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Preface 
These proceedings from the Xth Congress of the European Society for Stereotactic and Functional 

Neurosurgery in Stockholm reflect the growing interest in these fields of neurosurgery. It is the most 
extensive volume in this series of publications and it contains a large number of original articles pertaining 
to the most recent advances in stereotactic and functional neurosurgery. Not long ago stereotactic 
neurosurgery was considered an esoteric sub speciality practised only by those involved in treating 
movement disorders and pain. In the last decade we have witnessed the incorporation of stereotactic 
methodology in the management of common neurosurgical diseases, and the stereotactic technique is 
now practised in all major neurosurgical centers. As with other surgical techniques and tools, however, 
the utilization of stereotactic methods requires special knowledge and training. This book comprises 
articles which give insight into new stereotactic applications and technology. For example, the usage 
of stereotaxis without a frame and the so-called navigator systems in open tumor surgery is dealt with 
in two papers. 

The introduction and development of radiosurgery is closely linked to the advancement of stereotactic 
technique. Radiosurgical treatment of tumors and cerebrovascular diseases has been one of major 
achievements in modern neurosurgery. This publication contains several original reports illustrating the 
efficacy of radiosurgery in problematic neurosurgical diseases. 

In the field of functional neurosurgery there has been an impressive development in the treatment 
of pain and many of the new treatment modalities in pain have been introduced and developed by 
neurosurgeons. Various forms of electric neurostimulation have become a routine in the management 
of certain pain conditions resistant to conventional therapy. Neuropathic forms of chronic pain are 
particularly problematic, and the physiological background for such pain has until recently been poorly 
understood. The pathophysiology of peripheral neuropathic pain is the topic of a thorough review by 
Clifford Woolf from London. There are also a number of other papers dealing with experimental and 
clinical studies of neuropathic pain. 

Neural transplantation is a novel and fascinating approach to the treatment of parkinsonism. This 
form of therapy is unique in the sense that it aims at the restoration of diseased nervous tissue with 
specific neurotransmittor-releasing properties. Transplantation also gives hope as a therapy for other 
hitherto incurable neurological diseases. The role of trophic factors in neural transplantation is reviewed 
by Lars Olson, Stockholm, and a clinical update is given by Roy Bakay, Atlanta. 

The classical neurosurgical treatment of tremor is thalamotomy which is still widely practised. 
However, in recent years it has been convincingly shown that the same tremor blocking effect can be 
achieved by electric stimulation in the thalamus. This new and non-destructive approach for dealing 
with incapacitating tremor in parkinsonism and other extrapyramidal diseases is reviewed by Alim 
Benabid, Grenoble. 

These proceedings demonstrate that stereotactic and functional neurosurgery represent active fields 
of both clinical and basic neuroscience. The many original and new reports presented at the meeting 
in Stockholm in 1992 is a manifestation of the vitality of the European Society for Stereotactic and 
Functional Neurosurgery. 

September 1993 
Bjorn Meyerson 
President ESSFN 
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Reparative Strategies in the Brain: Treatment Strategies Based 
on Trophic Factors and Cell Transfer Techniques 

L. Olson 

Department of Histology and Neurobiology, Karolinska Institutet, Sweden 

Summary 

Three reparative strategies based on transfer of genes, molecules, 
or cells to the central nervous system are reviewed. When neurons 
are already lost, they can sometimes be replaced by transfer to the 
target area of neurons or other cells compensating for the lost 
functions. This technique is undergoing clinical trials in Parkinson's 
disease. Before neurons have died, it may be possible to prevent 
"stressed" neurons from dying, and stimulate nerve terminal 
ramifications from remaining neurons using treatment with 
neurotrophic factors. Such approaches, with an emphasis on the 
NGF family of neurotrophins and their receptors, are reviewed. 
Finally, advances of molecular biology techniques suggest that it 
should be possible to transfer genes directly into non-dividing cells 
of the central nervous system. The three different approaches all 
aim at long-lasting counteractive and reparative measures in the 
central nervous system. It is predicted that they have general 
applicability, and may become important not only in neuro
degenerative diseases, but also in other common affiictions of the 
nervous system such as ischaemia, stroke and injury. 

Keywords: Parkinson's disease; Alzheimer's disease; stroke; brain 
injury; neurotrophins; NGF; adrenal medullary cell transfer; foetal 
dopamine neuron transfer. 

