts treated stereotactically
partly combined with endoscopic technique [8,15, 18,
26]. The reported complication rates of stereotactic
colloid cyst treatment are extremely low, though many
of the patients were treated preoperatively with CSF
shunting systems. Compared to stereotactic operative
methods our stereotactic endoscopic evacuation tech-
nique of colloid cysts has the advantage of direct visual
control to prevent injury of the thalamostriate and
septal veins and the choroid plexus, which can cover
the upper part of the cyst [4,5]. Furthermore the
complete removal of the cyst contents can be judged
intraoperatively and the remaining cyst wall is vaporiz-
ed stepwise under endoscopic guidance. The main
point of discussion is that remaining parts of the cyst
wall can lead to a recurrence [17]. In our experience
and in long term follow-up studies of patients with
colloid cysts, which were operated on with stereotactic
technique, this assumption could not be verified [ 18,26].

Cystic Craniopharyngioma

Despite the use of microsurgical techniques mortal-
ity and morbidity in operative treatment of cranio-
pharyngioma are not negligible. Operative mortality
after primary resection is about 5% [16,21,23], where-
as after a second intervention mortality increases to
30% [24]. The main problem in craniopharyngioma
surgery is recurrence. Even in patients who were oper-
ated on radically, recurrence rate is high [24]. As
a consequence we propose to operate on cystic cran-
iopharyngioma using minimal invasive approaches.
The tumour is reached easily through the frontal
precoronar burrhole approach without major tissue
traumatization. It is punctured and evacuated to
guarantee a sufficient inner decompression of hypo-
thalamus, optic nerve and other surrounding, sensitive
structures. The cyst wall and additional microcystic
changes are vaporized. In case of tumour recurrence
microsurgical resection, irradiation, and stereotactic
application of a cysto-ventricular shunt or Ommaya
reservoir are recommended [10,11].

Pineal Cyst

Symptomatic pineal cysts are rare [9]. The main
indication for operative treatment of space occupying
pineal cysts is the development of an acute occlusive
hydrocephalus. Microsurgical approaches as the in-
fratentorial, supracerebellar route to the pineal gland
have a mortality of about 5% and a morbidity of 8%
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[22]. In 1994 Fain reported on 24 patients suffering
from symptomatic pinealis cyst with an operative mor-
bidity of 12% [9]. With the stereotactic endoscopic
evacuation technique, mortality and morbidity are
reduced to zero. The main disadvantage is, as it is the
same with colloid cysts and cystic craniopharyngioma,
that adherent parts of the cyst wall cannot be resected
using this approach. However, up to now there is no
cyst recurrence in the two patients with pineal cysts we
have operated on.

Conclusion

Stereotactic endoscopic interventions for cystic in-
tracerebral lesions are minimal invasive and have
a lower complication rate than microsurgical oper-
ations. The main advantage to ordinary stereotactic
procedures is direct visual control of the intervention
enabling an intraoperative control of the cyst evacu-
ation and resection or vaporization of the cyst wall.
With intraoperative dynamic digital subtraction ven-
triculography intraoperative restoration of CSF path-
ways can be demonstrated.
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Summary

Neurosurgical practice in the treatment of affective disorders has
changed dramatically over the last 40 years. This paper traces the
changes which have occurred in one institution, namely Atkinson
Morley’s Hospital, Wimbledon, London, UK from 1948 to the
present day.

Freehand operations designed by McKissock and performed on
large numbers of patients disappeared as better non-surgical treat-
ments became available and long term complications and treament
failures became dearer. In the 1970’s stereotactic limbic leucotomy,
a much more focal and accurate operation, was devised and became
popular. The present day practice utilises precisely the same tech-
niques as the original stereotactic limbic leucotomy but is employed
on small numbers of patients. The procedure continues to have a role
for those few patients with severe psychiatric illness, particularly
obsessive compulsive disorder, which has proved refractory to other
therapeutic modalities.

Keywords: Stereotaxy; psychosurgery; obsessive-compulsive-
disorder.

Introduction

Neurosurgery for affective (i.e. psychiatric) disorders
in the UK has changed almost beyond recognition
over the last 40 years in a large part due to medical
advances (such as the introduction of effective drug and
behavioural treatments), but importantly, these
changes have taken place on the foreground of a chang-
ing socio-political milieu. This paper aims to describe
such changes by tracing the neurosurgical treatment of
affective disorders in one institution, namely Atkinson
Morley’s Hospital, Wimbledon, London, UK.

There have been essentially three distinct phases
represented by:

1. Sir Wylie McKissock — 1950s and 1960s.
2. Stereotactic limbic leucotomy — 1970s.
3. Present day practice.

1. Sir Wylie McKissock (1906-1994) (Fig. 1)

The late Sir Wylie McKissock was the leading Brit-
ish neurosurgeon of his generation influencing neuro-
surgical practice and organisation in the UK to a con-
siderable degree. He will be remembered for many
different things by many different people.

Sir Wylie was a strong proponent of neurosurgery
for affective disorders. His practice reflected that which
was common during the 1950s in the UK. Thus, sur-
gery was performed mostly in local psychiatric hospi-
tals and not in the neurosurgical centre. This was partly
because most of the patients were chronically institu-
tionslised but also, more probably, because the operat-
ive procedures themselves were very simple to perform,
required no special instrumentation and the patients
were perceived to require no special post-operative
neurosurgical or nursing care.

After performing the first rostral leucotomy as an
open procedure in December 1948 McKissock quickly
changed to a “closed” procedure (i.e. performed via
bilateral burr holes). This procedure was similar to
Scoville’s operation which involved undercutting of
the superior frontal convolution though McKissock
thought his was less in extent (the leucotomy passed
from just in front of the coronal suture to the frontal
pole and measuring 1-2cm in width). However, Sir
Wylie emphasised the “experimental nature of leuco-
tomy” [6] and tried several different angles of cutting
of the frontal white matter ranging from the original
Rostral Leucotomy to the Rostral G (after Grantham
who was then placing electrocoagulative lesions in
much the same place. The place of the Rostral G passed
to the junction of the middle and posterior thirds of the
orbital plate) and finally to the Rostral P (after Pip-
pard, one of his referring psychiatrists. The cut in this
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Fig. 1. Sir Wylie McKissock (1906-1994). This portrait, commisio-
ned around the time of his retirement, currently hangs in the Wolfson
Centre, Atkinson Morley’s Hospital

operation was further forward than the Rostral G but
behind the original Rostral Leucotomy and aimed for
the midpoint of the orbital roof). The Rostral P leuco-
tomy became McKissock’s favoured procedure as he
thought it combined lesser side-effects without com-
promising efficacy as compared with the earlier oper-
ations he had used. At a meeting of the Royal Society of
Medicine in 1956 [6] Sir Wylie described having per-
sonally performed 490 such operations for patients
with various psychiatric complaints (and it is certain
that many more were performed by him by the time of
his eventual retirement over a decade later). In this
1959 communication 46.8% of all patients were re-
ported to have been able to be discharged and return to
work, 19.3% discharged but not able to work and
29.8% were still in-patients. Best results were achieved
in depressives with obsessional components, the worst
in chronic schizophrenics. The simple (some would say
rudimentary) operative procedures were safe with
a low neurological morbidity and with an operative
mortality of 1%. However, the incidence of epilepsy at
long term follow-up was high (probably over 20%) and
rigorous long term follow-up in terms of the patients’
cognitive and emotional status was lacking and it is
certain that many patients were left considerably im-
paired in these respects. Also no objective measure-
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ments of efficacy in terms of the management of the
psychiatric condition was made except in the crudest
way. What these destructive operations probably did
achieve was to make patients more manageable at
a time effective alternative treatments were not avail-
able. A decade or so later drug treatments had largely
taken over.

2. Stereotactic Limbic Leucotomy [4, 5, 7]

The operation of stereotactic limbic leucotomy was
devised at Atkinson Morley’s Hospital by the neuro-
surgeon Mr A. E. Richardson and his collaborative
psychiatrist Dr D. Kelly in the early 1970s. It was, and
remains, unique in the field of surgery for affective
disorders in that it combined lesions in the cingulum
bundle (derived from Fulton’s experimental work and
Cairn’s clinical use [12]. Pure cingulotomy is still
practised in some centres [2]) with those in the frontal
lobes. Lesions were placed using traditional stereotact-
ic techniques to produce exactly reproducible focal
lesions at these two areas in order to disrupt the
reverberating limbic circuits (Papez’s loop [9]) and the
fronto-limbic and thalamocortical connection [1, 8].

Four lesions were made in the anterior cingulum
bundle bilaterally and 3 lesions in the ventromedial
quadrant of the frontal lobes bilaterally (thus making
14 in all). Using a thermistor electrode with a 8§ x 1 mm
tip heated to 56 centigrade for 2 minutes at each of
these 14 sites the effect aws essentially to produce
1 large lesion at each of 4 sites (i.e. cingulum bundle and
inferior-medial frontal lobe white matter bilaterally).

All the lesions were placed via 2 parasaggital coronal
burr holes. General anaesthesia was employed and air
ventriculography combined with biplanar tele-
radiology used to calculate the target sites (a combina-
tion of boney and ventricular landmarks were used.
Figs. 2a and b).

Electrophysiological corroboration was employed.
The patient was allowed to breath spontaneously.
Stimulation of the target sites produced a number of
autonomic changes (Fig. 3), most notably arrest of
respiration.

Results were rigorously and scientifically scrutinised
on all patients up to at least 20 months post-operative-
ly using a number of creditable psychometric testscor-
ing systems (Tables 1 and 2). On all the numerous
outcome measures the results were impressive with
over two-thirds of all patients improved (Table 1).
Results were best in patients with obsessive-compul-
sive disorders or in those with unipolar depressive
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Fig. 2 (a, b). Stereotactic air ventriculogams. (a) AP, (b) lateral. A Leksell frame is used with biplanar teleradiology. Air is introduced into the
ventricular system via a sitting lumbar puncture. The targets have been calculated and are each represented by a black circle (approximate size

of lesion).

Fig. 3. Autonomic changes seen on stimulation of the ventro-medial
frontal targets during limbic leucotomy (similar changes are found at
the cingulum target sites). Channel 1: time (secs) depressed during
stimulation. Channel 2: respiration; apnoea followed by tachypnoea.
Channel 3: Skin resistance; falls, Channel 4: finger pulse; tachycardia
associated with a decreased pulse pressure during stimulation. Chan-
nel 5: Forearm blood flow. (Taken from Anxiety and Emotions, Kelly
D*, p235. With grateful permission)

illnesses with obsession features. At least 150 patients
were thus treated by the mid 1970s. Though prospec-
tive these studies were not blinded and independant
observers were not used. As referral patterns changed
and behavioural therapies became more popular on
the one hand and interest in functional neurosurgery
dwindled on the other the numbers of patients under-

going surgery for affective disorders declined dramati-
cally.

3. Current Surgical Practice

A small but relatively constant number of patients
with affective disorders are currently referred to Atkin-
son Morley’s Hospital for neurosurgery. Since 1987 24
patients with various psychiatric diagnoses have
undergone stereotactic limbic leucotomy; 17 with
obsessive-compulsive disorder, 5 with endogenous de-
pression, and 2 suffering from Gilles de la Tourette
Syndrome. Two patients with obsessive compulsive
disorder were referred following failed cingulotomies
elsewhere.

Following stereotactic limbic leucotomy the mean
in-patient stay at Atkinson Morley’s Hospital is cur-
rently 4 days after which they are transfered to a local
psychiatric hospital for a short period of behavioural
therapy and rehabilitation.

With a mean follow-up of 35 months the overall
outcome has been as follows; 13 have been much
improved or are symptom free, 5 have been improved
to some extent whilst 6 are no better or are worse.
1 patient with endogenous depression commited sui-
cide 3 nonths following surgery. The best results have
been experienced in those patients with obsessive com-
pulsive disorder. These results broadly duplicate the
findings of the 1970’s cohort of patients undergoing the
identical procedure. In addition we have found very
good results in our two patients with Gilles de la



Table 1. Clinical Ratings 6 Weeks and 20 Months Following Stereotactic Limbic Leucotomy. (Taken from Anxiety and Emotions, Kelly D*,

p245. With grateful permission)

6 Weeks 20 Months
% of % of
total total
N I II m 1v v improved I 11 m 1v v improved
Obsessional neurosis 49 2 22 14 11 0 78 7 23 11 5 3 84
Chronic anxiety 27 0 10 8 8 1 67 3 5 9 8 2 63
Depression 36 5 12 9 10 0 72 7 7 8 11 3 61
Schizophrenia 19 0 4 7 7 1 58 0 6 6 5 2 63
Other:
Personality disorder 7 0 0 1 6 0 0 3 2 2 0
Anorexia nervosa S 0 0 3 2 0 1 0 0 3 1
Depersonalization 1 0 0 0 0 1 0 0 0 0 1
Intractable pain 1 0 1 0 0 0 0 0 1 0 0
Dementia (depression) 1 0 0 0 1 0 0 0 0 0 1
Paranoia 1 0 0 1 0 0 0 0 0 1 0
Palilalia (Parkinsonism) 1 0 0 0 1 0 — 0 0 0 1 0 —
35 41
Total 148 7 49 43 46 3 67 18 44 37 36 13 67

I symptom free, II much improved, 111 improved, IV not improved, V worse.

Table 2. Psychometric Values Before and 20 Months After Stereo-
tactic Limbic Leucotomy. (Taken from Anxiety and Emotions, Kelly
D#, p251. With grateful permission)

20 Months mean

Pre- Post Difference p*
Anxiety
Taylor 323 23.7 8.6 0.001
Hamilton 26.3 16.4 9.9 0.001
MHQ anxiety 11.6 8.6 3.0 0.001
Phobic 7.5 5.9 1.6 0.001
Somatic 8.6 5.7 29 0.001
Basal self rating 5.3 4.5 0.8 0.01
observer rating 5.3 4.0 1.3 0.001
Stress self rating 6.9 6.5 0.4 NS®
observer rating 6.7 6.0 0.7 0.001
Depression
Beck 28.0 18.3 9.7 0.001
Hamilton 25.1 15.2 9.9 0.001
HAQ 10.3 7.7 2.6 0.001
self rating 6.3 44 1.9 0.001
Observer rating 6.2 3.8 24 0.001
Obsessions
Symptoms 26.5 19.3 73 0.001
Traits 12.1 9.5 2.6 0.001
Resistance 354 224 13.0 0.001
Interference 41.1 222 18.9 0.001
MHQ 10.8 8.7 22 0.001
Neuroticism .
MPI 34.0 26.8 72 0.001
Psychiatric symptoms
Cornell 249 16.2 8.7 0.001
Extroversion
MPI 133 16.0 +2.7 0.01
Hysterical
MHQ 59 48 1.1 0.001

2 p: correlated groups t test.
Y NS: not significant.

Tourette Syndrome [ 10, 11]. Complications have been
few. Five patients suffered transient urinary inconti-
nence which resolved by the time of discharge, 4 pa-
tients experienced temporary lethargy and 1 was
frankly confused. Finally 1 patient suffered a facial
palsy which had resolved by 6 months following sur-
gery. We have found follow-up MRI extremely useful
in further delineating the target site anatomy in indi-
vidual cases (Fig. 4a—c).

In small numbers of patients with severe and life
threatening or incapacitating obsessive-compulsive
disorder stereotactic limbic leucotomy remains a rea-
sonable treatment option and can be effective when all
other therapies hace failed.

Conclusion

Neurosurgery is the most conservative of all the
surgical disciplines and no more so than in the sensitive
area of neurosurgery for affective disorders. Over the
last 40 years the surgical practice in this field at Atkin-
son Morley’s Hospital has changed dramatically;
the freehand operations performed on large num-
bers of patients disappeared as better non-surgical
treatments became available and long term complica-
tions and treament failures became clearer. Stereotac-
tic limbic leucotomy designed over 20 yers ago has
proven effcacy and safety. As a result the present day
practice utilises precisely the same techniques as
the originaloperation but is employed on far fewer
patients.
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Fig. 4(a—c). Post-operative MRI studies. The T2 axial images show the cingulate(a) and the frontal (b) lesions separately. The T1 saggital image
show both sets of lesions (the cingulate lesions more distinct in this image, though frontal changes can be seen) and the burr hole and electrode

track

The problems facing surgery for affective disorders
in the future are clear; any innovation is morally
prohibited if seen as “experimentation”. Yet the only
way to definitively test the efficacy of such surgery is to
conduct prospective properly blinded trials. However,
the obstacles are great with very small numbers of
operations being performed at very few centres using
operations often unique to the institution [3]. At pres-
ent in the UK small numbers of incapacitated and truly
refractory patients are undergoing neurosurgery for
affective disorders (at Atkinson Morley’s Hospital the
number has remained at about 4 per year). At present
the neurosurgeon acts as the technician; the Mental
Health Commissioners and independant psychiatrists
decide on the suitability of referral and the ability of the
patient give consent. Yet it is essential if further im-
provements are to be made in the surgical treatment of
affective disorders for clinical and research collabor-
ations between interested surgeons and psychiatrists
continue and flourish.
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Frontal Cingulotomy Reconsidered from a WGA-HRP and c-Fos Study

in Cat
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Summary

A recent positron emission tomography (PET) study demon-
strated that the anterior cingulate cortex (area 24), in addition to SI
and SII cortices, was activated by painful stimuli. In order to
elucidate the participation of relay nuclei in the ascending pain
pathway to area 24, we performed a regrograde labelling study with
WGA-HRP injection into area 24 in cats. Area 24 was found to
receive pain-related thalamic inputs from the intralaminar nuclei
including the central medial nucleus, midline nuclei, modiodorsal
nucleus and possibly the submedial nucleus. We then examined the
expression of Fos protein in CNS induced by formalin injection into
the face in cats. Fos positive neurons were demonstrated in areas 23
and 24, the anterior limbic area, insular cortex, midline and paraven-
tricular nuclei in the thalamus, paraventricular nucleus and other
areas in the hypothalamus, and in many nuclei in the brainstem in
both the formalin-injected group and the control group (anesthesia
only). Labelled regions appeared to correspond to stress-related
sites. The sole difference from the control group was the expression of
Fosin the coronal gyrus and in the trigeminal caudalis nucleus in the
experimental group. Although more Fos positive cells were observed
in area 24 in experimental than in control cats, the difference was not
significant. Our findings suggest that the demonstrated response of
area 24 on PET scan represents stress- and emotion-related events
rather than pain. Surgical intervention into the anterior cingulate
cortex including cingulotomy thus appears to relieve stress and
emotion associated with chronic pain, but not pain inself.

Keywords: Pain; area 24; WGA-HRP; c-fos; cingulotomy.

Introduction

A recent functional study in man by positron
emission tomography (PET) demonstrated that the
anterior cingulate cortex (area 24) along with SI and
SII cortices may participate in the perception of pain
[11]. However, there is in the literature different
opinions regarding the fiber connections between area
24 and thalamic terminal sites of the spinothalamic
tract [9, 14]. In recent years it has been demonstrated
that expression of the proto-oncogene c-fos (Fos pro-
tein) in CNS cells may serve as a “third messenger” in

long-term responses to pain stimuli [3] as well as
a metabolic marker of brain activity [2]. In this study
we used histochemical and immunohistochemical
methods for the examination of 1) retrograde labelling
of neurons in the thalamus after injection of wheat
germ agglutinin conjugated to horseradish peroxidase
(WGA-HRP) into area 24, and 2) c-fos expression in
the CNS, particularly in area 24, after injection of
formalin in the face of cats. On the basis of our findings,
we discuss frontal cingulotomy, originally proposed by
Foltz and White [4] based on the “circuit of emotion”
theory of Papez [10].

Materials and Methods

1) Retrograde Labelling WGA-HRP

In four cats a small dose of WGA-HRP was stereotactically
injected into area 24 of the cingulate gyrus from the contralateral
hemisphere in order to avoid leakage of dye into other regions of
cortex. After a 48-hour survival period, the animals were perfused
and fixed with 8% formalin in 0.1 M phosphate buffer under deep
anesthesia. Serial 50 um frozen sections of the brain were processed
by the tetramethylbenzidine method [8]. Half of the sections were
counterstained with neutral red for identification of the cytoarchitec-
ture. The location of area 24 was determined according to the criteria
supplied by Rose and Woolsey [12].

2) Immunohistochemical Study of Expression of Fos
Protein

After induction of urethane anesthesia by intraperitoneal injec-
tion, a small dose of 5% formalin was injected subcutaneously as
a strong pain stimulus into the right ophthalmic region in two cats
and into the right maxillary region in another two cats. No treatment
except anesthesia was performed on two other cats serving as
controls. After a two-hour survival period, all six animals were
perfused and fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer. The brains were removed and fixed with the same fixative
overnight. After immersion in 30% sucrose solution, serial 30 pm
sections were cut. Fos protein was demonstrated immunohistochem-
ically by a peroxidase/anti-peroxidase (PAP) method using c-fos
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antibody at 1:500 dilution as primary antibody (Oncogence Science,

Ab-2), with reaction for 72 hours at 4°C. Fos protein was subsequent-
ly visualized by diaminobenzidine reaction.

Results

1) Thalamic Afferents to Area 24 (Table 1)

WGA-HRP injection into area 24 was confirmed in
all four cats, as shown in the diagrams at the top of
Table 1. A small amount of diffusion of the dye into
area 23 in the caudal portion of the cruciate gyrus was
observed in cases 225 and 312.

The cells of the anterior nuclear group were all
strongly labelled in all four cats. The rhomboid nucleus
(RH) and the ventromedial nucleus (MV) of the midline
group were also moderately labelled. In the intra-
laminar nuclear group, many cells of the central medial
nucleus (CMN) (Fig. 3A) and paracentral (PAC)
uncleus were consistently labelled. Labelling of the
lateral central nucleus (CL), centromedian nucleus
(CM) and parafascicular nucleus (Pf) was inconsistent.
Labelling of a few cells was observed in all cases in the
lateral portion of the mediodorsal nucleus (MD). In the
ventral nuclear group, no labelled cells were detected in
the posterolateral ventral nucleus (VPL). Interestingly,
a few cells in the submedial nuclus (SUM) were labelled
in two of the four cats. Labelling was also consistently
present in the anterior ventral nucleus (VA), lateral
posterior nucleus (LP) and lateral dorsal nucleus (LD).

R. Kuroda et al.

Table 1. Distribution of Labelled Cells in the Thalamus Following
Injection of Retrograde Tracer in Area 24

Anterior nuclei
AM + + + + +
AD + + + +
AV + + + + + +

Midline nuclei
RH
MV

Intralaminar nuclei
CMN
CL
PAC
CM
Pf

Medial nuclei
MD

Ventral nuclei
VA
VL
VPL
VMP
SUM

Lateral nuclei
LD + + +
LP ++ + +

H o+

I+

Ho OHH++ T+
+
H W LR+
+
+ W W
H W 4+

HH I+ +
(|
+ |
[

H H+

Figures on top of the table show injection sites in 4 cats. Each
arrow points to injection site (black area) from the contralateral
hemisphere. The surrounding stippled area shows slight diffusion
area of the tracer. Symbols: + +: 10 or more cells in each section; +:
less than 10 cells in each section; =+ : a few cells in several sections; —:
absent. For abbreviations, see text.

Fig. 1. Cortical distribution of Fos
positive neurons in cat FC-3 which
had formalin injected into the max-
illary region. Upper figures shows
distribution of Fos in reconstructed
cortex. For symbols, see Fig. 2. Lower
figures show Fos positive cells in
representative sections. Each dot
represents a single stained neuron.
For abbreviations, see text
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2) Distribution of Fos Positive Neurons in the CNS

The cortical distribution of Fos positive cells in
a representative case, FC-3, of the experimental group,
which had formalin injected into the mixillary region, is
shown in Fig. 1. Positive neurons were densely distrib-
uted in the proreal gyrus which corresponds to pref-
rontal cortex in man, and in piriform cortex (Pir),
orbital gyrus (Orb), rhinal sulcus (rhin) and sylvian gyri
(Syla, Sylp). Each of the latter gyri and sulci is part of
the olfactory and insular cortex [6]. In the coronal
gyrus, where facial sesation is represented, a moderate
number of Fos positive neurons (Fig. 3C) were detected
anteriorly. A moderate number of labelled cells were
also found in the posterior portion of the anterior
ectosylvian gyrus (Esyl) and the superior portion of the
anterior gyrus (Syla), which correspond to auditory
cortex (Al, AIl). On the medial surface of the cortex,
many immunoreactive neurons were observed in the
anterior cingulate cortex (area 24) (Cin, 24) (Fig. 3B), as
well as in the anterior limbic cortex (La). Labelled cells
were also densely distributed in the posterior portion
of the cruciate gyrus (Cru), which has been designated
area 23 by some authors [12], but area 3a by others
[5]. In the anterior portion of area 23 in the para-
splenial gyrus (Paraspl), labelled cells were present as
dencely as in area 24, whereas few cells were found in
the posterior portion. In the other three cats of the
experimental group, the cortical distribution of Fos
was more or less the same as in FC-3. However, Fos
cells in cats which had formalin injected into the
ophthalmic region were located more posteriorly in the
coronal gyrus than those in case FC-3. In the control
group, the distribution of Fos positive cells was almost
the same as that in the experimental group, except for
the absence of Fos cells in the coronal gyrus. Figure
2 shows the cortical distribution in a representative
case. Statistical analysis of the average number of
positive cells per section in area 24, the cruciate gyrus
and area 23 in the parasplenial gyrus of both formalin-
injected group and control group was performed with
the Mann-Whitney U Test. The average numbers of
positive cells in areas 24 and 23 (means, 97.4 and 68.1,
respectively) for the experimental group (N = 4) were
more than double those means of control group
(N = 2)(44.9 and 9.0, respectively), but this difference
was not significant (p =0.16, 0.06, respectively). The
corresponding number for the cruciate gyrus in the
experimental group (mean = 104.1) was not signifi-
cantly higher than that (mean = 53.3) of the control
group (p = 0.64).

Fig. 2. Cortical distribution of Fos positive neurons in control cat
FC-2 which received no injection but did undergo urethane anes-
thesia (upper figures). The distribution of Fos positive neurons was
almost the same as that in cat FC-3 except for the absence of Fos
neurons in the coronal gyrus. In the lower figures, the designations of
gyriand sulci used in this study with Brodmann’s area and functional
areas are shown. SI primary somatosensory cortex; AI, AII primary
and secondary auditory cortex, respectively

In the thalamus, no Fos positive cells were detected
in the ventrobasal nucleus. Although Fos positive cells
were commonly found in the paraventricular and mid-
line nuclei, no difference was found between the two
groups. In both groups Fos positive cells were also
found in the hypothalamusincluding the paraventricu-
lar and supraoptic nuclei, PAG, locus caeruleus, para-
brachial nucleus and other brainstem nuclei. The only
difference between the two groups was the expression
of c-fos in the trigeminal caudal nucleus in the experi-
mental group (Fig. 3D).

Discussion

Anterior cingulotomy as advocated by Foltz and
White [4] was not intended to destroy association
fibers in cortex representing pain sensation, but to
restore the normal functioning of the limbic system
being disturbed by the presence of chronic pain. How-
ever, the findings of PET studies have suggested that
the anterior cingulate cortex also participates in pain
perception [11]. If this is the case, the interpretation of
the effect of cingulotomy in patients with chronic pain
must be revised.

The results of our retrograde labelling study indicate
that sensory signals mediated by spinothalamic path-
ways are relayed to area 24 via thalamic midline and
intralaminar nuclei, MD and possibly the submedial
nucleus, each of which receives a contingent of the
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Fig. 3. Photomicrographsshowing(A)retrogradely labelled cells in the medical central nucleus in cat 419;(B) Fos positive neuronsin area 24in
a formalin-injected cat; (C) Fos positive neurons in the coronal gyrus in a formalin-injected cat; and (D) Fos positive cells in the the marginal
layer of the trigeminal caudalis uncleus following formalin injection. Scale in each photograph: 50 pm

spinothalamic fibers [7]. The results of this WGA-
HRP study thus suggest that, in fact, a portion of pain
information is transmitted to area 24.

Although our findings suggested that the number of
Fos positive neurons in the anterior cingulate cortex
was increased 2 hours after formalin injection into the
trigeminal territory, control animals exhibited a simi-
lar distribution of Fos immunoreactivity. Moreover,
no significant difference in the number of Fos positive
cells was observed between cats with and without
formalin injection. If induction of anesthesia is asso-
ciated with stress due to restraint, the similarity of Fos
expression in experimental and control animals could
be explained as a result of stress. In fact, various types
of stress have been reported to increase c-fos expres-
sion in the anterior cingulate cortex [ 13], the paraven-
tricular hypothalamic nucleus and in brainstem nuclei
participating in brain circuits mediating strees reac-
tions [1]. The main sites of c-fos expression in both
groups coincided with these stress-related parts of the
brain, except for the brainstem and terminals in the
somatosensory cortex. In conclusion, it seems likely

that pain information reaches area 24 via the midline
and intralaminar nuclei of the thalamus, following
stress or emotional reactions. Surgical intervention in
the anterior cingulate cortex such as cingulotomy
therefore still seems to produce its effects by the inter-
ruption of circuits involved in stress and emotion.
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Summary

With the development of multichannel magnetoencephalographs
biomagnetic signals can be recorded over large areas at the same
time. It allows determination of the magnetic field outside the head
generated by spontaneous epileptic discharges. From the maxima of
outward and inward magnetic fluxes the locations of the sources of
epileptic discharges can be calculated. The biomagnetic signals
originating from an epileptic discharge is, however, mixed with
biomagnetic signals generated by the background activity of the
brain. A localisation based on a single discharge will therefore be
influenced by the background activity. To diminish this influence, the
biomagnetic signals during repeated identical epileptic discharges
have been averaged. It gives a source localisation common to all
discharges instead of a widely spread cluster of dipole sources. The
error of epileptic dipole source localisations varies with the site of the
dipole in the head as judged from studies with implanted dipole
sources but also with the direction of the dipole as seen in studies
with artificial dipoles in real head volumes. The error is relatively
small in areas where the head has a spherical surface if the dipole
direction is tangential. At other sites or dipole directions, the error
can be very large. Since the site and direction of an epileptic dipole
source is unknown it is not possible to estimate the error of localisa-
tions except by using models of individual head volumes.

Keywords: Epileptic foci; magnetoencephalography; EEG.

Introduction

Magnetic signals outside the head generated by
brain activity was first recorded in the late sixties.
Using a magnetometer placed close to the surface of
the head, Cohen [2] recorded biomagnetic signals
originating from alpha activity. Magnetoencephalo-
graphic records were at that time taken with relatively
primitive instruments based on the Josephson phe-
nomenon found a few years earlier [4]. The phenom-
enon implies that electrons can pass from one
supraconducting region to another separated by a re-
sistive barrier, a weak link. This mechanism is used in

the sensing element of the Supraconducting QUantum
Interference Device (SQUID) used in magnetometers
to measure magnetic flux. The magnetometer consists
of a detection coil connected to a SQUID that converts
magnetic flux to an electric signal. It has to be kept at
a sufficiently low temperature for supraconduction, i.e.,
at —269 °C, attained by having the device immersed in
liquid helium.

The localisation of brain activity with magnetoence-
phalography is based on the fact that an electric cur-
rent in the brain gives rise to a magnetic field outside
the brain. The current generated by a single activated
neurone is too weak to give a magnetic field that can be
recorded but if a large group of neurones is activated at
the same time, the resulting magnetic field may be so
large that it can be recorded at the outside of the brain.
It seems likely that about 10,000 neurones have to be
activated in synchrony to give biomagnetic signals
sufficiently large to allow their identification with mod-
ern instruments.

Magnetoencephalographs

The first magnetometers had a single detection coil.
It meant that only a small fraction of the magnetic field
outside the head could be recorded at the same time.
Magnetic field determinations are required to localise
sources in the brain of biomagnetic signals. Thus,
measurements with the detection coil in different posi-
tions had to be done while the same brain activity had
to appear repeatedly [1,7]. In consequence, determina-
tions of magnetic fields took very long time and the
identity of repeated spontaneous activity like, e.g.,
epileptic spikes, was hard to guarantee. In contrast,
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cortical evoked responses were easy to repeat in a well
defined way. The magnetic fields they generated could
therefore be determined more easily.

During the last decades, there has been a continuous
methodological development of magnetoencepahlo-
graphy with improved signal/noise ratios and in-
creased number of detection coils for concomitant
records of biomagnetic signals over successively larger
areas of the head. Today there are instruments that can
record over one side or two sides of the head and others
that can record even over the entire head.

The magnetic fields generated by brain activity are
very weak. Those generated by cortical evoked re-
sponses are often not larger than about 0.1 pT. Epilep-
tic discharges usually give fields with maximum
strength of 1-5pT. Considering the facts that the
background magnetic field at the surface of the earth is
about 50,000 pT and that the field noise in common
environments usually is larger, gives an idea of the
problem involved in differentiation of the biomagnetic
signals generated in the brain. In part it has been
solved by using two or more coils in series to give
a gradiometer in stead of a magnetometer. One coil is
kept close to the head surface while the other or others
are kept 5-10 cm from the head. Magnetic fields gener-
ated by distant sources will be of approximately the
same strength at all coils. Thus, by having the coils
coupled in series but with opposite directions, the
magnetic flux from distant sources will outbalance
each other. The biomagnetic signals generated in the
brain will, however, be much stronger close to the head
than more distant from it, and the difference will
indicate a field generated in the brain. To further
diminish the effect of environmental field noise, record-
ings are made in magnetically shielded rooms made
with, e.g., three from each other isolated walls of alu-
minium, copper and mu-metal, respectively.

Localisation of dipole sources of epileptic signals
and cortical evoked responses are less complex when
based on MEG than when based on EEG recordings.
In determinations of the sources of EEG signals, calcu-
lations have to include estimations of current distribu-
tion in at least three layers corresponding to the brain,
the scull and the scalp. In contrast, determinations of
the source of biomagnetic signals can be based upon
calculations of the current spread within a single vol-
ume limited by the inside of the scull. Therefore, MEG
has been used extensively for localisation of brain
activities like cortical evoked potentials, slow waves
and epileptiform brain activity.

Records of MEG and EEG in Focal Epilepsy

It is quite common that epileptogen biomagnetic
signals are recorded even when EEG recordings do not
show any epileptiform activity. Figure 1 gives an
example that shows epileptiform biomagnetic signals
in MEG though concomitant EEG did not reveal any
epileptiform activity. It depends on the fact that the
voltage difference between scalp electrodes recorded
with EEG could not differentiate low voltage signals
caused by epileptic discharges from the background
EEG activity. If, however, series of EEG signals are
averaged using the peaks of a series of equal MEG
recorded “spikes” to synchronise the averaging, the
background EEG activity successively becomes out-
balanced while an epileptiform spike of low amplitude
appears in the averaged EEG [5].

The possibility to distinguish an epileptiform signal
against background activity in MEG and EEG de-
pends on the strength of the epileptic discharge. This
strength varies with the number of neurones syn-
chronously activated and their distance from the detec-
tion coils or scalp electrodes. Thus, the fact that MEG
recordings are more sensitive implies that they some-

Fig. 1. Concomitant MEG and EEG recordings in patient with
intractable focal epilepsy. Bidirectional, epileptiform signals in the
MEG recordings with peaks indicated by vertical dotted line (Av1).
No epileptiform signals in concomitant EEG. Lowest record is ECG
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Fig. 2. (A) Organisation of the 37 detection coils of multichannel magnetoencephalograph. (B) Biomagnetic signals in the 37 channels during
period with a single epileptic discharge. (C) Averaged MEG signals from 40 epileptic discharges of the type seen in (B). Vertical bars, 1 pT;

horizontal bars, 1 s

times can reveal an epileptic discharge at an earlier
stage of its development, i.e., before so many neurones
have become involved that it can be seen in EEG skalp
recordings. Thus, in MEG but not concomitant EEG
recordings we have seen interictal epileptiform signals
with origin at one site that within a few milliseconds
have grown larger and at the same time moved to
another site, there giving rise to interictal epileptiform
signals in both MEG and EEG. In such cases it seems
likely that MEG gives a better chance than EEG to
find the pacemaker for seizures.

Influence of Background Activity on Source Localisation

In MEG recordings, the relation between epileptic
signals and background brain activity varies with the
distances to the sources of epileptic activity and back-
ground brain activity. There is always cortical back-
ground activity quite close to the detection coils while
the epileptic discharges can appear at different distan-
ces from the coils. The more distant the source is the
smaller will the recorded signals be. The distribution of
the biomagnetic field depends on the direction of the
current dipole generating the field. It is thus only over
restricted areas that the biomagnetic signals generated
by an epileptic discharge are large enough to be distin-
guished against the magnetic fields generated by the
continuous cortical background activity. If the MEG
detection coils are in a position over the head with
maximum epileptiform biomagnetic signals, the ratio
between the amplitude of epileptiform signals and
background activity is commonly larger in MEG than
in scalp EEG recordings. When they are in other

positions, the opposite is true, and epileptiform activity
may be seen in scalp EEG but not in MEG.

Figure 2A shows the form and organisation of
detection coils in the magnetoencephalograph
(KRENIKON, Siemens) that we have used in studies of
focal epilepsy. It has 37 gradiometers in a nearly circu-
lar plane (19 x 17cm) with a distance of 27mm be-
tween the centres of the coils. The biomagnetic signals
recorded with the different gradiometers during
a single, focal epileptic discharge in the left temporal
area of a child is seen in B. In C, each record is an
average of 40 biomagnetic signals synchronised to the
peaks of spikes (dotted vertical lines) in the MEG
recordings. As can be seen in the figure, the bio-
magnetic signals have opposite direction in two areas
of the magnetic field indicating inward and out-
ward magnetic flux. The source of the field is usually
estimated to be under a line between the maxima of
outward and inward magnetic flux on a distance from
the plane of the detection coils equal to the distance
between these maxima divided by the square root of 2.

The biomagnetic signals generated by an epileptic
discharge are mixed with biomagnetic signals gener-
ated by the continuous background activity. When the
epileptic discharge is repeated, its magnetic field will be
mixed with the field from a different background activ-
ity. Therefore, the magnetic fields recorded during
repetition of epileptic discharges can never be identical
even if the epileptic discharges are identical. Inlocalisa-
tions of dipole sources based on single epileptic dis-
charges, influences from the cortical background
activity can not be excluded. Since the main part of the
background activity is generated close to the detection
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coils while an epileptic discharge may be generated at
a more distant site its influence on the localisation can
be quite large. A reduction of the influence of the
background activity on localisation is obtained by
averaging the biomagnetic signals generated by ident-
ical epileptic discharges. Identification of identical
epileptic discharges is however not an easy task con-
sidering the fact that the mixture of epileptic signals
with background activity never results in precisely the
same set of biomagnetic signals.

With careful comparison of the biomagnetic signals
generated by different epileptic discharges in displays
similar to the one of Fig. 2B, virtually identical dis-
charges seem possible to identify. To assess identity we
used similar field distributions as criterion for identity
considering the sites of maxima of outward and inward
magnetic flux, signal amplitude and amplitude rela-
tions between series of signals while accepting differen-
ces only when they could be explained by differences in
background activity. Figure 3 shows localisations of
dipole sources for a series of 17 virtually identical
epileptic discharges. In A is shown localisations based
on the biomagnetic fields generated by each one of the
17 discharges. In B, localisation was based on the
averaged field from the same 17 discharges. The local-
izations based on single discharges show a wide disper-
sion with different dipole positions even within a single
spike discharge. In contrast, the localisation based

upon the averaged field indicates a circumscribed
source that did not change appreciably during the
spike discharge.

Error of Localisations with Spherical Head Models

Localisations of dipole sources in the brain have
generally been based on spherical models of the head.
Though the human head is far from spherical, they
seem to have an acceptable precision when the localisa-
tions are based on biomagnetic signals over spherical
parts of the head if the dipole source has a tangential
direction. When based on signals over non-spherical
parts of the head or when the dipole direction is not
tangential, the localisations are far from correct.
Studies of dipole localisation in the human head with
implanted electrodes have indicated error 1-4 mm [8]
up to 20mm [9]. Our own tests of dipole localizations
based on the spherical model using artificial dipoles of
different directions in volumes corresponding to indi-
vidual, real head volumes indicate large variation in
error with position and direction of the dipole as well
as with the form of the head. It seems likely that these
errors can be reduced markedly by using models of the
real head volume determined for each individual. Ex-
periences with such models are, however, limited, and
their precision has to be tested before their feasibility
can be assessed.

Fig. 3. (A) Projection from a frontal view of calculated dipole sources of 17 single, virtually identical epileptic discharges in patient with an
epileptic focus in the left hemisphere. (B) Projection of the dipole source calculated from the mean of the same 17 epileptic discharges. Curved
lines indicate surface of the head in an anteroposterior direction, and laterally in horizontal and ventrical planes. Planes of the magnetoen-
cephalograph surface and of the detection coils indicated by lines and rows of circels to the right. Sides of squares, 50 mm
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MEG in Preoperative Analysis of Intractable
Epilepsies

So far, MEG localisation of the sources of interictal
epileptic activity has been used in preoperative analysis
of intractable focal epilepsy to indicate areas from
which frequent interictal epileptic discharges are gener-
ated. It seems that clusters of sources of epileptic
activity calculated from magnetic fields of interictal
spike discharges usually are within the area from which
seizures start as determined from studies of seizures
with subdural electrodes [3,6] and occasional seizures
during MEG recordings [10].

The finding that epilepsy in patients with vascular
malformations usually disappears after radiosurgery
that only affects a small, circumscribed volume [11] led
to the question whether circumscribed gamma-knife
lesions could be used to control focal, intractable epi-
lepsy. So far, gamma-lesions have been used in a few
patients with epileptic activity generated from sources
calculated to be closely associated to structural abnor-
malities with effects on seizures comparable to those
after open surgery. With a new approach, it seems
relevant to select patients with frequent, interictal epi-
leptic activity from only one area and verify its source
localisations in models of the real head volume. Then
the verified source localisation can be used to optimise
placement of depth electrodes to find an area from
which seizures start. This approach made possible with
multichannel magnetoencephalography has been found
very promising.

E. Knutsson and L. Gransberg
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Summary

Focal seizures arising in the central area require precise anatomic
and physiologic mapping of ictal onset. The central sulcus is identifi-
ed by the callosal grid system whose mid-vertical plane identifies the
central sulcus inferiority where the central artery passes into the
central sulcus. 5 patients with intractable seizures of central origin
where localized with this method. Extent of resection was confirmed
on postoperative NRI. The subdural grid was accurately placed on
the central sulcus, confirmed by electrophysiologic means. Grid
planes compartmentalized ictal onset, and post-operative resection
correlated precisely. All patients are seizure-free. Seizures arising in
the central area, precisely located, can be treated with good to
excellent results. Localization of onset is facilitated by use of the
callosal grid system, and allows superimposition of pre-, intra- and
post-operative anatomic and physiologic data.

Keywords: Partial seizures; central area; callosal grid localization.

Introduction

The results of extratemporal surgery for the relief of
intractable seizures of focal onset are inferior to tem-
poral lobectomy [8]. Extent of resection and eloquence
of cortex are the major factors determining this out-
come. However, focal seizures arising in the central
area can be treated surgically with good results [4].
This requires precise localization facilitated by use of
subdural grid for both intracranial recording and func-
tional mapping. Pathology, extent of lesion, and ictal
activity resection are all determinants for assessing
clinical outcome [10]. In order to correlate the extent
of resection, as determined with postoperative MRI,
with the intra-operative determination of the required
resection, it is mondatory to coordinate the physiologi-
cal data with precise anatomical localization. To this
point, the central sulcus is the focus of our initial
anatomical mapping in patients having partial seizures
in the central area. We describe the use of the callosal

grid system, to facilitate precise anatomical mapping
based on the relationship of the midcallosal plane to
the central sulcus [5].

Patients and Methods

Five patients with focal epilepsy of varying pathology arising in
the central area, were studied with intracranial monitoring, using
subdural grid and strip electrodes. In all cases a 64 contact grid was
used in addition to supplemental strip electrodes. Monopolar and
bipolar recordings were obtained, and functional mapping of the
cortex for confirmation of localization of electrode contacts was
performed using bipolar stimulation up to 10 ma. at 50 Hz.

The callosal grid system is based on the stereoscopic arteriovenous
digital subtraction angiography (DSA) and magnetic resonance
imaging (MRI). The corpus callosum can be seen indirectly on the
arteriovenous DSA, and directly on the mid sagittal MRI (Fig.1).
Imaging in either modality allows superimposition of identical land-
marks. A proportional grid system is created by establishing a hori-
zontal plane (HP) through the inferior border of the genu and the
splenium of the corpus callosum. Three vertical planes perpendicular
to HP are constructed: (i) an anterior callosal plane (AC), tangential
to the anterior border of the genu; (ii) a posterior callosal plane (PC),
tangential to the posterior order of the splenium; (iii) a midcallosal
plane (MC), which corresponds to the midpoint between AC and PC
(Fig. 2). Our studies have shown that the midcallosal plane intersects
the central sulcus at a point where the central artery enters the central
sulcus. The distal central sulcus then courses between planes MC and
PC(3). Using this proportional grid system, the gyral and sulcal
pattern on the preoperative MR images (Siemens 1.0 Tesla
Magnetron SP 4000, version A2.5) were examined in relation to the
central sulcus and the pathology so as to recognize these structures
intraoperatively,and allow an assessment of the extent of resectionin
relation to the lesion and electrocorticography (ECoG) abnor-
malities on the postoperative MRI.

Results

Use of the callosal grid system allowed prompt
recognition of the central area structures and associat-
ed pathology on the pre-operative MRI of patients
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Fig. 1. Identification of corpus callosum superimposed DSA and
MRI

=

“1g. 2. Callosal grid system
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with partial seizures in the central area. At the time of
surgery the precentral and postcentral gyri were con-
firmed with cortical stimulation. The specific contact’s
location relative to the central sulcus was noted in
placing the subdural grid. When consistent ictal data
was recorded, a resection of the lesion and epilep-
togenic cortex was performed. Postoperative extent of
the lesional and epileptogenic resection relative to the
central sulcus and location of ictal contacts was recog-
nized on MRI using the callosal grid system (Fig. 3).
Sufficient removal of both lesion and epileptogenic
tissue rendered four of five patients seizure free. The
fifth patient will require a second stage removal in
order to further reduce seizures (Table 1).

Discussion

Focal seizures arising in the central area are amen-
able to successful surgical treatment [13]. The pre-
operative anatomical mapping with modern imaging
and intraoperative functional localization, co-
ordinated with ECoG data, permits the resection of
epileptogenic neocortex. A review of postoperative
MR images with a clear recognition of the central
sulcus, facilitated by the callosal grid system, allows
the comparison with pre-operative MR images and the
intra-operative ECoG data. This analysis allows the
surgeon to reflect on the true extent of epileptogenic
and lesional tissue. Mass effect in the central area will
distort sulci and gyri. Their displacement within the
grid vertical planes will predict their location at the
time of surgery. Recently, functional MRI has been
described, although length of time to perform the study
and reproducibility of evoked images are not consist-
ent [7]. Nonetheless, significant deficits may occur and

Fig. 3(a—c). Pre- and post-MRI images with location of central sulcus between MC and PC. Note location of subdural ictal contacts and

resection on post-op MRI
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Table 1
Pat.  Sex, age Age Clinical MRI Area Resection Pathology Result
surgery onset pattern abnor- of ictal
seizure mality activity
LSM F-17 yrs. 10 years focal sensory bilateral right post same area as  cortical no seizure
and motor left centroparie-  central ictal activity  dysplasia
leg and arm tal rolandic,
macrogyri parasagittal
JHE M-25yrs. 11 yeras focal sensory post-central  limited in same area as  collagenoma  no seizure
then motor and same area ictal activity
seizure left supramar-
hand and arm ginal gyrus
GTC
SUZ M-32yrs. S years left abnormal- right post same area and post no seizure
1 year hemipariesis; ity post central and additional encephaltic
after en- aura of central and supramarginal  anterior ictal
cephalitis weakness left pre motor gyrus activity
arm;
followed by
focal motor
seizure GTC
KEK F-13 yrs. 8 years paralysis left insular sensory more  same area as non-specific  no seizure
hand focal abnormal- than motor ictal activity ~ changes
motor left ity right face area
face
CSY M-2yrs. 1 year adversive multiple face area pre face area pre  cortical no
10 months eyes GTC cortical central pre motor Ist op dysplasia worthwhile
dysplasia motor results
supplimentary
motor

GTC generalized tonic, clonic seizure.

seizures persist [9]. The location of the central artery
and adjacent vascular structures to the central sulcus
must be recognized pre and preoperatively, and pre-
served in their pial compartments in order to prevent
remote injury in the central area [12]. Morrel and
Whisler have proposed a technique of subpial resection
to horizontally disconnect Smm vertical slices of cor-
tex to address both of the problems of deficit and
reduction of seizure activity [6].

Focal neuronal migration disorder and intractable
partial epilepsy arising in the central area have been
described [1,2]. Extent of lesional resection correlated
with reduction of seizures. More recently a unique
aspect of ECoG data in focal cortical dysplastic lesion
has been demonstrated by Palmini et al.: ictal-like
electrographic activity recorded from dysplastic tissue.
Lack of resection of this tissue correlates with a poor
outcome [11]. Additionally, severity of histopathology
and lack of lesion resection adversely affected seizure
reduction. For successful resection it is crucial to local-
ize not only the pathologic lesion but the electro-
graphic abnormality, specifically the ictal-like activity

seen in focal cortical dysplasia. Patient 1 displayed this
ictal-like activity, which was resected at surgery with
resultant seizure-free postoperative condition. The cal-
losal grid system applied to the pre and postoperative
images with superimposed electrical data localizes this
ictal and ictal-like activity and enhances the surgeon’s
recognition of location at the time of surgery and
confirms its resection. In the event ictal activity is not
resected and seizures continue, review of postoperative
MRI images, using the callosal grid system, will reveal
the extent of additional resection required and adjac-
ent neurovascular structures. Our patients 2—4 with
other pathology in the central area had seizure-free
outcomes using the same evaluation and coordination
of anatomical and functional data.

Conclusion

The callosal grid anatomical mapping methodology,
coupled with the ability to localize and compartmenta-
lize the abnormal electrographic activity within the
subdivisions of the grid system, gives the surgeon
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comprehensive insight into the limits of lesional and
electrographic resection required to achieve a seizure-
free or marked reduction of seizure state for patients
with intractable partial seizures arising in the central
area.
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Pain—Old and New Methods of Study and Treatment
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Summary

In the last S years several remarkable methods for localizing
precisely a wide range not only of specific motor and sensory
functions but as well of more complex mental phenomena in the
domain of cognitive functions have been demonstrated to evoke
sharply localizable responses. In pain, positron emission tomo-
graphy (PET) scanning has been used to show that the anterior gyrus
cinguli is an integral component of the pain system.

The PET technique suffers from a limitation of both spatial and
temporal resolution, which permits only accurate center of mass
coordinates of activated regions. Functional mapping of the brain by
nuclear magnetic resonance has been achieved with techniques
depicting specific brain areas in action during a mental process.
These techniques open up an entirely new domain for study and
treatment of many problems linked to cognition including many in
whom pain is a central feature.

The many cerebral cortical areas involved in pain make it unlikely
that any ablative procedure will achieve long sustained pain relief.
The dual objective of relief of both pain and suffering is probably
going to be attained only by activation of pain suppressor mechan-
isms. This may well require the added knowledge accessible only by
functional magnetic resonance imaging.

Keywords: Pain; psychosurgery; functional MR imaging; cogni-
tive process.

A. Leucotomy for Pain

In the early years of destructive operations on the
frontal lobes for the treatment of otherwise intractable
psychoses it soon became apparent that a variety of
pains in the intractable category were also stopped for
varying intervals by either relatively complete mid-
frontal sections of white matter in the coronal plane or
by a much more restricted incision bilaterally of the
medial frontal white matter. However, lesions of major
extent produced an unacceptable number of cognitive
and behavioural sequelae especially among the large
psychotic group in whom many hundreds of patients
were treated in wholesale lots in institutions for the
chronically psychotic. For this group the tactic of

Freeman elicited the most vigorous criticism [7,22].
The saga of psychiatric surgery in the USA includes
a happier chapter involving principally Hans Lukas
Teuber and H. T. Ballantine. Teuber’s distinguished
contributions included the development of many new
methods for demonstrating and measuring a wide
variety of cognitive functions theretofore unappre-
ciated [24]. In the ensuing 10 years a small but steady
stream of carefully selected patients has continued to
benefit from this operation of Ballantine.

Ballantine has also used his anterior cingulotomy for
patients in pain. He has reported a group of 35 cancer
patients in whom 25 lived less than 3 months [2]. His
operation gave 57% of this short-lived group enough
relief so that at most they required only non-narcotic
analgesics plus other psychotropic drugs. Of the 10
living more than 3 months this degree of relief was
achieved in only 2 of them. However, his results in
adifficult group, 62 patients with failure to control pain
continuing despite low back operations, are most en-
couraging. After a follow-up extending up to 7 years;
26% described 70-100% relief and 36% had 40-60%
relief. In the group of 6 patients followed with post-
operative chronic abdominal pain and the 5 with phan-
tom pain 73% had 40-100% relief.

A single pair of inferior radiofrequency cylindrical
lesions about 1 ¢cm in diameter and 1 cm high placed in
the subcaudate region (Fig. 1) with other pairs of
lesions lateral and/or superior to the first lesion were
used by Sweet and Poletti [23]. A varying number of
lesions proved necessary to control the pain of 35
cancer patients. A single medial lesion was tried in
3 very ill patients. Table 1 describes the requirements of
the remainder. Table 2 summarizes the results. Menta-
tion and affect remained satisfactory in all but 2 pa-
tients in whom 3 pairs of lesions were made.
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Fig. 1. Radiographsfollowing placement of burr holes near the midline of the anterior hair-covered scalp via which air in the pre-CT scanning
days was introduced to guide electrode placement for medial and lateral pairs of lesions in the preinnominate-subcaudate area. (Courtesy of

Sweet et al. 1982) [23]

Table 1. Number of Lesions in 35 Cancer Patients
[23]

Single medial lesion in 3 patients

31 patients: status re pain assessable for months

1 pair medial lesions 17
Medial and lateral pairs 8
6 lesions (3 pairs) 3
3 or 5 lesions 4

Table 2. Results Re-Pain of Subcaudate Pre-Innominate Lesions.
With only one lesion 2 of 3 had relief till death in 1-2 weeks [23]

22 Patients
17 Patients
5 (of 22)

good to excellent relief after last of lesions
relief months till death or stupor
patients lost to late follow-up

B. New Methods for Studying and Treating Pain and
Suffering

Functional Cerebral Mapping

Neurophysiologists and neurosurgeons have been
able to determine the locus of detailed pain activator
and pain suppressor pathways as far rostrally as the
thalamus. In addition, electrical stimulation of cortical

somato-sensory areas I and II and nearby areas in
primary and secondary motor and supplementary sen-
sory cortex may produce pain in patients with chronic
pain which reproduces the clinical pain in the affected
parts. However, we do not know the details of how this
localized pain and the vaguer psychic suffering are
generated or allayed. For example, we don’t know how
localized frontal leucotomies effect useful relief when
they do so [8].

In the last 5 years several remarkable methods for
localizing precisely a wide range not only of specific
motor and sensory functions but as well of more
complex mental phenomena in the domain of cognitive
functions have been demonstrated to evoke sharply
localizable responses. Some of those interested in pain
fairly promptly used positron emission tomography
(PET) scanning to show that the anterior gyrus cinguli
1s an integral component of the pain system.

This and other tactics for functional mapping de-
pend at least partly upon the sharply localized changes
in cerebral vascular hemodynamics which accompany
local changes in metabolism. Happily the cerebral
hemodynamic state in non-activated brain areas is
relatively stable over time. The image of the perfusion
area at rest may be subtracted from the image during
specific activation to create a map localizing the func-



Pain—OId and New Methods of Study and Treatment

tion. For example, PET experiments demonstrate that
sensory stimulation induces increases in cerebral blood
flow and cerebral blood volume in the corresponding
primary sensory cortex. In the PET imaging experi-
ments that stimulation produced increases in regional
cerebral blood flow without a commensurate increase
in blood oxygen utilization pointing to an elevation in
venous blood oxygenation [14].

Coghill et al. in a recent comprehensive summary
(over 100 references) have depicted regional cerebral
blood flow in PET scans obtained by the '*o-water-
bolus method in response to painful stimuli [6]. These
produced activation of cortex in primary and second-
ary SI and SII somatosensory, anterior cingulate, an-
terior insular, supplementary motor and thalamic
areas. They point out that painful stimuli were es-
pecially effective in activating the anterior insula,
a zone linked with both somatosensory and limbic
systems. The many cerebral cortical areas involved in
pain make it unlikely that any ablative procedure will
achieve long sustained pain relief. The dual objective of
relief of both pain and suffering is probably going to be
attained only by activation of pain suppressor mechan-
isms. This may well require the added knowledge
accessible only by functional magnetic resonance
imaging.

Functional MR Imaging

The PET technique suffers from a limitation of both
spatial and temporal resolution, which permits only
accurate center of mass coordinates of activated re-
gions. Contrasting with this disadvantage, nuclear
magnetic resonance is a high resolution totally innocu-
ous in vivo method which coupled with recent advan-
tages in scanning, speed results in an image every few
seconds. Functional mapping of the brain by nuclear
magnetic resonance has been achieved by 2 techniques.
One involves injection of a bolus of a paramagnetic
contrast agent such as gadolinium diethylenetriamine
penta-acetic acid (GADTPA). As the bolus passes
through the capillary bed of the brain it produces
changes in magnetic susceptibility of local blood vol-
umes [21]. The variations in susceptibility are re-
corded with a fast magnetic resonance sequence using
a transverse T2 weighted time relaxation. One may use
either echo planar imaging or a fast low angle shot
(FLASH) [4,9].

The second method makes use of a major change in
magnetic behaviour of hemoglobin which depends on
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its degree of oxygenation. HbO, is diamagnetic, i.e. it is
feebly repelled by a strong magnet whereas when disso-
ciated from oxygen (deoxyhemoglobin, Hb) it becomes
paramagnetic, i.e. is feebly attracted by the poles of
a magnet [5]. Pauling and Coryell (1936) were the first
to show that the Hb deoxyhemoglobin is paramagnetic
and that the magnetic property of blood depends on its
degree of oxygenation [17]. It was half a century before
the observation was utilized in the current fashion. In
this second method the hemoglobin in the body re-
places the injected Gd-DTPA as the contrast medium,
eliminating the need for an initial control run required
by the use of an external contrast medium. Rapid
changes in local tissue oxygenation are accompanied
by equally rapid changes in magnetic susceptability
[5]. Different imaging strategies are employed to em-
phasize one or more of several different physical phe-
nomena that accompany the hemodynamic changes.
For example, when blood water takes up a large frac-
tion of the total water in a single image voxel one can
measure an increase of the blood water signal due to
a blood oxygenation-level-dependent (BOLD) change
in T2 relaxation. Local magnetic susceptibility changes
produced by changes in the concentration of
deoxyhemoglobin in veins are emphasized in gradient-
echo MR images. This has become the most widely
studied method of MRI functional imaging. Thus
Ogawa et al. with a fast T2 weighted imaging sequence
and a 4 Tesla magnet were able to measure precisely
the increase in signal from the stimulated visual cortex
in man [16]. Visual stimulation produced with their
equipment a 5-20% transient increase in the signal
intensity in the human visual cortex while the time of
acquisition was reduced from 40 to 8 msec. Moreover,
the visual signal increases were 3—6 times greater and
those in the motor cortex 2—4 times greater than those
secured with the 1.5 Tesla magnet by Bandettini; [3]
and Kwong [13]. Despite their advantage of working
with a 4 Tesla magnet they were not able fully to
explain the mechanism responsible for an increase in
the signal during stimulation. One must certainly be
prepared to search for other insignia of glial neuronal
activity than cerebral blood flow and volume [5].
Kwong at the same task did obtain a better temporal
resolution of 2-3 seconds with 1.5 Tesla echo planar
imaging (EPI) [13].

With the same Hb-based method Bandettini et al.
were able to follow the effects of finger motion in the
motor cortex [3]. They saw similar signal changes
within the human primary motor (MI) area during
a hand squeezing task.
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Rao et al. [19] undertook the much more imagi-
native task of studying not only actual but imagined
movements of the fingers as had Roland et al. (see their
Fig. 9) [20]. In general sample self paced assigned
simultaneous tapping of fingers 2 to 5 on 1 side induced
activity only in the contralateral primary motor cortex.
The more complex task consisted of tapping individual
fingers in the same repeated sequence of middle, little,
ring and index fingers. This induced an amazing spread
of activity to both sides — contralateral > ipsilateral
primary motor cortex, bilateral also of the supple-
mentary motor area and premotor cortex (Brodmann’s
area 6) and the contralateral sensory motor area, plus
less constant zones anterior and posterior to them.
Finally the volunteer subjects were asked to imagine
that they were carrying out the complex finger move-
ment task while actually suppressing all motor activity.
There were 1 to 4 small newly active areas in each of
4 MR slices. The largest in each of the 4 sections was
always at the midline, probably anterior to the supple-
mentary motor area. Pre- and post-operative func-
tional MR mapping of the cerebral cortex especially of
the motor, sensory and of the language areas has
become standard practice in a number of centers
[10,15,18].

For those of us interested in cognitive mechanisms
as possible active components of persistent pain of our
patients the publication of Kim, Ugurbil and Strick
provides the most relevant of the functional MR maps
to data [12]. The title “Activation of a Cerebellar
Output Nucleus During Cognitive Processing” covers
a comparison between the areas of the cerebellum
activated by 2 similar, yet very different tests. A peg
board with a line of 9 holes is supplied with 4 pegs in the
4 holes at one end of the board. Task A is to move each
peg one hole at a time, into the holes at the opposite
end of the board. The directions as well as the
movements are the acme of simplicity. Task B called
the “Insanity task” employs the same single row of
9 holes, but there are now 4 red pegs in the 4 holes at
one end, 4 blue pegs in the 4 holes at the other end and
a single empty hole between the 2 groups of 4. The task
is to move the 4 pegs of each color from one end of the
board to the other in accordance with 3 rules: 1) only
one peg may be moved at a time; 2) a peg may be moved
to an adjacent open space or may jump an adjacent
peg; 3) a peg may be moved forward, never backward.
During the visibly guided task A, 6 of the 7 volunteers
developed a small region of activation in the cerebellar
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dentate nucleus; it was bilateral in 4 of the 6. The major
requirement of the insanity task was to think out the
solution; the eye and limb movements were trivial. In
fact, none of the subjects solved the problem during the
period of scanning. All 7 of them developed a large
bilateral activation of the dentate nuclei during their
effort to solve the problem. The “dramatic increase in
the size of the dentate activation” during the thought-
provoking task led the investigators to conclude that
the “regions of the dentate nuclei involved in congni-
tive processing are distinct from those involved in the
control of eye and limb movement”. These pioneering
articles are the first I know of to come close to demon-
strating an objective substrate for an area of the brain
involved when thinking is occurring. The 2 articles
depicting specific brain areas in action during a mental
process open up an entirely new domain for study and
treatment of many problems linked to cognition in-
cluding many in which pain is a central feature.
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Summary

CT-guided stereotactic percutaneous destructive procedures, i.e.
percutaneous cordotomy, trigeminal tractotomy, and extralemniscal
myelotomy, have been routinely used for the treatment of localized
intractable pain in malignancy since 1987. In 67 cases if local pain
due to malignancy, CT guided percutaneous cordotomy was per-
formed, and in 97% complete pain control was achieved. In 45 of
these cases, a “selective cordotomy” was performed meaning that
analgesia was produced only in the painful region of the body. CT
guided trigeminal tractotomy was applied to a total of 19 casesin 5 of
which pain had been caused by malignancy. The results were satisfac-
tory. 12 cases, suffering from visceral pain due to malignancy, were
treated by CT-guided extralemniscal myelotomy and in 10 cases pain
relief was achieved.

Keywords: Cancer pain; CT-guidance; stereotaxy; percutaneous
procedures.

Introduction

Mortality from malignancy ranges between 10-20%
[24]. Pain is one of the most important problems in
patients with malignant diseases. Pain is present at the
early stages in between 5 and 10% of the cases, and it
reaches at the terminal stages up to 90% [3, 20].
Despite the extensive usage of new pharmacological
agents, approx. 20% of cancer patients, especially
in the terminal stage, still suffer from disabling pain
due to improper treatment [19, 20]. Also recently
developed narcotic and non-narcotic analgesics some-
times fail to control completely cancer pain. Morphine
pumps have been widely used for such patients in
terminal stage. Morphine, however, can induce new
problems previously not experienced by the patient.

Ablative neurosurgical methods are particularly
effective for the treatment of localized cancer pain.
These procedures were very popular in 1960’s and
1970’s [7, 13-15]. However, over the last 10 years, the
role of the neurosurgeon in the treatment of pain has

gradually lost importance [5, 21]. This paper is con-
cerned with the further development of pain surgery
performed with selective localization whereby a more
efficient pain relief and improved quality of
life can be achieved. The techniques can be referred to
as CT-guided pain procedures which includes per-
cutaneous cordotomy, trigeminal tractotomy and ex-
tralemniscal myelotomy applied as treatment of
localized cancer pain [9-11].

Material and Methods

The surgical procedures are carried out in a CT unit. The patients
are placed in supine position for percutaneous cordotomy, in prone
position for trigeminal tractotomy and extralemniscal myelotomy.
CT images (512 x 512 matrix) with 2mm slice thickness were used.
The quality of the image was enhanced by diminishing the diameter
of the image formation area (Picker SX 1200 and Picker 1Q, Picker
International Cleveland, Ohio, USA). The operative techniques have
previously been described in detail [9, 12].

A special electrode system is used in the procedures: The KCTE
Kanpolat CT Electrode Kit (Radionics® Inc, Burlington,
Massachusetts)is a temperature monitoring RF electrode system for
extralemniscal myelotomy, percutaneous cordotomy and trigeminal
tractotomy. KCTE kits contain 20-22 gauge thin wall needles
specially designed to diminish the metallic artifact interference in the
CT-image. The 1 mm straight electrode is positioned in the central
cord area in extralemniscal myelotomy. The 2 mm straight and 2mm
curved electrodes are positioned in the lateral spinothalamic tract for
percutaneous cordotomy and in the descending trigeminal tract for
trigeminal tractotomy, respectively. This specially designed elec-
trode has a 2mm exposed tip with a slight curve positioning the tip
0.5mm away from the axis.

CT Guided Percutaneous Cordotomy

The target of the procedure is the lateral spinothalamic tract
located in the anterolateral region of the spinal cord at C,-C, level
(Fig. 1) [13,15]. This procedure is especially indicated for patients
suffering from unilateral localized cancer pain, e.g., Pancoast’s
tumor, chest wall mesothelioma, unilateral pelvic carcinoma,
sarcomas located in one extremity.
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Fig. 1. Left anterolateral localization of the electrode system in
the spinal cord at the C,-C, level for CT-guided percutaneous
cordotomy

Pulmonary malignancies (33 cases) and mesotheliomas (6 cases)
were the most common (58.2%) among the unilateral painful cases
with malignancies (67 cases). Among the others, there were 7 gas-
trointestinal carcinomas, 5 osteogenic malignancies, 4 metastatic
carcinomas, 3 genitourinary malignancies and 8 different types of
several other malignancies.

CT-guided percutaneous cordotomy was applied to 66 cases
unilaterally and to one bilaterally. In five cases, the procedure was
applied twice because of failure of the treatment in two cases and
early recurrence in the remaining three cases. Unilateral pain was
relieved in 97% of the cases. In 45 cases (68 %), only the painful region
of the body was denervated. 4 cases who had been suffering from
disabling pain returned to their work after the procedure. The
complications were temporary ataxia in three cases and temporary
hemiparesia in two. In four cases (three of them were Pancoast’s
tumors), pain due to malignancy was relieved but neuropathic pain
related to the deafferentation recurred.

CT Guided Trigeminal Tractotomy

The target of this procedure is the descending trigeminal tract
located in the posterolateral cervico-medullary portion of the spinal
cord at the occiput-C, level (Fig. 2) [4, 6, 17, 18]. This procedure is
particularly indicated for the treatment of unilateral cancer pain
located in the areas of the V, VI, XI and X cranial nerves.

CT-guided trigeminal tractotomy was applied to 19 cases, the
majority suffering from benign paroxysmal pain. 5 of them had
malignant pathology (3 nasopharyngeal carcinoma, 1 parotid tumor,
1 metastatic breast carcinoma). In four cases with malignancy,
intractable pain was controlled and in one, nucleus caudalis DREZ
operation was performed because of insufficient pain relief. We did
not observe any complications not even ataxia.

CT Guided Extralemniscal Myelotomy

The target of the procedure is the non-specific multisynaptic
pathway located in the central cord region at the occiput-C; level
(Fig. 3) [7, 16]. Patients suffering from visceral pain due to infiltrat-
ing malignancy of the abdomen and pelvis are ideal candidates for
this procedure. This operation has been performed without any
complications in 12 cases suffering from visceral pain due to malig-
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Fig. 2. Right posterolateral localization of the electrode system at
the occiput-C, level for CT-guided trigeminal tractotomy

Fig. 3. Localization of the electrode system to the central cord area
at the occiput-C, level for CT-guided extralemniscal myelotomy

nancy. Out of these cases, 3 suffered from rectal carcinoma, 3 gastric
carcinoma, 2 colon carcinoma, 2 pancreatic carcinoma, 1 hepatoma
and 1 renal cell carcinoma. Pain relief was achieved in 10 cases
(4 total, 6 partial).

Discussion

In the last 20 years, destructive surgical pain pro-
cedures have lost a great deal of their popularity. The
reason for this is not only the high efficacy of new
methods like morphine pumps or neurostimulation
but also neglect in the field of surgical pain procedures
and electrode technology. CT-guided destructive pain
surgery is not a new methodology. The important
change compared with “blind” cordotomy is the use of
the imaging CT technology. With the help of this
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system, the spinal cord diameter can be measured for
each patient individually, the target-electrode relation
can be assessed directly, and the needle electrode sys-
tem can be inserted into the specific part of the pain
conducting system for the achievement of selective
cordotomy, and selective tractotomy, respectively
[12,16].

Selective destruction of the lateral spinothalamic
tract was first described and performed by Hyndman
and Van Epps [8]. Brihaye and Sweet had emphasized
the possibility of selective lesions by open cordotomy,
but had also concluded that there was a risk of pain
recurrence due to incomplete dissection [2, 8, 22, 23].
In CT-guided cordotomy, destruction of a specific part
of the lateral spinothalamic tract is possible. With the
help of selective lesioning, it is not only possible to
denervate the painful area but also to preserve other
important tract functions. For this reason, percutaneous
cordotomy was performed here with a 97% success
rate and with very few complications. Selective precise
lesion making carries a risk of recurrence of pain but
this was observed in only three patients early after
cordotomy, and the procedure was repeated with ease.

The descending trigeminal tract is an ideal target for
denervation of pain areas of the V, VI, IX and X nerves
[4, 6, 18]. Oropharyngeal, nasopharyngeal, and parotid
tumours usually extend to the areas of these cranial
nerves and cause intractable cancer pain. With the help
of CT guidance, trigeminal tractotomy proved to be
a very effective procedure for the denervation of painful
areas supplied by these cranial nerves. In the case of
neuropathic cancer pain, ablation of pain through
tractotomy only can not be achieved. In that case,
tractotomy has to be supplemented by a nucleus
caudalis DREZ lesion [1].

Extralemniscal myelotomy was used for the treat-
ment of abdominal and pelvic visceral intractable pain.
This operation, however, was not extensively used by
us because the underlying mechanism is poorly under-
stood [7, 16].

Percutaneous cordotomy and trigeminal tractoto-
my are highly effective in controlling local intractable
pain due to malignancy. After pain relief, most patients
could discontinue the contact with the hospital and
returned to a normal daily life at home. We consider
this a major contribution to the well-being and
psychology of the cancer patient.

Another important point seems to be controversial:
Many physicians involved in pain practice consider
destructive procedures only in the terminal stages of
the malignant disease. We, however, advise destructive
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procedures, especially cordotomy and trigeminal trac-
totomy as early as possible. If the surgeons can dener-
vate the painful area, the quality of life of the patient
will improve and he will be in a position to carry on his
normal active life.

In conclusion, CT-guided pain procedures for the
treatment of intractable pain in malignancy are effec-
tive and selective. With the help of CT imaging and new
electrode technology, these procedures can be used
with more accuracy and selectivity. Neurosurgeons are
encouraged to deploy this approach in dealing with
pain in malignancy.
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Summary

During percutaneous cordotomy, impedance monitoring and
electric stimulation have been widely used to enable a precise
localization of the lesion electrode. The purpose of this study was to
examine the possibility that the usage of additional electro-
physiological techniques could help in improving the precision of the
placement of the lesion electrode.

Fourteen patients were monitored with 4 different techniques
during CT-guided percutaneous cordotomy:

1) Median nerve somatosensory evoked potentials (mSEP): median
nerve stimulation with recording from the scalp.

2) Spinal cord evoked potentials (SCEP): median nerve stimulation
with recording via the cordotomy electrode.

3) Spinothalamic evoked potentials (SthEP): stimulation via the
cordotomy electrode and recording from the scalp.

Ipsilateral and contralateral mSEPs and SCEPs did not change
after the lesion. SthEPs showed a significant decrease in 10 of 12
patients provided the stimulus intensity was kept below that produc-
ing a motor response (approx 0.5-1 mA). There was no obvious
relationship between changes of the evoked potentials and the
clinical outcome of the cordotomy. Our results suggest that there
may be a relationship between the extent of the lesion and the
decrease of the spinothalamic evoked potentials.

Keywords: Percutaneous cordotomy; evoked potentials; spinal
cord stimulation.

Introduction

Percutaneous cordotomy is still extensively used for
the treatment of cancer related pain resistant to phar-
macological treatment [1,2,7,9-11]. For the correct
location of the lesion electrode the following methods
are often used: 1) CT-imaging using contrast agents
[7,11]. 2) Impedance monitoring [10]. 3) Electric
stimulation at lower frequencies (2 Hz) may produce
ipsi-or contralateral motor responses. 4) Stimulation at
higher frequencies (S0Hz) evokes a sensation of
warmth or cold [6,9,10]. Since percutaneous cervical
cordotomy enables the recording of electrical activity
directly from the spinal cord we explored the possibi-
lity that the usage of different electrophysiological

methods could increase the precision of the lesion
electrode placement and further to examine if any
changes of evoked activity could relate to the outcome
of the procedure.

Material and Methods
Cordotomy Procedure

Percutaneous cordotomy was performed to 14 cancer patients
who had inadequate pain control by conventional methods. There
were two females and 12 male patients, 40-72 years of age. Clinical
data as well as the outcome of cordotomy are summarized in Table 1.

Details of our surgical technique have been presented before [11].
The patients were awake but sedated. The subarachnoidal space was
punctured at the level of C1-C2 with a 20 gauge cordotomy needle
and 7-8 ml contrast medium (iohexol) was injected. Axial CT scans
were performed and the spinal cord was punctured while monitoring
of the impedance. Electric stimulation was performed at low (2 Hz)
and high (50 Hz) frequency. The lesions were created with a Levin
electrode attached to a lesion generator (Radionics RFG-3B) with
heating for 10, 20 and 30 seconds at a temperature of 80 °C. The
entire procedure was performed in the CT room of the Radiology
Department.

Electrophysiological Monitoring

Once the lesion electrode was judged to have a satisfactory
position in the anterolateral quadrant of the spinal cord it was
connected to a 2 channel recording machine (Phasis, ESAOTA,
Italy).

The following recordings were performed (Table 2): 1) Median
somatosensory evoked potentials (nSEP): The median nerve at the
wrist was stimulated electrically at 3.2 Hz with a pulse width of 0.2 ms
using a constant current stimulator set at an intensity to evoked
motor responses in the hand. The responses were recorded from the
scalp with averaging technique.

2) Contralateral and ipsilateral spinal cord evoked potentials (SCEP)
were evoked by median nerve stimulation and recording from the
cordotomy electrode. The stimulation conditions were the same as
used mSEP.

3) Spinothalamic evoked potentials (SthEP): Stimulation was applied
via the cordotomy electrode and recordings were made from the
scalp. The lesion electrode served as a cathode and the spinal needle
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Table 1. Clinical Features of the Patients
n Initials Age/Sex Diagnosis Pain location Pain Lesion VAS VAS
dermatom side pre post
1 HC 41M rectum CA R coxae T12-L1 L 10 2
2 HK 55M mesothelioma R scapula T2-4 L 10 3
3 EB 5TM epidermoid CA L shoulder C4-5 R 10 2
4 MS S55M lung cancer R neck, hip L1-L2 L 10 5
5 SuU 69M epidermoid CA L body, chest T1-TS R 8 1
6 MS M epidermoid CA R back C4-T4 L 8 2
7 SS 40F breast cancer R shoulder, arm C5-C8 L 7 1
8 MK 60F lung cancer L shoulder, arm C5-T2 R 8 2
9 RC 47M adenocarcinoma R arm C6-Tl L 9 3
10 HK ST™M lung cancer R hip T10-L2 L 8 3
11 SO 52M breast cancer R shoulder, back C5-T2 L 8 5
12 MP 60M lung (oat cell) L shoulder, arm C5-Tl R 6 1
13 OK 60 M lung cancer R body, chest C6-T4 L 8 4
14 HB 66 M lung (pancoast) R shoulder, arm C5-Ti1 L 8 2

as an anode. Stimulation intensity was chosen so that the threshold
for a subjective sensation was assessed. Stimulation intensity was
increased until muscle twitching appeared in the ipsilateral side
(approx 2-3mA). Scalp responses also to an intermediate stimula-
tion intensity were recorded. Stimulus frequency was 1 Hz and the
analysis time was 50 ms.

Results

All patients experienced an immediate and substan-
tial decrease of their pain. Assessment of the pain using
a visual analogue scale (10—10) showed a decrease from
8.4+ 1.2 to 2.6 + 1.3. There were no complications or
side-effects.

No significant changes in ipsi- and contralateral
mSEPs and SCEPs were observed after cordotomy.
However, the SthEPs showed a significant decrease in
10 of 12 patients (Figs. 1 and 2) provided the stimulus
intensity was low (approx 0.5 — 1 mA). With a moder-
ately increased stimulus intensity the difference
between the pre- and postlesional recordings was no
longer significant.

Discussion

In an earlier study comprising 48 patients undergo-
ing percutaneous cordotomy using CT guidance we
have reported a success rate of 84% [11]. In the present
study we examined somatosensory evoked potentials
and found that spinothalamic tractotomy does not
influence the function of the lemniscal system. How-
ever, an intraspinally located recording electrode could
pick up potentials from the dorsolateral ascending
fibers and there could also be a contribution from the
spinothalamic tracts, were it not for the fact that in this

study stimulation intensity was adjusted to the stimu-
lation of large afferent fibers only.

CT guidance in percutaneous cordotomy has been
found to be of considerable value [7,11]. Nevertheless,
electric stimulation for the confirmation of a suitable
placement of the tip of the lesion electrode is manda-
tory [6,10]. However, this requires a good cooperation
with the patient who may be restless due to severe,
ongoing pain; there may also be language problems.
For this reason a physiological monitoring to guide the
placement of the electrode without the patient’s active
cooperation would be helpful.

Different attempts to use various electrophysiological
methods for the physiological identification of the
spinal target have been made [1,2,5,8,9,10]. Most of the
studies have used segmental SCEPs [1,2,8,9] but no
comparisons of the responses before and after cor-
dotomy have been made. Campbell et al. [2] have
reported their experience with spinal cord evoked po-
tentialsin 61 patients during percutaneous cordotomy,
but no attempts were made to study possible changes
induced by the cordotomy lesion. Cerebral potentials
evoked by direct stimulation of the thoracic spinal cord
have been examined by Ertekin et al. [4]. They noted
that relatively short latency waves could only be re-
corded if the tip of the stimulating electrode was
located lateral to the midline indicating an activation
of the dorsal columns. Taira et al. have also recorded
cerebral responses to direct stimulation via a cor-
dotomy electrode [8], and they described response
characteristics similar to those observed in the present
study. They also found that the cerebral projection of
these responses differed from that of responses evoked
by the activation of the lemniscal system.
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Table 2. Types of Electrophysiological Techniques. Stimulus and Recording Sites and Possible Routes of Conduction
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Fig. 1. StheEPs of case #4. After cordotomy (lower group of traces)
a significant decrease in potentials in lower stimulation intensities
was noted

Cerebral responses evoked by low intensity
spinothalamic stimulation was abolished by the lesion.
The preservation of the response evoked by the appli-
cation of higher intensity of the stimulation is presum-
ably due to the activation of adjacent fibers outside the
spinothalamic tract or of remaining, intact
spinothalamic tract fibers. Since none of the patients
experienced an ipsilateral motor weakness it is unlikely
that the abolition of the responses after lesion was due
to an injury produced in the pyramidal tract fibers.
Since the pyramidal tract is located immediately pos-
terior to the spinothalamic fibers representing the
lower segments, there is always a risk that the lesion
may comprise part of the pyramidal tract. It is possible
that the usage of high intensity spinothalamic tract
stimulation and recording of the cerebral responses
could help to monitor pyramidal tract fibers when the
procedure has to be done under general anaesthesia or

Fig. 2. SthEPs of case #6. Potential depression in lower stimulation
intensities after cordotomy

when a satisfactory cooperation with the patient is not
possible.
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Summary

Adrenal medullary chromaffin cells produce high levels of en-
dogenous opioid peptides. Recent data suggest that transplantation
injected locally into the spinal subarachnoid space reduced intrac-
table malignant pain. In order to determine the feasibility, the
efficacy and the risks of using adrenal medullary tissue for control of
irreducible pain [14, 17], we have developed a transplantation
protocol on cancer pain patients selected when they required chronic
intrathecal injection of morphine and progressively increasing doses
to maintain the level of analgesic effects.

At the present time, our clinical trial involves 8 patients. We report
here our initial results (mean follow-up: 5 months). The various data
collected before and after the intrathecal administration of chro-
maffin cells included: 1) Pain evaluation over time, with concomitant
narcotic intake, 2) CSF sampling through an implanted access port
to determine the following biological parameters: biochemical assay
for opioid peptides, cell count and phenotyping of lymphocytes, 3)
peripheral blood samples for lymphocyte typing.

The results confirm the efficacy of adrenal medullary transplantat-
ion into spinal CSF for controlling irreducible cancer pain. Comple-
mentary intrathecal and oral morphine were totally stopped in
2 cases and stabilized in 5 others. It seems essential to have an
important volume of grafted tissue to achieve analgesia with high
levels of metenkephalin in CSF. A progressive decrease in met-
enkephalin release was observed from 2 to 4 months after the
transplantation. Two patients with a long-term follow-up (8 and 12
months) needed another intrathecal chromaffin cell graft.

Keywords: Cancer pain; opioids; neuronal graft; chromaffin cells;
enkephalin.

Introduction

Different anti-nociceptive substances and notably
endogenous opioid peptides and catecholamines are
released from adrenal medullary chromaffin cells [10,
16]. Opioids and a-adrenergics agonists are a potent
combination that synergize to produce marked anal-
gesia [5, 15, 18].

The intrathecal allogenic transplantation of adrenal
medullary tissue reduces pain sensitivity in various
rodent chronic pain models: an arthritis model and
a peripheral neuropathy model [10, 11]. Preliminary
clinical trials have reported promising results concern-
ing irreducible pain control in terminal cancer patients
[14, 17].

The objectives of this multidisciplinary study were
to: 1) Assess the feasibility, efficacy and risk of sub-
arachnoid human adrenal medullary grafts in alleviat-
ing intractable nociceptive cancer pain, 2) Determine
the place and perspectives of the method in pain con-
trol strategy in malignancy.

This protocol was approved by the Ethical Comittee
(December 15, 1992) and the Hospital Review Board
(C.C.P.P.R.B.)according to the French law (December
22,1992).

Materials and Methods

The informed and consenting patients selected for the study were
suffering from severe nociceptive pain of cancer origin. Intractable
pain was inadequately controlled by gradual doses of slow-release
oral morphine, producing intolerable side-effects. All were respon-
ding to opioids and were controlled by daily intrathecal morphine
administration through an implanted injection port.

Table 1 summarizes the data concerning the first 8 patients treated
by allogenic chromaffin cell transplants.

Adrenal glands were obtained from human cadaver donor tissue.
Chromaffin cell grafts were prepared in our laboratory following the
methodology reported earlier [14, 17]. Small pieces of adrenal
medullary tissue were maintained in vitro for at least 7 days. Prior to
transplantation, tissue viability was assessed using: 1) Biochemical
assays in supernatant fluids (metenkephalin-Ria Kit Incstar), 2)
Immunocytochemistry (monoclonal antibody to tyrosine hydroxyl-
ase- Incstar), 3) Morphological control performed with an electron
microscope.
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Table 1. Clinical Features (06-93 — > 09-94)

Patients: n =8 Transplants: n =10
—Cancer pain origin -rectum:3 -lung:3 -kidney:1 -uterus:l
—Nociceptive pain (lower limb =+ pelvis = 5; thoracic = 3)
—Age:39-83; mean:52yrs (F=1,M=7)
Before graft: 1. Pain score (0-4): : 4
2. Karnofsky Index 40-80 (mean : 70)
3. Morphine prescription (mg/day)
Oral morphine 60-600 (mean: 260)
Intrathecal morphine : 2.5-30 (mean: 12)

The intrathecal lumbar graft was performed under local anesthesia
by an injection into the subarachnoid space through a 14 G Touhy
needle; the graft consisted of small tissue pieces suspended in the
patients own cerebro-spinal fluid. Cyclosporine A had been adminis-
tered (10mg/kg/day) for 2 weeks beginning 1 day before the pro-
cedure.

Clinical and biological follow-up was carried out at day 3, day
8 and then monthly. Pain levels were determined by using a visual
analogic scale (VAS) and records of daily complementary narcotic
intake and functional activity (Karnofsky scale). CSF samples (10 ml)
were collected through the implanted intrathecal access port to
determine the following biological parameters: 1) Biochemical assay
for opioid peptides, 2) Cell counts, 3) Phenotyping of lymphocytes
(cytofluorometric typing for differentiation [CD4, CD8]) and activa-
tion [HLA-DR CD45] markers. Peripheral blood samples were also
taken for lymphocyte typing.

Results
a) Patient Follow-up

This preliminary study involves 8 patients. The first
chromaffin cell transplantation was carried out in June
1993. The mean follow-up was 148 days (from 15 to 360
days). Table 2 summarizes the clinical and biological
data.

Patient no. 7 with a short follow-up (15 days) was not
analyzed. Patients no. 3 and no. 5 are still alive, remain
pain free and have the longest follow-up, respectively
12 and 8 months. These two patients required 2
intrathecal chromaffin cell grafts respectively at day
+ 40 and day +130.

Y. Lazorthes et al.

A multidisciplinary pain evaluation demonstrated
a progressive decrease of pain score in 6 patients.
A concomitant significant decrease in narcotics was
observed in 3 cases (Table 3). The complementary
analgesic drug intake was stabilized in 2 other patients
(pts. no. 4 and 5) and increased in 2 cases (pts. no. 2
and 8).

Increasing levels of CSF met-enkephalin were ob-
served in 6 patients. Table 4 summarizes the individual
evolution of the met-enkephalin release in CSF.

The basic state was variable from one patient to
another (from 40 to 190 pg/ml; mean: 90). The maxi-
mum increase was observed 1 month after the cell
chromaffin transplant (from 80 to 580 pg/ml; mean:
303). In all the cases, we observed a secondary decrease
2 to 4 months after the transplant. A significant correla-
tion between pain control and met-enkephalin release
in CSF was noted in all cases. No side-effects were
reported.

The autopsy performed at day + 15 for the terminal
cancer patient no. 7 demonstrated that the grafted
tissue was intact and fixed between the roots of the
cauda equina.

b ) Immunological Response in CSF and Blood

Three color flow: cytometric lymphocyte phenotyp-
ing was performed simultaneously in CSF and blood,
for a kinetic study.

CSF: Among the 10 grafts performed, 3 patients never
displayed any detectable lymphocytes; in CSF during
the all monitoring period. By contrast, the majority
(7/10 cases) of the patients presented lymphocytes in
CSF a level higher than 1000 cells/ml at day 7 after
grafting. 3 of these 7 patients had no more detectable
lymphocytes after this time, whereas 4 of them ex-
hibited persisting lymphocytes in CSF throughout the
follow-up.

Table 2. Clinical Results (n=38)
Patient no. Follow-up (days)  Pain score (0-4) Opioid intake ~ Met-ink (pg/ml)
basal max
1 185 0 NN 100 580
2 62 3-4 2 40 80
3° 360 1 N 80 320
4 180 2 - 40 190
52 240 1-2 - 100 270
6 70 0 NN 80 210
7 15 - - 80 80
8 60 2 2 100 280

® Patients 3 and 5 required two grafts.
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Table 3. The Complementary Drug Intake Evolution (mg/24h)

Pt. Daily morphine

99

Daily intra-thecal morphine after chromaffin cell graft

no.  before graft

oral I-Th Day0 +30 +60  +90
5
1 520 10 25 25 0 0 0
2 400 25 20 40 60
3 60 25 25 25 2,5 2,5 2.5
(graft 2)
4 60 25 60 0 0 30 0
oral I-Th oral
12
5 100 10 S S 2,5 4 12
(graft 2)
6 150 30 10 60 90
oral oral
7 220 10 10 ¥
autopsy
8 600 10 15 25 25

+120

+150 +180 +210 +240 +270 +300 +330 + 360
0

1 1 1 3 3 3 3 3

60 120

oral  oral

12 10 10 12

Table 4. Met-Enkephalin Release in the CSF (pg/ml)

Pt Day0 +3 +8 +30 +60 +90

+120 +150 +180 +210 4240 +270 +300 +330 +360

100 300 320 580 280 520
40 40 80
80 130 170 280 320 150
40 85 150 100 150 125

100 175 230 270 210 105 110
80 150 210 190 80
80

100 180 280

0 NN N AW -

250

160 130 120 90 210 230 200 190
190
300 280 280 260

When lymphocytes were detectable, the CD4/CD8
ratio in CSF was relatively constant with a value
ranging from 2 to 3: this data indicates a predominance
of the CD4 subset of T lymphocytes in CSF. These
CD4™* cells were in an activated state, since CD4"
CD45RO ™ HLA-DR ™ triple positive cells were twice as
predominant as in CD4" lymphocytes compared to
those from peripheral blood at the same time. The CD8
cells were also activated, with 40% of CD8* CD45RO ™
HLA-DR ™ in this later subset. B cells (CD197) were
less than 1% of the lymphocytesin CSF, whereas in the
blood this subset was at a mean of 10% of the lympho-
cyte population. This observation can be interpreted as
a lack of the CD 19 subset in CSF after grafting.

Blood: We observed in the peripheral blood of tested
patients a count of 900 cells/ml at the time of the
grafting, without any significant modification during
the follow-up. The mean CD4/CD8 ratio decreased
from 0.98 to 0.81 two months after the graft without

any statistical significance. Two patients (4 and 5),
showed signs of activation in CD8™ cells (40% of
CD8" CD45RO* HLA-DR™ triple positive cells
among the CD 8 subset).

Discussion

The earlier and larger medical use of opioids has
resulted in successful pain alleviation in up to 80-90
percent of cancer pain, when the patients are managed
effectively through the WHO guidelines (three-step
analgesic ladder). However following prolonged use of
oral opioids with increasing doses a significant percen-
tage of patients develop tolerance phenomena and,
more frequently, complications secondary to intoler-
able side-effects. To control these unsatisfactory re-
sults, different routes of administration have been used,
especially direct intrathecal morphine administration
at the spinal or cerebroventricular level [9] using
implantable pumps or access ports.
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The long-term efficacy of chronic intrathecal mor-
phine has been demonstrated for nociceptive pain
treatment in malignancy. Between 1978 and 1993, we
have treated 240 patients by this intrathecal route, with
an overall success of 84% [6-9]. The disadvantages
of several daily injections include contraints in the
ambulatory treatment, potential risk of infection and
also pharmacological side-effects. The use of implanted
pumps needs specialized costly equipment for patients
with a limited life expectancy.

The objective of neural transplants, as an alternative,
is to provide a long-term source of anti-nociceptive
substances, reducing or eliminating the need for daily
morphine administration.

This preliminary study has confirmed the initial
reports [ 14, 17]. Transplanted human chromaffin cells
can survive and continue to produce anti-nociceptive
substances, acting like a “biological pump”. We also
have observed a significant relationship between: 1)
Analgesic efficacy and CSF met-enkephalin release,
and 2) Met-enkephalin levels and volume of grafted
tissue. The prolonged survival of adrenal medullary
transplants is perhaps limited in time, because a pro-
gressive decrease of met-enkephalin release from 2 to
4 months after the intrathecal graft has been observed.
It is possible to repeat the transplantation pro-
cedure.

Even if CNS is classically considered as “immunolo-
gically privileged” [2], the appearance of lymphocytes
in CSF (7/10) and in some cases (2/10) the development
of peripheral activation of the immune system signify
a homeostatic response against grafted cells. Long-
term survival of grafted cells could be limited by the
immune responses which have been observed during
the analysis, or on the contrary could be favoured by an
active phenomenom of lymphocyte tolerance. Allo-
grafts may ultimately be rejected [4].

In order to circumvent: 1) Shortages of human ca-
daver donor tissue, 2) Potential long-term rejection
and 3) Necessity of repeated chromaffin cell grafts, we
are investigating the possibility of using xenogeneic
chromaffin cells. Analgesia has been induced by im-
plantation of bovine chromaffin cells in rat spinal cord
[12]. More recently bovine chromaffin cells immu-
nologically isolated by encapsulaton technology has
been developed [1]. Another approach is to modify the
graft by removal of highly immunogenic cells so that

rejection responses are circumvented by a tolerated
host [3].

Y. Lazorthes et al.
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Summary

Electric spinal cord stimulation (SCS) is at present used in many
centers to treat ischemic pain and ischemia in peripheral vascular
disease. The most promising results have been obtained in cases
where a vasospastic component is dominating. The knowledge con-
cerning the mechanisms behind these effects has been scanty, but
recent experimental studies indicate that suppression of sympathetic
activity and the release of vasoactive substances may be important.
A problem with many of the animals studies aimed at exploring these
mechanisms is that they have almost exclusively been performed on
normal animals without ischemia. However, in studies of the respon-
siveness of local ischemia to various pharmacological substances and
to electrical transcutaneous nerve stimulation, animal models with
ischemic skin flaps have been used. We applied SCS via chronically
implanted electrodes in a model of local vasospasm in the rat,
induced by mechanical stimulation of the vessel supplying an island
flap in the groin. Male Sprague-Dawley rats were used. First,
a monopolar system for spinal cord stimulation, with the intraspinal
cathode at vertebral level T11, was implanted in halothane anaes-
thesia. After about three days of recovery the rats were anaesthetized
with chloral hydrate ip and a groin neurovascular flap based on the
epigastric vessels was raised. Microcirculationin the flap as well as in
a control area in the contralateral groin was monitored by laser
Doppler technique. Vasospasm was induced by gently pinching the
superficial epigastric artery with microforceps. Two groups of ani-
mals were submitted to two spasm periods, one with SCS applied for
20 min. by 50 Hz; 0.2 msec and with 2/3 of the intensity required for
a motor response before the first period. The second group, receiving
sham SCS, served as a control. Both degree of ischemia after spasm
provocation and the time to recovery were evaluated. In general SCS
affected basal flow very little. In the control group the rats demon-
strated increasing vasospastic reactions with subsequent flap is-
chemia to the two mechanical provocations. In the experimental
group a response pattern emerged indicating that pre-spasm SCS
could both reduce the spasm amplitude and significantly shorten the
time for restoration of a satisfactory microcirculation in the flap.
Some few trials with pharmacologically induced spasm by topical
application of noradrenaline onto the feeding vessel also followed the
same pattern. In conclusion, SCS seems to be able to reduce vasos-
pasm, especially if the treatment is given before the ischemic period.
This approach may supply an animal model for further studies of
possible mechanisms behind the microcirculatory effects of SCS.

Keywords: Laser Doppler flowmetry; microcirculation; free flap;
spinal cord stimulation; vasospasm.

Introduction

Electric spinal cord stimulation (SCS) has by now
been used in many clinics to treat ischemic pain and
ischemia in peripheral vascular disease for more than
a decade. The best results have been obtained in cases
where a vasospastic component is dominant [1, 10,
23, 28]. SCS is also effective in reducing pain in classic
angina pectoris due to cardiac arteriosclerosis, as well
as in patients with chest pain but with but without
demonstrable vessel abnormality (syndrome X) [4].
Furthermore, studies on animal models have demon-
strated that high cervical SCS may reduce the vasos-
pasm and restore cerebral blood flow in experimental
subarachnoidal hemorrhage [3, 25, 30].

Knowledge about the mechanisms behind these
beneficial effects has been scanty, but recent studies
indicate that suppression of sympathetic activity [17-
19, 21] and the release of vasoactive substances [2, 6,
24], may be of importance.

A problem with many of the animal studies aimed at
exploring the mechanisms behind the microcirculatory
changes induced by SCS is that they have often been
performed on normal animals without ischemia [18,
19], or on models of subarachnoid haemorrhage [3, 25,
307]. However, in studies of the responsiveness of local
ischemia to various pharmacological substances and
to transcutaneous electric nerve stimulation (TENS)
animal models with ischemic flaps have been used [14].
Furthermore, trials with TENS on patients submitted
to microsurgical procedures involving free neuro-
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vascular flaps with a risk of ischemia, performed by
Lundeberg and Kjartansson [16, 22], demonstrated
that the microcirculation in the flaps remained sig-
nificantly better with electric stimulation than with-
out.

In the present study we have applied SCS via im-
planted electrodes in a model of local vasospasm in the
rat induced by mechanical stimulation of the vessel
supplying an island flap in the groin. Previous pilot
studies have indicated that SCS was much more effec-
tive if applied before spasm induction rather than after
the appearance of flap ischemia. Thus we decided to
test whether SCS given before spasm provocation
would prevent or decrease the subsequent reduction in
blood flow in the flap.

Methods

Male Sprague — Dawley rats (n = 13), were used. The study period
contained two surgical sessions with a rest period of 3-5 days in
between. In the first session, laminectomy at T12 was performed and
a monopolar system for SCS, with the intraspinal cathode (silver:
diameter 2.0mm) at vertebral level T11 and the anode (silver:
diameter 6.0 mm) in the subcutaneous tissue over the rib cage, was
implanted. The leads from both electrodes were tunneled subcu-
taneously to a microcontact sutured to the skin in the neck of the
animal. The SCS system has been described in previous reports
(e-g- [20]).

After 3-5 days of recovery the rats were anaesthetized with chloral
hydrate (0.4 g/kg) ip, and lying in the supine position, a groin
neurovascular flap based on the epigastric vessels, was raised.

Microcirculation in the flap, as well as in a control area in the
contralateral groin, was monitored by a two-channel laser Doppler
system (Periflux 4001; Perimed AB, Jarfélla, Sweden). Two plastic
probe holders were sutured to the flap and to the contorl area before
incising the skin. The preparation was allowed to stabilize for 80
minutes prior to the first spasm provocation.

Vasospasm was induced by gently champing the isolated superfi-
cial epigastric artery with two microforceps along a 5mm length for
10 sec., as previously described by Gherardini et al. [7]. With this
treatment the vessel was seen to contract in the operating micro-
scope. Two groups of animals were submitted to two spasm periods:
the first with SCS applied for 20 min. prior to the first provocation
(Group 1; n = 6), the second (Group 2; n = 7) without any stimula-
tion via the implanted electrodes, served as control. SCS was de-
livered with rectangular pulses at 50 Hz; 0.2 msec and with an
intensity 2/3 of that required for a motor response (tonic contraction
of the abdominal muscles), tested immediately after the beginning of
anesthesia [18, 19, 21]. The SCS was generated by a Grass standard
stimulator via a Grass constant current unit (Grass Instr Quincy, M,
USA). The SCS intensity varied between 0.6-2.2mA in different
animals. Systemic blood pressure was recorded via a catheter in the
right carotid artery.

Both LDF and blood pressure data were fed into a desk top
computer with specially designed software (Perisoft Program version
4.41; Perimed AB).

The experimental set-up is illustrated in Fig. 1. One hour of
stabilization was allowed after raising the flap until the start of the
experiment proper. Figure 2 shows a micro-photograph of the
feeding artery with the microforceps in place for spasm induction.

B. Linderoth et al.

Fig. 1. Theexperimental set-up (description, see text). The enlarged
figure on the upper left schematically pictures the flap with the
feeding artery and drainage vein. The compression was selectively
applied to the feeding artery

Fig. 2. The isolated superficial epigastric artery and the accom-
panying drainage vein supplying the island flap, as seen through the
operating microscope. A pair of microforceps are ready to compress
the vessel

Results

In a typical experiment an animal from the control
group demonstrated profound vasospastic reactions
and flap ischemia, as measured by LDF, to the two
provocations, with the level of recovery deteriorating
between the two spasm periods. The experimental
animals with SCS prior to the first spasm period, in
general recovered more rapidly and completely. Full
recovery of the pre-spasm circulation was reached in
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Fig. 3. Histrogram showing the percentage of flaps with full (100%)
recovery of microcirculation at different times after the first spasm
period

sixty minutes following the first provocation by all the
animals receiving SCS before pinching, while at that
time only 28% in the control group had reached this
criterion. This is illustrated by Fig. 3. A 50% recovery
was rapidly attained by all SCS-treated animals (in
11-12min.). At that time only about 35% of the con-
trol animals had regained the same circulatory level.
The differences between experimental and control
groups were statistically significant for both these re-
covery criteria (P < 0.05; log rank exact test) [27].
From Table 1 it is also evident that the maximal
microcirculatory flow (max. laser Doppler flux meas-
ured in arbitrary perfusion units; PU) after spasm was
much higher in the SCS-group than in the control
group. Furthermore, it was observed that blood flow
restoration in the control flaps was almost depleted
after a second spasm, while in the SCS group half of the
flaps still recovered (not shown). The recordings of the
systemic blood pressure did not display any significant
changes during SCS, but during spasm provocation
slight elevations were noted. There were no systematic
differences between the two groups in this respect.

Table 1. First Spasm Induction
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Discussion

This study demonstrates that SCS can effectively
counteract one type of spasm (mechanically induced)
and alleviate the resulting ischemia in the free flap rat
model used here. A prerequisite seems to be that SCS is
delievered before spasm induction.

Among the possible mechanisms behind decreased
ischemia and increased flap survival with afferent
stimulation of coarse fibers such as SCS and trans-
cutaneously applied stimulation (TENS), the release of
vasoactive substances like substance P (SP), the
vasoactive intestinal polypeptide (VIP) and the cal-
citonin gene-related peptide (CGRP) have been dis-
cussed [2, 14, 15, 17]. Observations in favor of a role
for CGRP include a much higher vasodilatory potency
of this substance and the lack of tendency to evoke fluid
extravasation and oedema. Furthermore SP-induced
vasodilatation is dependant on an intact endothelium,
while some of CGRP’s capacity for vasodilatation
seems to persist even after the endothelium is severely
damaged, a situation present in peripheral vascular
disease.

Furthermore, it has been demonstrated, both in
animal experiments and in clinical studies that treat-
ment with CGRP markedly increases the survival of
circulatory compromised skin flaps [12,15]. In the
latter study it was found thati.v. CGRP was even more
effective than treatment with TENS. A recent study
with the same flap model as used in the present study
demonstrated that topical application of CGRP onto
the feeding artery resulted in a faster and more
complete resolution of the vasospasm than seen in
untreated animals [7, 8]. Although it has been
hypothe- sized that the effects of TENS on the micro-
circulation in these circumstances are due to a release
of CGRP [22], this has not, to the best of our knowl-
edge, been so far directly demonstrated.

Group No. No. (%) of flaps with Max post-spasm Time to reach
complete recovery microcirculation max flux (sec.;
(max. LDF flux; PU; mean+ /— SEM)
mean + /—SEM)
1. SCS 6 6 (100%)* 127+ /—10* 2381+ /—497
2. Control 7 2(28%) 514+/-20 1982 4 /—4522

Different indices of the recovery of microcirculation after vasospasm induced by mechanical provocation. Number (and percentage) of flaps
with complete recovery, the maximal circulation (LDF flux; PU) after a spasm period, and the time required to reach this level is indicated for
the SCS and control group, respectively. * Indicates P < 0.05; SEM = standard error of the mean. ® This average is based on the five animals
with some spasm remission. The two remaining animals in this group demonstrated no recovery.
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It has also been proposed that the effect of SCS in
ischemia is largely due to a transient depression of
sympathetically maintained peripheral vasoconstrict-
ion [17-19]. Recently it has been demonstrated that
SCS acts mainly on «,-adrenoreceptor mediated influ-
ence [21]. Since the vasospasm in e.g. Raynauds disease
has been suggested as due to an increased sensitivity of
the peripheral a-adrenergic receptors or to an increase in
their density [5], a depression of a-receptor mediated
vasoconstriction may actually constitute one com-
ponent behind the effects of SCS in this condition.

Some observations further indicate that SCS is more
effective if given immediately prior to a spasm period
rather than one hour before it. Another group of six
rats was submitted to SCS immediately before the
second vasospasm in a similar experiment as that
reported here (Linderoth, Gherardini, Ren and Lun-
deberg, unpubl. observations). This group, though dis-
playing a rather high variability in basal levels, tended
to recover better from the second spasm period than
did the group in the present study with SCS given prior
to the first spasm (5 flaps of 6 (83%) completely re-
covered to an average max flux of 138 PU, compared to
50% and an average of 116 PU in the present experi-
mental group).

Regarding the effects of high cervical SCS on the
cerebral circulation following bleeding into the sub-
arachnoid space, only experimental data is as yet avail-
able [3, 25, 30]. Some experimental studies support an
involvement of the cerebral sympathetic innervation
and the release of prostaglandins (e.g. [6]). There are
data indicating that also in this territory a decrease of
sympathetic activity may be a critical factor in the
effect of SCS [29]. Recent data from this group, in
parallell to our observations in the present study,
demonstrate that SCS may have a preventive effect on
the early vasospasm following experimental subara-
chnoid haemorrhage in the rabbit [30].

In some pilot experiments using the same model as
in this study, topical application of noradrenaline (gel-
foam soaked in 2% noradrenaline/saline solution)
onto the feeding artery induced vasospasm similar to
that obtained with mechanical provocation. SCS given
before application seemed able to diminish also this
type of vasospasm. Further studies utilizing pharmac-
ologically induced vasospasm are in progress.

Conclusions

The observations in this study demonstrate that
SCS, applied with current parameters similar to those
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used in the clinic, may considerably increase the recov-
ery of microcirculation in an ischemic skin flap after
mechanically induced vasospasm. Taking into con-
sideration also the observations from the pilot experi-
ments in which SCS in some animals was applied only
after the appearance of the deficient microcircula- tion,
it seems that stimulation has to be delivered before
spasm induction to be maximally effective. When SCS
was withheld until the appearance of ischemia, this
condition was very little affected compared to the
situation in control animals. This observation is also in
accordance with clinical reports from patients treated
by SCS for Raynauds disease, where a much better
effect from stimulation is obtained if used before provo-
cation of ischemic pain, e.g. by walking in cold weather,
than if SCS is given when the pain and the pallor have
appeared.

Although the underlying mechanisms remain ob-
scure, it seems that depression of sympathetic activity
and the release of vasoactive substances locally may be
of importance. Our approach may supply a model for
further studies of possible mechanisms behind the
microcirculatory effects of SCS in ischemia.
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Spinal Cord Stimulation Versus Reoperation for Failed Back
Surgery Syndrome: a Prospective, Randomized Study Design
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Summary

Retrospectively reported results of spinal cord stimulation com-
pare favorably with those of neurosurgical treatment alternatives for
the treatment of failed back surgery syndrome, including reoperation
and ablative procedures. There has been no direct prospective
comparison, however, between SCS and other techniques for pain
management.

Therefore, we have designed a prospective, randomized compari-
son of spinal cord stimulation and reoperation in patients with
persistent radicular pain, with and without low back pain, after
lumbosacral spine surgery. Patients selected for reoperation by
standard criteria are randomly assigned to initial treatment by one
or the other technique. The primary outcome measure is the fre-
quency of crossover to the alternative procedure, if the results of the
first have been unsatisfactory after 6 months. Results for the first 27
patients reaching the 6-month crossover point show a statistically
significant (p =0.018) advantage for spinal cord stimulation over
reoperation. Many other potentially important outcome measures
will now be followed long-term as a larger overall study population
accumulates.

Keywords: Spinal cord stimulation (SCS); reoperation; failed
back surgery syndrome; pain.

Introduction

Each year more than 200,000 patients in the United
States undergo lumbosacral spine surgery; of these,
between 20 and 40% experience persistent or recurrent
pain [10]. Consequently, “failed back surgery syn-
drome,” in which pain persists or recurs after surgery,
must be considered a common condition. Yet after
decades of multidisciplinary treatment and clinical
research, failed back surgery syndrome in many
patients is refractory to medical, surgical, and behav-
ioral therapy.

In a number of retrospective case series, spinal cord
stimulation (SCS) has been reported to be effective

for failed back surgery syndrome. Indeed, among
the most common neurosurgical treatments for the
syndrome (reoperation for decompression and/or
stabilization, ablative procedures such as rhizotomies,
denervations, and ganglionectomies, and spinal
cord stimulation), disinterested third-party long-
term (5-year) follow-up has indicated that spinal cord
stimulation has a substantially higher rate of success
[6-8]. This is of interest, because the technique is less
invasive, and has lower morbidity than do reopera-
tion or ganglionectomy. Moreover, patients’ abilities
to perform everyday activities and their neurologic
function have been enhanced. Even though patient
selection criteria for these procedures have not been
uniform, and hence direct comparisons among
these series are somewhat questionable, it is clear
from the most obvious differences that patients
chosen for spinal cord stimulation should be among
the most difficult to treat: They have had symptoms
for the longest period of time, with the most severe
radiographic and clinical evidence of neurologic
disease (inoperable arachnoid fibrosis in many
cases), and they have undergone more prior, un-
successful procedures than have patients chosen for
reoperation.

As suggested by the results of these retrospective
series, we have designed a prospective, randomized
study of SCS and reoperation, in patients who meet
standard criteria for both procedures. In contrast to
prior studies in which we reserved SCS as a procedure
of last resort after reoperation, the present study
addresses SCS as an alternative to reoperation, and as
“late” rather than “last” resort.
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Methods
Study Population

Study candidates are selected from a large referral population with
failed back surgery syndrome. Patients are included if they have 1)
surgically remediable disease, which is 2) competent to explain their
complaints of radicular pain, with or without low back pain. Stan-
dard clinical and radiographic criteria for surgical intervention for
lumbosacral spine disease are observed [1,5]. 3) A confirmatory
second opinion by a neurosurgeon or spine surgeon is obtained in all
study patients before reoperation. Patients are excluded from the
study for any of the following:

(1) A major ordisabling neurologic deficit (e.g. foot drop, neurogenic
bladder), in the distribution of a nerve root or roots with surgi-
cally remediable compression. Such patients undergo reoper-
ation.

(2) Radiographically critical neural compression (e.g. extremely
large disc fragment, or severe central stenosis, with myelographic
block or its CT/MRT equivalent). Again, such patients undergo
reoperation.

(3) Radiographic evidence of gross instability requiring fusion.

(4) Significant untreated dependency on prescription narcotic anal-
gesics or benzobiazepenes.

(5) Major psychiatric comorbidity evident clinically or on routine
psychological testing.

(6) The presence of any other clinically significant or disabling
chronic pain problem.

(7) A chief complaint of axial (low back) pain, exceeding radicular
pain - ie., buttock and leg pain.

Study Design

All patients undergo baseline, standardized psychological testing,
and a baseline, quantitative evaluation of functional capacities by
a physical therapist, before randomization. Those randomized for
operation then undergo surgery by one or more of several partici-
pating surgeons. Patients randomized to spinal cord stimulation are
treated by percutaneous placement of a temporary electrode (3487A
Pisces Quad, Medtronic, Inc., Minneapolis, MN), for a routine 2-1/2
day trial. If a patient reports at least 50% estimated relief of pain,
while demonstrating stable or improved medication intake, and
improved physical activity commensurate with neurologic status
and age, a permanent implant (3487A-56, 3470 Xtrel) is offered. If
these criteria are not met, the patient is offered early crossover to
reoperation. This provides the primary outcome measure: that is, the
frequency of crossover from one treatment, which has thereby “fail-
ed,” to the other.

Patients are contacted by a disinterested third party, who has not
beeninvolved in their treatment, for assessment of outcome 6 months
after the initial procedure, by use of a standardized questionnaire.
The same individual reminds the patient of the option of crossing
over to the alternative procedure, if the results of the first procedure
have not been satisfactory. (In routine follow-up by the surgeon, this
subject is not broached, and is addressed only in response to a speci-
fic request or complaint by the patient.) Six-month follow-up evalu-
ation includes diagnostic imaging studies for reoperation patients, to
ensure that the goals of surgery have been achieved; repeat functional
capacity assessment by physical therapists; and follow-up psycho-
logical testing.

Results

Of the first 81 patients found to be eligible for the
study, 51 have consented to randomization. The re-
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maining 30 opted for reoperation, outside the study,
but reserved the option of SCS if reoperation was
unsuccessful. All these patients have been followed,
however, to allow inferences with respect to the exter-
nal validity of the study (i.e. generalization to the entire
group, beyond those consenting to randomization).

Twenty-seven of the randomized patients have
reached the 6-month follow-up point, at which time
they became eligible for crossover. The following initial
results were observed: of 15 patients undergoing re-
operation, 10 (67%) opted for crossover to spinal cord
stimulation: 2 of 12 (17%) of the patients undergoing
spinal cord stimulation initially, opted for crossover to
reoperation (p = 0.018, Fischer’s exact test, two-tailed).
Outside the study, 8 of 19 patients (42%) who reached
6-month follow-up after reoperation opted for “cross-
over” to SCS.

Although they may not have failed the primary
outcome measure, there are patients in both groups
who clearly are not treatment “successes.” In particu-
lar, two of our SCS patients obtained only limited relief
from the temporary electrode, and have not yet elected
to proceed with the permanent implant; nevertheless,
they have not opted for reoperation. These and other
patients with ambiguous treatment results continue
with routine physical therapy; a number of other out-
come measures are to be assessed.

Discussion

Our primary outcome measure (the frequency of
crossover from one treatment, which has thereby “fail-
ed,” to another) showed a statistically significant ad-
vantage of SCS over reoperation for the failed back
surgery syndrome for the first half of our planned
randomized study population.

This is an interim evaluation, rather than a preplan-
ned assessment for early termination of the study; the
latter has special statistical implications. Moreover,
although the primary outcome measure of this study is
very straightforward, and is germane to issues of health
care utilization, outcome remains to be assessed by
a number of secondary measures. The study continues
to accrue patients, for a planned sample size of fifty
patients. At that time, several other outcome measures
will be studied: ratings of pain and its relief, medication
use; work status and activities of daily living; functional
capacity as measured quantitatively by our physical
therapists; and psychological test results. Further, data
on health care costs are collected for a series of 40 of the
50 randomized patients.
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There are many treatment options for the failed back
surgery syndrome. Neurosurgical treatment options
include (1) anatomic procedures—attempting to
address the structural cause of pain — i.e., reoperation;
(2) augmentative procedures, such as spinal cord
stimulation; and (3) ablative procedures. In our
experience, major ablative procedures for FBSS, such
as dorsal root ganglionectomy, have not proven
successful [6], and minor ablative procedures such as
radiofrequency facet neurotomy have a limited role
[9]. Therefore, in this study, we have addressed the
anatomic and augmentative neurosurgical treatment
options for FBSS. We also standardized other non-
surgical treatmens, in particular rehabilitation and
physical therapy, across patients in this study.
Although such treatments may be satisfactory therapy
in certain of these patients [2]; the present study
cannot address this question.

We have excluded patients with a chief complaint
of axial low back pain from this study, because they
are difficult to treat with the usual, contemporary
SCS devices; achieving overlap of the low back by
stimulation paresthesias is technically difficult.
There are now available specialized electrode geo-
metries and testing methods for this patient popula-
tion [3, 4]; but these were beyond the scope of this
study.

In conclusion, the interim results of this study, which
is the first prospective, randomized comparison of SCS
with any other treatment for pain, indicate that the role
of spinal cord stimulation can be expanded, as an
alternative to reoperation.

R. B. North et al.
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Summary

The relative roles of spinal cord stimulation and the spinal infusion
of opioids in the treatment of chronic, non-cancer lower body pain
remains unclear. This report contains a retrospective analysis of
patients with chronic lower body, neuropathic pain and treated over
a 5 year period. Unilateral leg and/or buttock pain was treated
initially with spinal stimulation and bilateral leg or mainly low back
pain was treated initially with spinal infusions. 26 patients received
spinal stimulation. Pain relief was > 50% in 16 (62%) with increased
activity levels. Stimulator coverage was most difficult or failed in
patients with buttock pain. 16 patients received long-term spinal
infusions. Pain relief was > 50% in 2 (13%) but 25-49% in another
8(50%) with stable infusion doses and was best in patients requiring
low-dose (< 1mg/h morphine intrathecal) infusions in the trial
period. The review indicates that spinal infusions may be best for
bilateral or axial pain that has not responded to spinal stimulation.
Clonidine appears to be an alternative in high-dose morphine pa-
tients. New diamond-shaped electrode and dual quadripolar arrays
appear to be very helpful for back, buttock, and/or bilateral leg pain
patterns.

Keywords: Spinal cord stimulation; pump; pain; morphine; spinal
opioids; clonidine.

Introduction

The treatment of chronic non-cancer lower body
pain remains one of the more difficult challenges in
medicine. For those patients with intractable pain that
has not responded to various medications, physical
therapy treatments, methods of immobilization, and
nerve blocks, spinal cord stimulation and the long-
term spinal infusion of opioids remain effective
modalities. Although both have been used as treat-
ments for a number of decades, the relative value and
efficacy of these two treatments remains unclear. This
paper presents a review of the experience at one
institution with each of these modalities in the treat-
ment of intractable, non-cancer lower body pain.

Methods and Materials
Eligibility for Study

Patients with chronic lower body pain, predominately neuropath-
ic in character, were included in this study over a five-year period.
The pain must have been either midline lower back pain and/or
unilateral or bilateral leg pain. All of the patients were thoroughly
assessed by a multidisciplinary group involving anesthesiology,
neurosurgery, psychiatry, rehabilitation medicine, nursing, orthope-
dics, and other specialties as needed for individual patient care. The
study is a retrospective analysis of patients who were treated uni-
formly by these authors at the Cleveland Clinic Foundation over the
period 1988 to 1993. Pain severity was rated using a verbal digital
pain scale (VDS) with the following question “On a scale of zero to
ten where zero is no pain and ten is the worst pain you could ever
imagine, what is your pain now?”[7].

The intractable nature of the pain was determined by trials of
various non-opioid analgesics and other adjuvant medications as
well as opioid medications given by oral routes. All patients were
assessed for any evidence of spinal instability. Spinal stabilization
and/or back immobilization using back bracing were utilized as
appropriate. Various blocks and/or denervations were also used, as
appropriate, to provide pain relief for the patients.

The patients in this series had pain rated at a severity of six or
greater, limitation of functional activity because of the pain, no
contraindications to the placement of a permanent stimulator or
spinal.infusion pump, and pain with a predominately neuropathic
character involving either the midline lower back and/or one or both
legs. Neuropathic pain characteristics were based upon the mechan-
ism of causation for the pain, including some evidence of nerve
injury, and the pain character with descriptions such as shock-like,
shooting, lancinating, or electrical, possibly with a burning or dyses-
thetic component [19].

Testing and Implantation of Systems

For patients with radicular pain involving one leg with or without
unilateral buttock pain, a trial of spinal cord stimulation was recom-
mended first. For patients with midline back pain and/or bilateral leg
pain, a trial of the long-term spinal infusion of opioid was recommend-
ed first. If the patients failed screening with either of these modalities,
the other was then tested. This treatment strategy was based upon
the available stimulator hardware during this time period which
provided some limitation in producing stable stimulation patterns
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for bilateral or midline pain. It was also based upon the relatively
new use of the long-term intrathecal infusion of opioid in the
treatment of non-cancer lower body pain.

For trial of a spinal cord stimulator, a percutaneous catheter-type
electrode (Pisces electrode, Medtronic Corporation, Minneapolis,
MN) was used. The quadripolar arrangement was then tested over
3-5days. During this testing poriod, pain relief and improvements in
activity levels were assessed. If this reduced the patient’s pain by
> 50%, the system was internalized and connected to an implanted
subcutaneous generator (Itrel I, Medtronic Corporation, Minnea-
polis, MN).

For testing of the possible long-term intrathecal infusion of opioid,
a percutaneous temporary intrathecal catheter was placed and con-
nected to an external infusion pump. Through this was infused
morphine sulfate starting at a dose of 0.1 mg/h and increasing to
a maximum dose of 1.5 mg/h. If the patient showed intolerable side
effects, such as nausea, vomiting, or altered mental status, sufentanil
citrate was infused to a maximum dose rate of 1.5ug/h. If this
provided pain relief and increased activity as described above for
spinal cord stimulation, a permanent system was implanted. This
system consisted of a silicon elastomer intrathecal catheter and an
implanted programmable infusion pump (Synchromed pump, Med-
tronic Corporation, Minneapolis, MN).

Follow-up Evaluations

After stimulator or subcutaneous infusion pump placement, the
patients were seen every 2—4 weeks. At each follow-upevaluation, the
devices were reprogrammed to provide optimal pain relief. The
pump was refilled as needed and consideration was given to a change
from morphine to sufentanil or vice-versa if long-term pain relief was
< 25% despite maximal doses. The maximum infusion rate for
morphine was 3 mg/h and for sufentanil 3 pg/h. At each follow-up
evaluation, the patient’s pain was rated, using a VDS scale, and
activity levels determined. Any side effects or complications were
also ascertained.

Results
Description of Patients

Over the five-year period, 42 patients meeting these
criteria underwent the implantation of either a spinal
cord stimulator or a spinal infusion pump. For spinal
cord stimulation, five patients were screened without
adequate pain relief. Three of these patients received
trial spinal infusions and found effective pain relief
during the screening phase. The other two patients did
not undergo any other testing. For spinal infusion of
opioid on a long-term basis, four patients underwent
trialing but did not achieve adequate pain relief. Spinal
cord stimulation was not tested in any of these four
patients because of concerns that an adequate pattern
of stimulation could not be obtained due to the com-
plex pattern of pain which bilateral lower back and
both legs in all of the four patients.

Spinal Cord Stimulation

Greater than 50% long-term pain relief was ob-
tained in 16 of the 26 patients who underwent place-

S. J. Hassenbusch et al.

ment of a sinal cord stimulator (Table 1). Four patients
had 25-49% relief and the remaining 6 patients had
minimal or no long-term relief. Although initial screen-
ing was good in these 6 failure patients, the pain relief
decreased over the period from 3-19 months after
stimulator placement. For the successful patients, ac-
tivity levels increased by 9.3% + 2.3% and three pa-
tients returned to work or increased to full-time
employment.

The biggest problem with the stimulator patients
wasin achieving and maintaining a stimulation pattern
that matched the area of pain. Of the 26 patients, one
underwent a revision from a catheter-type electrode to
a plate-type quadripolar electrode (Resume Electrode,
Medtronic Corporation, Minneapolis, MN). Fainures
in many of these spinal cord stimulation patients were
related to areas of pain that increased to become either
bilateral or midline. Difficulty in obtaining a bilateral
or a midline area of stimulation was the most common
reason for long-term failure. Two of these patients had
an epidural area of approximately 3 cm diameter that
would provide excellent stimulation. Problems in these
patients, however, occurred in maintaining an elec-
trode position over this very small area on a long-term
basis.

The mean follow-up time was 2.1 + 0.3 years. Three
patients used Schedule III opioid medications on an
infrequent (1-2 tablets every several days) basis. None
of the other patients used any narcotic medications at
the last evaluation. There were no technical problems
left with the stimulator hardware, including infections,
disconnections, or generator failure. Five patients did
require repositioning of catheter-type electrodes and
two patients revision of the stimulator generator.

Long-Term Intrathecal Infusion of Opioid

Sixteen patients underwent the permanent place-
ment of a programmable infusion pump connected to
an intrathecal catheter (Table 2). Ten of these patients
had long-term pain relief and six had failed to obtain
continued pain relief after 10 months to 3.5 years. The
average length of follow-up for all 16 patients was
2.0+ 0.3 years. In the successful patients, mean pain
reduction by VDS scores was 41.8% + 3.6% with ac-
tivity improvement of 10.3% =+ 3.6%. Of four patients
working preimplantation, two eventually stopped
working. None of the patients unemployed preimplan-
tation returned to work afterwards.

The dose rates in these patients appeared to fall into
two different groupings. Approximately half of the
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Spinal Cord Stimulation Versus Spinal Infusion

patients had satisfactory pain relief with relatively
low doses of opioid (morphine < 1.0 mg/h, sufentanil
< 1.0 pg/h). A second group, however, required higher
dose levels (morphine 1.5-2.0mg/h, sufentanil 1.5-
2.0ug/h), but obtained satisfactory pain relief with
long-term stable dosing. It was not possible to deter-
mine any predictive characteristics of the failure pa-
tients receiving an implanted pump.

For patients failing to obtain long-term pain relief,
however, there was a steady dose escalation with de-
creasing analgesic benefits over 6—12 months after
placement of the infusion pump. Drug holidays were
tried in all of these patients. The patients were sensitive
to lower doses of opioid after a drug holiday, however,
in this series, there was a rapid dose escalation after
a drug holiday and this resulted in a lack of adequate
pain relief within 3—4 months.

Systemic opioid use continued in two-thirds of these
patients. For half of these patients it consisted of
occasional use of Schedule III narcotics. For the other
half, however it consisted of the regular use (2—4 tablets
per day) of Schedule II narcotics, usually oxycodone.

Three patients who failed to obtain long-term pain
relief with either morphine or sufentanil, received in-
trathecal infusions of clonidine. These patients were
started at a dose of 0.3 ug/h and increased to a maxi-
mum 50 pg/h. The pumps were programmed to in-
crease in 0.1 ug/h increments reaching a maximal dose
rate over a 12-week period. Two clonidine concentra-
tions were used: 150 and 500 pg/ml. None of these three
patients had any side effects including hypotension or
hypertension. Two of the three patients experienced
25% pain reduction where intrathecal infusions of
opioids had provided no pain relief. The patients have
continued on the clonidine infusion with stable pain
relief. The third patient experienced no pain relief
despite a maximal dose of 50 pg/h.

Discussion
Spinal Cord Stimulation

Electrical stimulation has been applied to the spinal
cord with either implanted or externalized systems
since approximately 1967 [17]. The more recent avail-
ability of multichannel systems with electrode surfaces
containing four contact points has significantly im-
proved the ability to vary patterns of perceived stimu-
lation [11].

Twenty-five years of experience with spinal cord
stimulation has indicated a long-term success rates
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ranging from 50-70% [9-10]. Spinal cord stimulation
has usually been found to be most effective for patients
with neuropathic pain, especially unilateral with a
radicular pattern in one leg. Until recently, treat-
ment of midline back pain or bilateral leg pain has
been considered more difficult with spinal cord stimu-
lation because of limitations in the stimulator elec-
trodes. The reason for this difficulty has been the small
target areas in the epidural space of patients with such
pain and the difficulties in adjusting the area of stimu-
lation if there was any electrode movement. The
patients in this series were thus stratified according to
the pain.

Long-Term Intraspinal Infusion of Opioids

The intraspinal infusion of opioid on a long-term
basis has been utilized on a frequent basis since
approximately 1982 [4, 14]. It was initially applied to
patients with cancer pain and thus limited survival
times. In the last 5-8 years, this modality has been
applied to patients with non-cancer pain [3, 6, 8]. The
infusions have been performed either because of a fail-
ure of spinal cord stimulation during a testing phase or
after permanent implantation of a stimulator system,
or because of a hope that the opioid infusion might
provide better long-term efficacy than long-term spinal
cord stimulation.

Patients with cancer pain and expected survival
times in excess of three to four months or with non-
cancer pain have usually received implanted infusion
pumps connected to an intrathecal catheter. The
rationale has been to prevent infection associated with
the long-term use of an externalized catheter as well as
cost benefit considerations [1].

Reports of the long-term efficacy of spinal infusions
using opioid agents have indicated moderate to
marked pain relief in over 80% of cancer patients
although dose escalations over survival times from
6-10 months have been noted [5, 12]. Limited reports
of the use of this modality in non-cancer patients would
suggest 25-50% minimum pain relief on a long-
term basis in approximately 50-70% of patients
with continued dose escalations in many of these
patients over at a 24-month period [13]. There is
an absence of data directly comparing spinal cord
stimulation and long-term intraspinal infusion of
opioids for patients with primarily neuropathic pain
although it is generally agreed that neuropathic pain
is less sensitive to opioids than nociceptive pain

[15].
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Spinal Cord Stimulation and Spinal Infusion
of Opioid Comparisons

The present review was undertaken to provide more
information concerning the benefits as well as the
disadvantages of these two modalities especially in
relation to each other. It should be emphasized that
this is a retrospective study. Although all patients had
predominantly neuropathic pain, a stimulator system
was offered prefereritially to certain patients and a spi-
nal infusion system to other patients based upon the
pain pattern.

In the absence of other studies, however, the present
review does provide information that can be useful in
beginning to assess the relative roles of these two
modalities. With the initial non-cancer application of
the spinal infusion of opioids, it was hoped that this
modality would become the preferred treatment for
many patients. More recently, it has been thought that
it might be a treatment option for patients who have
failed to obtain relief with spinal cord stimulation.

The stratification of patients in this review to either
spinal cord stimulation or long-term spinal infusion of
opioid was based upon the pattern of pain because of
limitations in existing stimulator hardware. Since this
series, diamond-shaped electrode arrays and dual
quadripolar systems have become available and could
have been quite effective in many of these patients who
were stratified to the spinal infusion of opioids.

Spinal cord stimulation in the patients in this review
was fairly effective with > 50% pain reliefin 62% of the
patients. There was a significant subset of patients who
did undergo a laminectomy for placement of a plate-
type electrode. Although this is a more extensive oper-
ation, the long-term stability of these plate-type elec-
trodes appears to be better. Experience from this series,
however, did indicate that pain patterns in the chest
area were not well treated with spinal cord stimulation
because of discomfort caused by twitching of intercos-
tal muscels. It was also difficult to obtain an adequate
pattern of stimulation for patients with a minor com-
ponent of low back and/or bilateral buttock pain.

For thelong-term intraspinal infusion of opioids, the
overall success rate was clearly less than that seen with
spinal cord stimulation. Ony 38% of the patients ex-
perienced > 50% pain reduction and 25% experienc-
ed 25%—49% reduction. Dose escalation was noted in
many of these patients although coverage of the pain
patterns was very good and, by the nature of an
infusion, patients were not affected by small catheter
movements.

S. J. Hassenbusch et al.

Comparison of the two groups clearly indicated
that achieving and maintaining an adequate pattern
of stimulation is the major concern with spinal cord
stimulation while dose escalation is the major concern
for spinal infusions. This experience would seem to
indicate that seem to indicate that the spinal infusion of
opioid on a long-term basis in non-cancer patients with
neuropathic pain is best used as a last-resort option. It
should be noted, however, that there was a patient
subset in whom the long-term spinal infusions were
very effective with stable low doses over a long peroid
of time.

The use of clonidine in three of these patients who
had failed to obtain long-term pain relief with mor-
phine or sufentanil indicated a promising alternative
agent that is being increasingly used in both Europe
and Australia [2, 16, 18]. In the United States, it is
available for spinal infusion under unvestigational ap-
proval from the Food and Drug Administration al-
though it may be commercially available in the next
1-2 years. Experience from investigatous, including the
present authors, indicates that it may be most effective
for neuropathic pain sympathetic origin as in complex
regional pain syndrome (CRPS) or reflex sympathetic
dystrophy (RSD). Admixtures of morphine and
clonidine may be more effective for sympathetically-
independent, neuropathic pain. Future, possibly more
effective infusion agents would include neuronal-speci-
fic calcium channel blockers or NMDA antagonists.
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Treatment of the Failed Back Surgery Syndrome Due to Lumbo-Sacral Epidural

Fibrosis
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Summary

The failed back surgery syndrome (FBSS) s a severe, long-lasting,
disabling and relatively frequent (5-10%) complication of lumbo-
sacral spine surgery. Wrong level of surgery, inadequate surgical
techniques, vertebral instability, recurrent disc herniation, and
lumbo-sacral fibrosis are the most frequent causes of FBSS. The
results after repeated surgery on recurrent disc herniations are
comparable to those after the first intervention, whereas repeated
surgery for fibrosis gives only 30-35% success rate, and 15-20% of
the patients report worsening of the symptoms. Computerized to-
mography (CT) with contrast medium and, in particular, Gd-DPTA
enhanced MRI have recently allowed a differentiation between these
two pathologies permitting us to adopt different therapies. In 1982
92 we applied spinal cord stimulation (SCS) as a first therapy of
FBSS with proven lumbo-sacral fibrosis.

Fifty-five patients underwent percutaneous trial SCS with
a mono/multipolar electrode placed at the level of Th9-12. In the 36
patients who had a positive response to the trial stimulation, the
electrode was connected to an implantable neurostimulator. On
January ’94 a third party, not involved in the treatment of the
patients, controlled 34 of the 36 patients with a mean follow-up of 55
months. We classified the patients reporting at least 50% pain relief
and satisfication with result as successful, and 56% of the patients fell
in that category. 10 out of 34 patients were able to resume their work.
The success rate was significantly higher in females (73%) than in
males,and in radicular rather than axial pain. Our data have led us to
consider SCS as a first choice treatment in FBSS due to lumbo-sacral
fibrosis.

Keywords: Spinal cord stimulation; failed back surgery; pain.

Introduction

Itisknown that each year about one million patients
all over the world undergo lumbo-sacral surgery for
disc herniation. In spite of the improvement of surgical
technique and particularly the adoption of micro-
surgical approach, the success rate of these operations
does not surpass 90-92% [3,4]. Failed back surgery is
a syndrome characterized by severe, chronic and dis-
abling pain which generally is resistant to physiother-

apy and pharmacological treatment. Frequent causes
for this condition are vertebral instability, surgery
performed on wrong level, improper selection of pa-
tients, inadequate surgical technique, recurrent disc
herniation and surgical complications. It is believed
that the formation of epidural scar tissue is one of the
most common causes.

Since the outcome of repeated surgery for epidural
fibrosis generally is unsatisfactory [2,6,8,9,11, 15,23,
25] there is a need for alternative treatment modalities.
Since the late 70’s spinal cord stimulation (SCS) has
been regarded as being particularly effective for this
condition [6, 10, 12, 20,22].

Material and Methods

Our series includes 55 patients who between 1982 and 1992 were
subjected to spinal cord stimulation for severe, disabling FBSS,
unresponsive to conventional therapy. The average age was 52 years
(36-66) and the length of the history of disease ranged from 1-12
years. Many of the patients had been submitted to repeated lum-
bosacral surgery (1.8 op/pat); 57% of the patients were males.
Epidural fibrosis had been diagnosed with CT with contrast medium
and, recently, with NMR with Gadolinium contrast.

Patients who had epidural fibrosis associated with a surgically
treatable pathology such as canal or recess stenosis, vertebral insta-
bility or recurrent disc herniation were excluded. Also patients
presenting with obvious signs of psychological disturbances were
excluded. Patients presenting with radicular pain were preferred and
those who had FBSS associated with pain only in the lumbar region
were excluded. It is well known that it is difficult to produce
paraesthesiae in the lumbar region and this can be the reason why the
success rate for patients with pain confined to this area is low [5].

In all patients but one we used electrodes designed for per-
cutaneous implantation (since 1987 we preferably used multipolar
electrodes). The tip of the electrode was positioned at the level of
Th9-10. Patients who reported more than 75% pain relief at the end
of the trial stimulation period were permanently implanted with
a multiprogrammable neurostimulator (Itrel II, Medtronic, Minn,
USA). The stimulators were programmed with 85 Hz, 210 msec. We
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usually used stimulation with a cycle mode with 1 hour on—1 hour
off.

The patients were evaluated in January '94 by a colleague who had
not been involved in the treatment of the patients. Thirty-four of the
36 patients were interviewed and the patients filled in a question-
naire. One patient had died from myocardial infarction and one
could not be retrieved. The mean follow-up was 55 months (1-10
years). Patients who reported at least 50% pain relief were consider-
ed as having a satisfactory outcome [8, 39]. The assessment was also
based on the patient’s own satisfaction with the treatment as well as
on drug consumption and working ability.

Results

At the latest follow-up 56% of the patients were
classified as being successful with more than 50% pain
relief and with a self-reported satisfaction with the
treatment. In 8% of the patients there was an equivocal
success, since although these patients reported more
than 50% pain relief they were not sure whether they
would undergo again the SCS treatment knowing the
outcome.

As has previously been reported by others [14, 20]
we found a tendency towards a decreasing effect with
time. However, it appeared that after an initial and
moderate decrease of the effect of stimulation, the
remaining amount of pain relief was retained through-
out the subsequent years of follow-up.

In six patients (17%) the stimulators were removed
due to infection in three cases and lack of satisfactory
effect in another three. 73% of the patients continued
to use the stimulator at the last control independently
of their reported degree of pain relief. At the last
control, 10 patients (29%) had stopped taking any
drugs and 12 (35%) only used light analgesics. The
changes of consumption of analgesic drugs are sum-
marized in Table 1.

Twelve out of 28 patients who had been unable to
work resumed their working activities after the treat-
ment, 7 of them full time and 5 part time. Two patients
who previously had been employed had to leave their
jobs due to worsening of their symptoms. In total, 10
patients (29%) were believed to have been able to
retain their work as a result of the treatment.

Table 1

Class Drug consumption Patients on Last
admittance follow-up

0 no 0 10

1 minor analgesics 3 12

2 major analgesics 24 7

3 morphine and derivates 7 5
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There was no relationship between the success rate
and the number of previous surgical interventions,
duration and severity of the symptoms and time since
the first operation. The success rate was significantly
higher in females (69%) than in males (43%). It also
appeared that patients with a predominance of radicu-
lar pain did better.

Complications

In six patients the electrodes were dislocated and in
another three the electrodes had fractured. With the
recent, improved electrodes such complications have
been extremely rare. Five patients developed an infec-
tion which necessitated the removal of the system; two
of these patients were reimplanted. In eight patients the
neurostimulators had to be exchanged when the batte-
ries were exhausted. In total, thirty-four patients
needed 22 surgical revisions (64%). In no case was
there any neurological complications.

Discussion

While the results of surgery for recurrent disc herni-
ation are approximately the same as those of the first
intervention [ 15, 257, the same can certainly not be said
about repeated surgery for epidural fibrosis which
generally has a poor outcome [6,11,15,25]. Accord-
ing to Waddel [25] scar tissue removal only produces
a new tissue injury which gives rise to deformation of
new scar tissue. Johnston [9] ironically states that
surgery for fibrosis may be a good exercise for the
surgeon but it brings no benefit to the patient.
Thomalske [23] reports complete recovery only in
36% of the patients operated on for epidural fibrosis in
a series of 2000 operations for disc herniations. In order
to provide effective treatment for complaints due to
epidural fibrosis a reliable clinical and radiological
differential diagnosis between recurrent disc herniation
and epidural fibrosis is mandatory.

A free interval of more than one year after the last
surgery has been suggested as indicating a recurrent
disc herniation [8, 18]. Recently, a number of studies
have emphasized the possibility of differentiating epi-
dural fibrosis and recurrent disc herniation with the
use of MRI enhanced with GdADTPA [2,13,19,21]. In
a series reported by Sotiropoulos [21] it was possible
to identify with 100% certainty a disc herniation with
MRI, later confirmed at surgical exploration. How-
ever, this author considered the diagnosis of fibrosis to
be uncertain. On the contrary, Carella [2] claims that
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epidural fibrous tissue, without a mass effect, can be
identified with T1 intermediate signal and hyperin-
tense T2 using Gadolinium enhancement.

In the literature, inconsistent results of SCS treat-
ment for pain due to epidural fibrosis have been pres-
ented: In some the outcome has found to be poor
[14,24], in some other excellent [5,16,17,26]. No
doubt, the employment of percutaneous trial stimu-
lation, prior to the definite implantation, has markedly
improved the long-term outcome [7].

Improved technology with multipolar leads and
fully implantable neurostimulators has largely contri-
buted to the reliability of SCS with less problems of
equipment failure and electrode dislodgements. The
56% success rate in our series is comparable to the data
recently reported by North [16] and De La Porte [5],
and confirms the idea that SCS is preferable to repeat-
ed surgery in patients with pain due to epidural
fibrosis. Apart from the effect on pain it was obvious
that the treatment also resulted in a considerable re-
duction of consumption of analgesics in that 64% of
the patients at follow-up used no drugs or only periph-
erally acting, light analgesics. It was also obvious that
the working capacity was improved in that 29% of the
patients were able to go back to their previous work.
However, the great number of surgical interventions
for revision of the system (22 procedures in 34 patients)
was a problem.

In our experience, provided a correct diagnosis of
FBSS can be established, SCS offers a better chance of
helping the patients than repeated surgery. Moreover,
this treatment modality is not burdened by any severe
complications or side-effects, although repeated sur-
gery is sometimes necessary and the equipment is still
costly.
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Summary

The effects of the antero-posterior and medio-lateral positions of
the spinal cord in the dural sac on the perception threshold and
paresthesia coverage in spinal cord stimulation were analyzed.

The distributions of the dorsal cerebrospinal fluid (CSF) layer
thickness, measured from transverse MR scans of normal subjects at
various spinal levels, were used to calculate the distributions of
threshold voltages for the stimulation of spinal nerve fibers by
a computer model. These theoretical threshold distributions were
shown to fit well to the corresponding distributions of perception
threshold measured in patients.

It is concluded that the thickness of the dorsal csflayer is the main
factor determining the perception threshold and paresthesia cover-
age in spinal cord stimulation: an increasing thickness raises the
threshold and reduces the coverage, and vice versa.

The effects of an asymmetrical electrode position with respect to
the spinal cord midline were also analyzed by computer modeling. It
is concluded that a lateral asymmetry of less than 1 mm gives
a significant reduction of perception threshold and may result in
unilateral paresthesiae.

Keywords: Spinal cord stimulation; perception threshold; pares-
thesia coverage; spinal cord position; computer modeling.

Introduction

In spinal cord stimulation (SCS) the perception
threshold (Tp) is defined as the lowest stimulus level (in
Volts) at which a patient feels paresthesia. It is well
known that Tp varies strongly, both as a function of the
vertebral level of the electrode and among patients
having the electrode at the same level [1,4].

Physically it is expected that Tp increases as the
distance between the (epidural)electrode and the spinal
cord is increased. This distance D is almost identical to
the thickness of the dorsal cerebrospinal fluid (CSF)
layer. The relationship of D and Tp was shown by
calculating the applied electrical field in the spinal cord
and its effect on spinal nerve fibers by computer models
[3,5,7,9,11].

It was also shown by these models that the threshold
voltage to stimulate large dorsal root (DR) fibers is
generally less than the threshold voltage of the corre-
sponding dorsal column (DC) fibers [3,11]. Moreover,
the model predicts that the DC fiber threshold in-
creases more steeply than the DR fiber threshold as
D is increased [7]. Therefore, we assume that Tp will
generally be related to the activation of large DR fibers.

Animportant clinical aspect is the paresthesia cover-
age related to the stimulation of DR fibers and DC
fibers. A segmentary paresthesia will be obtained if
only DR fibers in a few dorsal rootlets can be activated
within the usage range, whereas a broader paresthesia
coverage is possible if DC fibers are stimulated as
well.

Although the distance D seems to be an important
parameter for Tp, other factors may also contribute to
the large variation of D. In order to investigate the
contribution of D we analyzed the correlation of D and
Tp. The best way to do so is to use measurements of
both Tp and D of the same group of patients. However,
such clinical data are not available. Therefore, we used
Tpdata from the Division of Functional Neurosurgery
of Thomas Jefferson University, Philadelphia [4] and
D values obtained from MR scans of normal subjects
at the Medical Spectrum Twente Hospital, Enschede
[6]. By calculating DR fiber threshold voltages (Tcal)
for all values of D we were able to compare the means
of Tcal and Tp and their distributions for stimulation
at several vertebral levels.

The effect on Tp of an electrode position lateral to
the spinal cord midline was analyzed on basis of both
clinical data and computer modeling. The effects of D,
Tp and asymmetrical stimulation on paresthesia
coverage are discussed.
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Methods
Measurement of Perception Threshold (Tp)

Tp values were determined in 136 chronic pain patients and sorted
according to the vertebral level of the cathodal contact of the SCS
electrode (Resume, Medtronic Inc, Minneapolis, MN). During the
measurement of Tp at a constant pulsewidth (210ps) and rate (50 pps)
the patients were in a supine position [4].

The patients were affected from chronic pain due to either the
“failed back surgery” syndrome or neuropathic pain. None of the
patients were found to have any anatomical abnormality near the
SCS electrode, neither a central or peripheral neuropathology that
could affect their ability to perceive paresthesia.

Measurement of Dorsal CSF Layer Thickness (D)

Transverse MR scans were made at midcervical (C4-C6), mid-
thoracic (T5-T6) and lowthoracic (T11-T12) vertebral levels of 26
normal subjects in a supine position. Strongly T2 weighed Turbo
Spin Echo scans were used to obtain good contrast between spinal
cord, csf and dura mater. Transverse sections were 5.0 mm thick and
were separated by 5.5 mm.

Transverse MR images at T5 and C5 are shown in Figs. 1a and 1b,
respectively. The thickness of the dorsomedial csf layer (D) was
measured from the enlarged images and for each subject the values
from 2 or 3 adjacent sections at each vertebral level were averaged.
For details see Holsheimer et al. [6].

Calculation of Threshold Stimuli of Dorsal Root Fibers
(Tcal)

Computer models consisting of two parts were used: a volume
conductor model and a myelinated nerve fiber model. The 3-dimen-
sional volume conductor models represent the gross anatomy of
a midcervical, a midthoracic and a lowthoracic spinal segment and
are based on MR scans. A transverse section of the midcervical
model is shown in Fig. 1c. The models include the white and grey
matter of the spinal cord, csf, dura mater, epidural fat, vertebral bone
and surrounding tissues and two neighboring contacts of the Resume
electrode as well as the corresponding electrical tissue conductivities.
The dorsal csf layers D of the midcervical, midthoracic and low-
thoracic models were 2.4mm, 58mm and 3.6mm, respectively.
Usually the contacts were centered at the spinal cord midline. The
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transverse size of the models was approximately 25 x 25mm and
their lenght 60 mm.

The cathode and the anode were set at different voltages and the
voltage distribution in the model was computed. Subsequently, the
voltages corresponding to the positions of the Ranvier nodes of
a 15um DR fiber entering the spinal cord near the cathode were
applied to the cable model of a myelinated nerve fiber. Then the
threshold stimulation voltage for its excitation (Tcal) was computed,
usinga 210 ps pulse. Tcal was considered to mimic Tp. For details see
Struijk et al. [9,10,11].

Results
Thickness of the Dorsal CSF Layer

From 26 male subjects (19—38 years) the mean thick-
ness D was smallest at C4—C6 (2.5 mm) and largest at
T5-T6 (5.8 mm), whereas the standard deviations (sd)
were 0.8 mm and 1.8 mm, respectively. At T11 the mean
value was 3.6mm (sd = 1.6mm) [6]. At most levels
D had a skew (non-Gaussian) distribution, as shown in
Figs. 2a and 2b for C4-C6 and T5-T6, respectively.

Perception Threshold and Spinal Level of Stimulation

Tp values selected for this study were from bipolar
combinations of neigboring contacts of Resume elec-
trodes (6 mm separation) placed dorsomedially in the
areas C4—C6, T4-T7 and T10-T11. The mean Tp was
lowest at C4-C6(0.67 V,sd = 0.33 V, n = 29) and high-
est at T4-T7 (1.70V, sd =093V, n=24). The mean
value at T10-T11 was 1.16 V (sd =0.60 V, n = 51).

The means and standard deviations of Tp in the
three spinal areas are presented in Fig. 3 (right side
error bars). It is shown that the mean Tp increases as
the mean D isincreased. The large standard deviations
of Tp are due to the large variations of D (Fig. 2), as will
be shown below.

Fig. 1. Transverse Turbo Spin Echo MR scans at vertebral levels T5 (a) and C5 (b); transverse section of midcervical computer model

(c); posterior side up
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Fig. 2. Probability distributions of D at C4-C6 (a) and T5-T6 (b), measured from transverse MR scans

Fig. 3. Tcal: curve showing the theoretical relation of D and Tp.
calculated from the computer model; left side error bars: standard
deviations of Tcal at C4-C6 (D = 2.4 mm), T11 (3.6 mm) and T5-T6
(5.8 mm) calculated from the sd values of D; right side error bars:
means and sd values of Tp at C4-C6, T10-T11 and T4-T7; bipolar
stimulation with narrowly separated contacts (Resume)

Calculated Threshold Stimuli of Dorsal Root Fibers

Bipolar contacts of 3.6 x 3.6 mm, separated longitu-
dinally by 6.6mm and placed medially in the dorsal
epidural space of the 3D models were used to compute
Tcal for D values ranging from 1.6 mm to 7.2 mm. For
any value of D the Tcal values were almost identical
when the midcervical and the midthoracic models were
used.

The relation of Tcal (V) and D (mm) fitted the
following exponential function (corr. coefficient =
0.999)

Tcal = 1.99%10°-°87D _ 1 48 (1)

In a previous paper we concluded that Tcal values
were 2.5 — 3 times higher than the corresponding Tp

values [11]. Accordingly, we modified (1) proportio-
nally (1/2.6) into

Tcal = 0.765*10°-°87P — 0.57 (2)

This theoretical relation is presented by the curve
Tcal in Fig. 3. Moreover, the standard deviations of
Tcal, calculated from the standard deviations of D at
C4-C6, T5-T6 and T11, are shown at the left side of
the error bars indicating the standard deviations of Tp.
It is shown that both the mean Tp values and their
standard deviations correspond well with the com-
puted values, taking into account the small numbers of
experimental data, ranging from 21 to 51.

However, at the various spinal levels D, Tp and Tcal
do not have normal distributions and therefore, the
relation of Tp and Tcal is not sufficiently determined
by their means and standard deviations.

Distributions of Measured and Calculated Thresholds

The distributions of Tcal were obtained by trans-
forming the distributions of D at C4-C6 and T5-T6
(Fig. 2) with the nonlinear relation of formula 2. The
probability distributions of Tcal and Tp at C4—C6 are
presented in Fig. 4a and those at T4-T7 in Fig. 4b. Like
the probability distributions of D (Fig. 2), those of Tp
and Tcal are skew. Figs. 4a and 4b show that Tp and
Tcal have similar distributions.

A quantitative comparison of the corresponding
distributions of Tp and Tcal was made by calculating
the 25th and 75th percentiles (the median values, or
50th percentiles, were fitted). These percentiles, given in
Table 1, affirm the similarity of the probability dis-
tributions of Tcal and Tp shown in Figs. 4a and 4b. The
distributions of Tp are slightly wider than those of Tcal
(see Discussion).
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Fig. 4. Probability distributions of measured (Tp) and calculated (Tcal) thresholds at C4-C6 (a) and T4-T7 (b); bipolar stimulation with

narrowly separated contacts (Resume)

Table 1. Percentile Values of Threshold Distributions ( volts)

Midcervical Midthoracic
25th 50th 75th 25th S0th 75th

Tp 0.46 0.58 0.75 1.06 1.43 238
Tcal 0.50 0.58 0.70 1.18 1.43 2.15

Perception Threshold and Mediolateral Electrode
Position

Recently we have shown that Tp is reduced signifi-
cantly when the electrode is 2mm or more off the
radiological midline [4]. The mean reduction of Tp
was 40% when the electrode was at C6-T1, whereas at
T8-T10 and T11-T12 the mean reductions were 25%
and 31%, respectively.

For various mediolateral positions of the Resume
electrode with respect to the spinal cord midline stimu-
lation thresholds of DR fibers were calculated using the
computer models. In Fig. 5 Tcal of the left DR fiber is
given as a percentage of its value with the electrode at
midline (= 100%). The electrode was moved up to
1.8 mm to the left and right sides in the midcervical (C5)
and the midthoracic (T5) models. It is shown that Tcal
is reduced increasingly as the electrode is moved to the
left side, whereas it is increased as the electrode is
moved in the opposite direction. The latter also repre-
sents the change of Tcal of a right side DR fiber when
the electrode is moved to the left side. It is also shown in
Fig. 5 that the changes of Tcal in the C5 model are
larger than in the TS model, due to the smaller dorsal
csflayer (2.4 mm and 5.8 mm, respectively). Because the
computer models predict that Tp is usually related to
stimulation of DR fibers, Tp will be reduced as the

Fig. 5. Calculated changes (%) of left side DR fiber threshold as the
electrode is moved from the spinal cord midline to 1.8 mm lateral
(right and left sides) at levels C5 (D = 2.4mm) and T5 (D = 5.8 mm);
bipolar stimulation with narrowly separated contacts (Resume)

electrode is moved from a position corresponding to
the spinal cord midline to a lateral position. When the
center of the electrode is 1.8 mm lateral, Tp will be
reduced by 32.9% when D =2.4mm (midcervically)
and by 13.6% when D =5.8mm (midthoracically).
Similarly, the threshold voltage to stimulate fibers in
the opposite dorsal root will be increased by 68.2% and
34.5%, respectively.

In general this model prediction is in accordance
with the conclusions from clinical data mentioned at
the start of this section [4]. When stimulating at C6—
T1, having the smallest mean D, the mean reduction of
Tp is largest (40%). In contrast, at T8—T10 the mean
D is largest and the mean reduction of Tp is smallest
(25%). The clinical and modeling data could not be
compared quantitatively, because the values of D re-
lated to the Pt values were not available and no
selection of only narrow bipolar combinations of the
Resume electrode was made.
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Conclusions and Discussion

The relationship of D and Tp has been analyzed by
comparing Tp values measured from a group of pa-
tients and the computed thresholds (Tcal) based on
D values measured from another group of subjects. Tp
data were obtained from bipolar stimulations with
narrowly separated contacts of the Resume electrode
(Medtronic Inc, Minneapolis, MN), whereas Tcal
values were calculated by using the same stimulation in
the computer models. Similar as in a previous study
using non-selected Tp data [4] we have shown that the
mean Tp at various spinal levels correlates well with
the mean D, taking into account the large variations of
D and Tp. Moreover, the probability distributions of
D and Tp at various vertebral levels are correlated as
well. Therefore, D can be considered the main factor
determining Tp, probably by the exponential relation
calculated from the computer models. Other factors
increasing Tp are the presence of epidural fat or scar
tissue between the electrode and the dura mater and an
abnormally thick dura mater near the electrode.

Stimulation of only DR fibers in some dorsal root-
lets will result in a small, segmentary paresthesia cover-
age. However, when the dorsal columns are stimulated
alarger paresthesia coverage can be obtained. Because
the computer model predicts that the threshold for
stimulating DC fibers increases far more than the
threshold for DR fibers when D is increased [7], the
probability of stimulating DC fibers at large values of
D is very small when stimulating with any contact
combination of currently available SCS electrodes.
Therefore, a large D (midthoracically) will result in
a high Tp and small, usually segmentary paresthesias,
as is well known from clinical practice. Conversely,
a smaller D (midcervically, lowthoracically) results in
a lower Tp and broader paresthesia coverage. This
trend in paresthesia coverage was shown by Barolat
et al. [2] who presented the quantified topographical
distributions at almost maximum stimulation at many
levels. The small numbers of data related to stimula-
tion at C7-T5, however, were not included. Stimula-
tion at these levels was usually avoided due to the small
(segmentary) paresthesia coverage [1].

The relation of Tp and paresthesia coverage de-
scribed only holds for a midline position of the elec-
trode, resulting in symmetrical paresthesiae. An
asymmetrical electrode position will result in a reduc-
tion of both Tp and paresthesia coverage, the latter
being asymmetrical or even unilateral. Clinical data on
the reduction of Tp were presented in a previous paper
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[4], whereas Barolat et al. [2] concluded that a reduc-
tion of paresthesia coverage is generally obtained when
the electrode is 3mm or more off the radiological
midline.

The occurrence of unilateral paresthesiae is due to
the simultaneous reduction of DR fiber thresholds at
one side, the increase of DR fiber thresholds at the
opposite side and the increase of DC fiber thresholds,
as compared to the values when the electrode is at the
spinal cord midline position. Taking into account the
limited range of stimulation, having an average maxi-
mum of ~40% beyond Tp [4, 8], the computer model
predicts that paresthesia will be unilateral when the
electrode is only slightly off the spinal cord midline.
According to Fig. 5 a difference of 40% between the left
and right DR fiber thresholds will be obtained when
the electrode is ~ 0.7 mm lateral with D = 2.4 mm and
~ 1.5mm with D = 5.8 mm. In order to obtain bilat-
eral paresthesiae in midcervical SCS the mediolateral
distance between the center of the electrode and the
spinal cord midline should thus on the average be less
than 0.7 mm and still smaller when paresthesiae should
be symmetrical.

The MR study has shown that in about 40% of the
subjects the spinal cord midline and the vertebral
midline were 1-2mm apart at all levels investigated
[6]. This result and its calculated effect on paresthesia
distribution is in accordance with Barolat et al. [1]
who reported that the percentage of paresthesiae felt
symmetrically when the stimulating contacts were per-
fectly located at the radiological midline was only 27 %.
These results clearly show that the radiological midline
is an unreliable reference for SCS electrode placement.
They also indicate that the difference between pares-
thesia coverages related to electrode positions more
and less than 3 mm from the radiological midline [2]
will be less pronounced, since a radiological laterality
of e.g. 3mm can be related to a laterality of 1-5mm
with respect to the spinal cord midline.

The variation of the mediolateral spinal cord posi-
tion among subjects will cause an extra variation of
Tp and a reduction of its mean value, although these
effects will be relatively small in comparison to
the influence of the variation of D. Indeed, we found
that Tp had a slightly wider distribution than Tcal
(Table 1).
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Anatomical Findings in Microsurgical Vascular Decompression
for Trigeminal Neuralgia. Correlations Between Topography of
Pain and Site of the Neuro-Vascular Conflict

M. Sindou, M. Chiha, and P. Mertens

Department of Neurosurgery, Neurological Hospital P. Wertheimer, University of Lyon, France

Summary

We here report on the anatomical findings in a series of 350
patients with trigeminal neuralgia (TN) and operated on using
a microsurgical key-hole approach to the CPA.

In 5.7% there was a tumour or a vascular malformation, in 2.3%
a mega-vertebro-basilar-artery. Among the remaining 322 (= real
idiopathic TN), only 3.1% had no visible compressive factor, whilst
96.9% had one (or several) conflicting vessel(s): SCA in 90%, AICA
in 23.6%, a vein in 24.7%. In 35.7% of the patients, several neuro-
vascular conflicts (NVC) were found. Beside the NVC(s), a global
atrophy of the entire root was seen in 67% of the cases. Degree of
severity of the NVC and its site along the root were studied. The site
of the conflict was: anteriorly to the root when pain was in V1,
anteriorly and superiorly when in V2, superiorly and posteriorly
when in V3.

Keywords: Micro-vascular decompression; neuro-vascular con-
flict; pain; trigeminal neuralgia.

Introduction

Thanks to the pioneering works of Dandy [1], Gard-
ner [2], and Jannetta [3], the notion of a neuro-
vascular conflict (NVC) as an important etiological
factor in idiopathic trigeminal neuralgia (TN) has be-
come widely accepted. Although a large number of
series have been published since then, few reports with
detailed operative findings are available.

Since 1979, 1300 patients referred for TN resistant to
prolonged high doses of carbamazepine were operated
on by the senior author (MS). 950 had a percutaneous
thermo-rhizotomy and the other 350 a microsurgical
key-hole retromastoid supracerebellar approach [4].
The anatomical-pathological findings observed under
the operative microscope were carefully noted and
drawn.

Material

This series of 350 patients consisted of 53% females and 47%
males. Age ranged from 24 to 84 years, 60 on average. 60% had pain
on the right side and 40% on the left. V1 division was affected in 32%,
V2in 76.5% and V3 in 62% (in a majority of the patients more than
one division was involved). The mean duration of the pain history
was 7 years. In 56% of the cases TN was of the paroxysmal type, i.e.
typical; in 44% it was atypical in the sense that there was a perma-
nent burning pain component associated with the paroxysmal crises.

Anatomical Findings
Etiology and Results of Surgery

In 20 cases (5.7%) a tumour or a vascular malforma-
tion was found. In 7 of them, TN was typical, without
any deficit. In all 20, the lesion was successfully re-
moved with total relief of pain.

In 8 cases (2.3%) there was an atherosclerotic mega-
vertebro-basilar artery. These patients had an atypical
TN with a permanent burning component. They
underwent a selective juxta-pontine rhizotomy of pars
major, due to the impossibility of pushing away the
compressive mega-artery. Relief was total in all, but
3 cases suffered a moderate hypoesthesia dolorosa.

Of the group of 322 patients with a true idiopathic
TN, 10 cases (3.1%) had no vascular conflict. These ten
patients had no characteristic clinical features com-
pared to the group with a conflicting vessel, but their
nerves were globally atrophic. These ten patients were
treated by a partial section of pars major. A complete
relief was achieved in all except one patient. Numbness
occurred in all, and one suffered a severe anesthesia
dolorosa.



126

Fig. 1. Examples of various types of Neuro-vascular conflicts (seen
through a right posterior CPA approach): SCA in anterior ( = me-
dial) (upper left) or superoposterior ( = supero-lateral) (upper right)
position; AICA inferiorly cross-compressing the Vth REZ(lower left).
Satellite trigeminal veins embedded in nerve tissue (lower right)

In the remaining 312 patients (96.9% of the
idiopathic group), one (or several) conflicting vessel(s)
was identified (examplesin Fig. 1): a superior cerebellar
artery in 90%; an anterior inferior cerebellar artery in
23.6%; a vein embedded into the nerve in 24.7%;
a basilar artery in 3.2%. Of prime importance was the
fact that several conflicting vessels were found in 35.7%
of the patients.

In twelve patients a partial section of the pars major
was performed because it was not possible to decom-
press the root satisfactorily. Of these, 9 enjoyed good
relief. Of the 300 patients treated with MVD, 2 (0.6%)
died because of an hemorrhagic infarction of the cere-
bellum, 7 (2.3%) had an immediate failure (for un-
known reasons) and they underwent thermorhizot-
omy, 250 (83.8%) had total relief, 25 (8.3%) suffered
some episodic crises but did not require medication, 12
(4%) had incomplete improvement requiring addi-
tional medical treatments, and 4 (1.3%) had a “dis-
sociated” cure (with complete relief of paroxysmal
crises but not of the permanent burning component).
Of prime importance is the fact that among the patients
who had total relief, the effect was obtained immediate-

Fig. 2. Location of the conflict around the root

M. Sindou et al.

ly after surgery in 75% of the patients and after a few
weeks or months in the remaining 25%.

Of the 291 patients with an effective MVD, 14% had
a recurrence after a 1 to 12 years’ follow-up (5 yrs on
average). In three-fourth of them the recurrence occur-
red within the first post-operative year.

Characteristics of the Neuro-Vascular Conflicts

Degree of severity of the conflict. When several of-
fending vessels were found, only the one causing the
major conflict was considered for the study. The degree
of severity was graded as 1) when the vessel was in
contact with the root but without any visible indenta-
tion (18.6% of the cases), 2) when there was a displace-
ment and/or distorsion of the root (46.4%), 3) when
a significant indentation in the root was present (35%).

Site of the conflicts along the root. All the conflicts, if
several in the same patient, were recorded. The follow-
ing sites were found: at the trigeminal root entry zone
in 78%, in the midthird of the root in 40%, and at the
exit of the root from the Meckel’s cave in 12%.

Location of the conflicts around the root (Fig. 2). Only
the main vascular conflict, if several in the same pa-
tient, was considered for this study. The location was
medial or medio-superior to the root in 59%, superior
or supero-lateral in 33%, and latero-inferior or inferior
in 8% of the patients.

Root Alterations and Surrounding Abnormalities

Beside the focal lesions due to the conflict, alter-
ations of the whole trigeminal root were frequently
observed. In 45% the root was significantly atrophic
and in 22% there was a marked atrophy.

In addition to these findings, the following abnor-
malities were found: a significant degree of local arach-
noiditis adhesive to the root in 22%, an absence of
cisterns around the nerve due to small size of the
posterior fossa in 5%, and a marked angulation of the
root at its junction with the triangular plexus, when
crossing over the petrous ridge after its exit from
Meckel’s cave, in 19%. Such an angulation frequently
coexisted with a SCA in a superior position, strongly
pushing down the nerve, making it hammock-shaped
and markedly atrophic.

Correlations Between Topography of Pain and
the Site of the Conflict Around the Root

Table 1 shows the correlations between the topogra-
phy of pain with regard to the trigeminal division(s)
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Table 1. Correlation Between Topography of Pain and Site of the
Vascular Conflict Around the Root

Site of the vascular conflict
around the root

Topography of
trigeminal Ant. Sup. Post. Inf.
pain
V14 4(100%)
V1-V2:38 29(76.3%)  9(23.7%)
V1-V2-V3:17 10(58.8%) 6(35.2%) 1(6%)
V2:33 19 (57.5%) 11 (33%) 2(6.1%) 1(3.1%)
V2-V3:37 20(54%) 14(37.8%) 1(2.8%) 2(5.4%)
V3:19 6(31.6%) 8(422%) 3(15.7%) 2(10.5%)
Total cases: 148 88 (59.5%) 48 (32.4%) 7(4.7%) 5(3.4%)
s 34 % .42 %
100 %,
57 % 31 % (| |r\ \
al ’V 1 5 | : |||‘ ‘V 3\\\>\
: L 9 o 27 %

Fig. 3. Location of the conflict in patients with a single and clear
arterial offending vessel and pain in one division only (ie., 56
patients)

and the site of the offending vessel in relation to the
root (i.e. anterior, superior, posterior and inferior
quadrants) in the 148 patients of the series in whom
there was only one conflicting arterial vessel.

Figure 3 shows the location of the conflicts in pa-
tients having a single and clear arterial offending vessel
and pain in one division only (i.e. 56 patients). Pain in
V1 was present only when the conflict was medial or
medio-superior (100%). The incidence of pain in V2
was 57%, 34% and 9% with conflicts in the medial,
superior and inferior aspect, respectively. The inci-
dence of pain in V3 corresponded to conflicts in the
medial (31%), the superior (42%), and the inferior
(27%) aspects.

Discussion

Any conclusion on the role of neuro-vascular con-
flict in the genesis of idiopathic trigeminal neuralgia
must take into account anatomical studies performed
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in humans without a history of TN. In 50 autopsy
studies of the trigeminal nerve, Hardy and Rhoton [5]
found that in 26 cases there was a contact with the SCA
with a few fascicles indented or distorted. Haines et al.
[6] found a neurovascular contact (SCA) in 14 of their
40 specimens, but in ten the vessel did not distort the
nerve.

In a personal series of 54 patients from the past 20
years who underwent a juxtapontine section of pars
major of the trigeminal nerve for pain in the face due to
malignant disease, we never found any significant vas-
cular conflict. Although the mean age of this group was
ten years younger (50 yrs) than in the series treated by
MVD (60 yrs), it might serve as a control group. These
anatomical data support the idea that an offending
vessel plays a role in the genesis of idiopathic TN.

When reviewing our surgical data, we were surprised
by the high frequency of accompanying abnormalities
in close vicinity to the nerve, and the finding of a global
atrophy of the root (67% of the cases) independent of
a neuro-vascular conflict. These lesions which are not
directly related to an offending vessel should be taken
into account when discussing the pathogenesis of the
disease. The presence of an offending vessel does not
seem to be the sole explanation.
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The Duke Experience with the Nucleus Caudalis DREZ Operation
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Summary

The nucleus caudalis DREZ operation has been performed in
three phases at Duke. Between 1982 and 1988 radiofrequency (RF)
lesions were made in the trigeminal nucleus extending from the C2
root to the obex using a straight electrode. Complications include
ipsilateral arm ataxia due to spinocerebellar tract injury and ipsilat-
eral lower limb weakness from the pyramidal tract. The former
occurred at least transiently in 90% of cases. The electrode employed
from 1988 to 1989 had proximal insulation protecting the
spinocerebellar tract. Since 1989 a ninety degree bend has been
added to the electrode to allow better placement. Two electrodes are
used to accommodate the shape of the caudalis nucleus. A total of
101 procedures have been performed. The newest electrodes were
used in 46 procedures. Ataxia is recognized in 39%. Overall pain
relief was excellent in 34% and good in 40%. In post herpetic
neuralgia 71% enjoyed excellent or good relief. Indications include
post herpetic neuralgia, deafferentation pain (anaesthesia dolorosa,
post-tic dysesthesia, stroke, MS, gasserian tumour, Gamma Knife
radiation injury), facial trauma/surgery, atypical facial pain, and
migraine/cluster headache. A study to compare this operation to
deep brain stimulation prospectively for the above indications has
been initiated.

Keywords: Facial pain; DREZ; trigeminal nucleus.

Introduction

The aim of DREZ lesioning is to affect the second
order neurons in the sensory pathway. There is a grow-
ing experience with this procedure in the spinal cord
and it has proven effective at relieving pain of central
origin, particularly secondary to root avulsion [13—
15]. The nucleus caudalis harbors second order neur-
ons subserving pain, temperature and crude touch
from the ispilateral face [18]. Trigeminal neuralgia
responds well to medical management, microvascular
decompression, peripheral or retro-gasserian lesions,
however some patients develop post denervation dys-
esthesia or fail to improve. Patients with post herpetic
neuralgia, atypical facial pain, pain following trau-
matic injury, or central pain secondary to stroke

equally fail to respond to traditional tic operations. It is
hypothesized that second order neurons have a sub-
stantial role in the generation of central pain, and in
some instances may generate pain through hyperactiv-
ity [1,5,10, 11].

Sjoquist suggested and performed open trigeminal
tractotomy which was reported in 1938 [20]. This was
refined with stereotactic trigeminal tractotomy [6] and
trigeminal nucleotomy [9,19]. Nashold extended the
principals of DREZ to the trigeminal nucleus caudalis
which was first reported in 1984 [16]. The purpose of
this report is to review the Duke experience with this
procedure over the last decade and describe the current
surgical technique.

Materials and Methods

This is retrospective review of patients treated for facial pain with
nucleus caudalis DREZ who failed maximum medical and surgical
treatment. All patients were evaluated in a multidiciplinary pain
clinic prior to referral for DREZ.

The procedure is performed under general anaesthesia with the
patient prone and the head supported in pins. A small craniectomy is
performed ipsilateral to the pain extending across midline to allow
exposure of the obex, and reaching to the lateral margin of the
foramen magnum. The arch of C1is removed on this side. Magnifica-
tion is employed. Landmarks are the obex, the rootlets of C2, motor
rootlets of C1 and the accessory branches of the eleventh cranial
nerve. A single row of lesions is made beginning at the rootlets of C2
in line with the dorsal root entry zone extending cephelad. Lesions
are made with thermocouple temperature control for 20 seconds at
75 degrees Centigrade, one mm apart. Approximately 10 lesions are
made to the level of C1 using the smaller angled electrode. The
remaining six to ten lesions are made with the longer angled elec-
trode extending up to the level of the obex. The final lesion is often in
tissue which is notably softer to penetration and there is a noticeable
decrease in impedance. The line of the lesions is carried in a gentle
curve extending slightly lateral and care is taken to keep the lesions
medial to the exit of the motor roots of eleven. The cerebellum and
sometimes the PICA is gently elevated for the upper exposure (see
Fig. 1). Patients are treated with high dose steroids.
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Fig. 1. Operative site. With permission of Nashold BS Jr [17]

Fig. 2. El-Naggar/Nashold electrode

This technique is based on the results of an anatomical study on
human autopsy cases by Drs. MM Abdulhak and J Ovelmen-Levitt.
The nucleus caudalis merges with the cervical dorsal horn at C2 and
extends 20 mm to the trigeminal nucleus intermedius, cephalad. The
shape of the nucleus varies, being oval in cross section at the C2 level
and measuring 0.8 mm x 1.5 mm. Near the obex the nucleus caudalis
is round, with a cross section diameter of 2.0 mm. Superficial to the
nucleus lies the spinal tract of the trigeminal nerve and the dorsal
spinocerebellar tract which overlies the nucleus 3.0 mm bellow the
obex. The pyramidal fibers cross and move from a ventral position to
the dorsolateral quadrant of the cord immediately adjacent to the
caudalis nucleus from a level between Smm and 12 mm caudal to the
obex. The pyramidal tract is vulnerable to lesions that are made too
deep particularly at the lower extent of the exposure. The El-
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Naggar/Nashold electrodes were introduced into use January 1990
[17]. The electrodes have a right angle to allow more accurate
placement from the dorsal exposure. The shorter electrode measures
1.8 mm with the proximal 0.6 mm insulated and is used for the more
caudal lesions to protect the pyramidal tract. The longer electrode is
used more cephelad to more completely lesion the larger portion of
the nucleus and it measures 3.0mm with the proximal 1.0mm
insulated. A straight electrode with a 3.0mm tip and proximal
insulation over 1.0mm to protect the spinocerebellar tract was
introduced in 1988 [24]. The original procedure was begun in 1982
with a straight 2.5 mm electrode [2].

Results

A total of 101 nucleus caudalis DREZ lesionings
have been performed at Duke to date, and 46 pro-
cedures have been performed with the EI-Nag-
gar/Nashold electrode. Fourteen patients had anaes-
thesia dolorosa following multiple procedures for
trigeminal neuralgia, 8 had atypical facial pain, 8 had
post herpetic pain, 5 stroke, 4 prior facial trauma or
dental/nasal surgery, 4 had headache and one each had
MS, trigeminal tumour, or Gamma Knife radiation for
acoustic tumour. Mean follow up is 3 months with
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minimum follow up of one month. Current follow up
data collection is ongoing. Inadequate data was avail-
able for 11 cases. Pain relief was excellent in 12 and
good in 14, that is 56% of the entire group or 74% of
the 35 cases with complete data. Outcome was poor in
6 and fair in 3 cases (26%). Outcome classification is
previously described [2].

For the 8 cases with post herpetic pain complete data
was available on 7 with 3 experiencing excellent,
2 good, 1 fair pain relief and 1 poor. For the 8 patients
with atypical facial pain data was available in 7. Five
were classified as good, 1 excellent and 1 poor for
a favorable response of 75% (6/8). Data for 11 of 14
patients with anaesthesia dolorosa was available to
evaluate. 50% (7/14) experienced a favorable response,
4 excellent, 3 good, 1 fair and 3 poor. There were five
patients with stroke. Results were excellent in 1, good
in 3 and not available in 1. For the entire group of 101
procedures there was one unexplained post operative
sudden death. New ataxia of the upper extremity or
gait ataxia developed in 18(39%) of the 46 more recent
procedures.

Discussion

Bernard reported the results of the first 18 caudalis
DREZ performed between 1982 and 1985 [2]. There
was an incidence of at least transient upper extremity
ataxia of 90% [17]. On immediate post operative
evaluation 17 out of the 18 patients reported good or
excellent outcome, while on subsequent follow up this
fell to 11(58%). With a mean follow up of 9.8 months
71% of 7 patients with post herpetic pain reported
a favorable response.

In 1994 21 cases operated with El-Naggar/Nashold
electrodes between January 1990 and September 1992
were reviewed [17]. Seven patients developed post-
operative ataxia, a substantial improvement from ear-
lier reports. Pain relief was excellent in 48% and good
in 5%. Four out of five patients with post herpetic
neuralgia experienced excellent outcome.

There are several pathophysiologic mechanisms
which result in pain in the face. Post herpetic pain is
believed to represent a form of central pain with abnor-
malities in the ganglion and nucleus. Deafferentation
pain is difficult to treat and many interventions have
been proposed. A partial list includes, peripheral trige-
minal lesions, ganglion lesions, root lesions, trigeminal
tractotomy, trigeminal nucleotomy, undermining the
skin [23], sympathectomy [8], thalamotomy [12],
excision of sensory cortex and even cingulotomy [22].

J. P. Gorecki and B. S. Nashold

So far none of these procedures has attained universal
acceptance.

It is reasonable to theorize that second order, third
order or even cortical neurons have an individual or
combined role in the generation of the experience of
central pain. It is probably not as simple as isolated
neuronal hyperactivity or denervation sensitivity lo-
calized to second order neurons [3]. Nonetheless we
believe it is reasonable to attempt to treat such pain by
manipulating these second order neurons. The caudalis
DREZ procedure does so by coagulating the trigeminal
nucleus caudalis which corresponds to the dorsal gray
matter of the cord and contains second order neurons
for pain and temperature arising in the fifth, seventh,
ninth and tenth cranial nerves, by means of an open
microsurgical procedure. Clinical results producing
near complete analgesia without anaesthesia support
the hypothesis that pain is selectively transmitted
through the caudalis nucleus [17,21], although Hitch-
cock suggests otherwise and recommends combining
trigeminal tractotomy with nucleotomy [7]. With bet-
ter knowledge of the electrophysiologic changes that
generate spontaneous pain and more experience from
clinical trials it may be possible to suggest combina-
tions of lesions that may be more effective for specific
pathologic situations. Caudalis DREZ as described
has the advantage that it results in near complete
destruction of the entire length of the nucleus as op-
posed to a focal area in stereotactic nucleotomy [4].

Conclusion

It is possible to produce lesions in the trigeminal
nucleus caudalis with reasonable risk. The development
of a newer electrode and technique based on neur-
oanatomy has successfully reduced the complications,
particularly ataxia. It has not been demonstra- ted that
the newer method improves the extent of nucleus
destruction. Outcomes in terms of pain relief have
remained at least as good, with favorable pain reduc-
tion in 73% at short term follow up. We anticipate
some loss of good effect over time [2]. Results to date
encourage further investigation of the technique and
the initiation of a prospective trial to compare caudalis
DREZ and thalamic stimulation in post herpetic and
deafferentation pain of the face.
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Cortical Stimulation for Central Neuropathic Pain: 3-D Surface MRI for

Easy Determination of the Motor Cortex
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Summary

Motor cortex electric stimulation has been reported to be effective
for the treatment of central post-stroke pain and trigeminal neur-
opathic pain. Five patients with pain due to injury of the trigeminal
nerve and with abnormalities of facial sensibility, as well as two
patients suffering of a post-stroke thalamic pain, were subjected to
stimulation applied epidurally on the motor cortex. Quadripolar
electrodes were implanted under local anaesthesia and the precise
location of the motor cortex was determined on three-dimentional
surface MRI the day prior to surgery. In our experience, correct
topographic localization of the electrode on the motor cortex seems
to be crucial to obtain pain reduction.

Keywords: Neuropathic pain; motor cortex; neurostimulation;
magnetic resonance imaging.

Introduction

Motor cortex stimulation has been proposed as
a treatment modality in deafferentation pain (Namba
and Nishimoto 1988). Tsubokawa et al. (1991, 1993)
reported beneficial effect of epidurally applied motor
cortex stimulation in patients with therapy-resistant
central pain after thalamic stroke. Meyerson et al.
(1993) further extended the indications of this tech-
nique by reporting pain relief in trigeminal neuropathic
pain.

One of the main technical problems arising when
applying this technique is the precise determination of
the gyrus precentralis for correct epidural implanta-
tion of the stimulating electrodes. Previous reports
utilizing conventional methods for determination of
the motor cortex, such as bone landmarks of the skull
(Delmas and Pertuiset, 1959), stereotactic atlasses
(Talairach et al., 1957) as well as somatosensory evoked
potential recording (Wood et al., 1988) seem to have
some drawbacks as to the precision in determining the
motor cortex and stimulation site, as was discussed

previously (Meyerson et al., 1993). We describe here
a non-invasive 3-D MRI method for brain surface
reconstruction and cortex determination, enabling fast
localization of the motor cortex. The MRI procedure is
performed prior to surgery and accurate electrode
position is confirmed by functional stimulation testing
per-operatively.

Materials and Methods
Patient Population

A total of 7 patients with central pain were selected for motor
cortex stimulation between January 1993 and October 1994. Five of
the patients had trigeminal neuropathy (in 4 of these due to injury of
the nerve after surgical trigeminal rhizotomy or decompression) and
2 patients had a post-stroke central pain (a thalamic hemorrhage and
a small thalamic infarct, both with severe thalamic pain predomi-
nantly located in the face and upper extremity). All patients had
failed to respond to pharmacological therapy (analgesics, antiepilep-
tics and psychotropic drugs), as well to TENS or spinal cord stimula-
tion applied cervically in some patients. In one patient with thalamic
pain due to a small thalamic ischemic lesion deep brain stimulation
in the VPM failed to give pain relief. There was no history of prior
epilepsy in any of our patients. They all had, prior to implantation,
EEG examination for the exclusion of epileptic activity. A routine
diagnostic MRI procedure in axial and sagittal planes was per-
formed prior to implantation to exclude major morphological alter-
ations of the cerebral cortex.

MRI Procedure for Determination of the Motor Cortex

The day before surgery, the presumed region of motor cortex is
covered with an external reference grid composed of 9 tubings
intersecting at 90°, spread by 1 cm and filled with a CuSO, solution.
This external reference is firmly attached to the skin of the patient
with tape and the location of the grid is also drawn on the patients
skin (Fig. 1). A 3-D FLASH 40/6/1/40 (TR/TE/Number of excita-
tions/Flip angle) sequence is then performed in the sagittal plane
after intravenous Gd-DOTA injection on 1T Magnetom (Siemens,
Germany). The slice thickness is 2.0 mm, the number of excitations 1,
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Fig. 1. Lateral view of the external reference grid attached to the
skull of the patient

the matrix 256 x 256 and the number of slices 128. This basic 3-D
MRI data acquisition time is 18 minutes. On surface reconstruction
based on the 3-D Tubo-FLASH (Ebeling et al, 1989) the normal gyri
and sulci of the cortex can be easily recognized. A series of curved 3-D
surface reconstuctions (using a 3-D display program) is then per-
formed, plotting the external grid (sticked to the skin of the head)
onto the 3-D reconstructed cortex (Fig. 2). The g. precentralis is then
identified and a line corresponding to the site of the motor cortex is
drawn on the patients skin (Fig. 3).
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Fig. 3. Alineisdrawn on the skin corresponding to the localization
of the motor cortex

Surgical Procedure

Under local anaesthesia a burr hole was made 4 cm lateral to the
midline at the site of the previously drawn line on the patient’s skin.
Once the dura was exposed, it was detached from the bone in the
direction of the same line and a 4-polar electrode strip (Resume,
Medtronic Inc.) was introduced epidurally. Test stimulation via
a percutaneous extension lead was then performed peroperatively.
First, low frequency (1-2 Hz) high intensity stimulation (4-8 V, 0.8 ms

Fig. 2. Surface reconstruction (lateral view) based on 3-D FLASH (without Gd injection) showing the different cortical gyri and sulci with the
grid superimposed onto the cortical structures. The g. precentralis is identified (*): right side
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duration) was applied till muscle switches were observed in the face
or upper extremity corresponding to the painful area. If neces-
sary, the quadripolar electrode position was corrected to cover the
appropiate cortex area. Secondly, stimulation was performed at high
frequency (50-75 Hz) and with an intensity of about 2/3 or the motor
threshold (0.2ms duration). The majority of patients reported a
sensation of light tingling or mild vibration projected in the same
area of distribution as their pain when the electrode was considered
correctly positioned.

Stimulation Procedure

A few days after electrode implantation the patient was discharged
and continued trial stimulation via percutaneous extension leads
using a screening stimulator. This continued for a period of a least
4 weeks. Patients were instructed to stimulate at the parameters
determined during high-frequency test stimulation per-operatively
for a period of one hour 6 times a day. After this period pain was
reassessed by using the VAS (visual analogue scale) and compared to
prestimulatory values. If a mean pain relief of 50% or more was
achieved, the patient was considered suitable for continued stimula-
tion using a completely implantable system (Itrel II, Medtronic Inc.).

Results

The results are summarized in Table 1. In all patients
implanted the motor cortex could easily be identified
using 3-D surface reconstruction MRI. T