Introduction 

It is a well-established fact that long nerve fiber 
pathways do not regenerate in the adult mammalian 
central nervous system, while axonal regeneration is 
an effective and clinically important mechanism in 
the peripheral nervous system. The reason for this 
difference long remained obscure, but the elegant 
experiments of Aguayo and collaborators3 demonstrated 
many years ago that adult eNS axons are also able 
to elongate efficiently if given the appropriate 
environment such as a section of a peripheral nerve. 
The discrepancy between regenerative capabilities in 
eNS and PNS has at least three possible explana
tions: namely, the production of neurotrophic factors 

by Schwann cells but not oligodendroglial cells, or 
secondly, the production of nerve growth inhibitory 
factors by oligodendroglial but not Schwann cells, 
or thirdly, the formation of scar tissue to a greater 
extent in the eNS than in the PNS. It now appears 
as if all three possibilities operate. We are equipped 
with relatively effective regenerative mechanisms for 
peripheral nerve injury, but the cost for the extreme 
complexity of the central nervous system and perhaps 
for maintenance of "learned" functions is an absence 
of such regenerative possibilities in the central nervous 
system. Faced with the many reasons for eNS 
malfunction caused by diseases of modern living, and 
longevity, the need for reparative intervention in the 
brain and spinal cord is nevertheless obvious. 

While intensive research during the last two decades 
has not yet given us methods to effectively stimulate 
regeneration of long fiber tracts in the central nervous 
system, it has led to the development of two other 
principal repair strategies. The first is a cell replace
ment strategy: Neurons that have been lost can some
times be replaced by other cells such as embryonic 
neurons which are then implanted, not at the original 
site of such nerve cell bodies, but directly into the axon 
terminal area of the lost neurons. With this strategy 
one avoids the necessity of reforming a long axon 
pathway, obviously loses the original circuitry, but 
gains new nerve terminals. The second approach is 
applicable before neurons have died, and aims at 
preventing "stressed" neurons from dying, and 
stimulating neo-formation of nerve terminal ramifica
tions from remaining neurons using treatment with 
neurotrophic factors. Obviously, these two principles 
can be combined. In the following, I shall discuss some 
of the recent animal background for treatment with 
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grafts and growth factors as well as comment upon 
the ongoing clinical trials. 

From a theoretical point of view one may look at 
reparative strategies as various ways of transfering 
molecules or cells to the brain to obtain long-lasting 
effects. Thus molecular and cellular transfer techniques 
differ from current treatment strategies of neurode
generative diseases such as Parkinson's disease and 
Alzheimer's disease. Current treatments attempt to 
increase dopamine and acetylcholine neurotransmis
sion, respectively, by pharmacological means such as 
administering a dopamine precursor or an acetylcho
line esterase inhibitor respectively. These treatments 
may be effective as long as the drugs are taken 
regularly, but the positive effects disappear immediately 
upon drug withdrawal. 

N eurotrophic Molecules 

From a situation just a few years ago when nerve 
growth factor, NGF8, was the only neurotrophic factor 
known, we now are faced with a very complex but 
also very promising situation in which we begin to 
realize that brain development and maintenance as 
well as anti-degenerative effects are all mediated via a 
large number of specific neurotrophic factors acting 
upon an array of specific receptors. It appears as if 
every "growth factor" that has been searched for in 
the central nervous system (e.g. NGF family, FGF fam
ily, PDGF family, TGF family, IGF family, CNTF) 
has been found to be expressed either by neurons or 
glial cells, and in many cases, physiological and/or 
pharmacological roles for these factors have been 
discovered. 

The NGF Family of Neurotrophins 

In order to attempt to understand the role of the 
neurotrophins and their receptors (see4

) in the brain, 
one must know the precise site of synthesis and 
localization of the neurotrophins as well as of their 
receptors. The four neurotrophins together with their 
common so-called low-affinity receptor, p75, and the 
more specific so-called high-affinity receptors trk, trkB 
and trkC, respectively, encompass eight gene products 
that need to be localized. Sites of synthesis can be 
revealed by in situ hybridization or possibly by 
immunohistochemistry using antibodies against pro
sequences within the protein. Presence of mature 
protein can only be determined by immunohisto
chemistry which is particularly demanding in the case 
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of neurotrophins for two reasons: these proteins 
appear not to be stored, and are present in extremely 
low amounts. Secondly, the high degree of sequence 
homology between the proteins makes it necessary to 
generate antibodies against restricted sequences of the 
molecule in order to find neurotrophin-specific 
epitopes. The bulk of the neuroanatomical data has 
been obtained from in situ hybridization studies. 

Once it was realized that brain-derived neurotrophic 
factor (BDNF) had a very high amino acid sequence 
homology with NGF8, further members of the NGF 
family could be searched for using PCR techniques. 
Today we know four closely related members, NGF, 
BDNF, neurotrophin-3 (NT-3) and NT-4 (see 1 and 18). 

All four neurotrophins are expressed in the brain. 
NGF, BDNF, and NT-3 are expressed by specific, 
partially overlapping, subsets of neurons in the 
hippocampal formation and other areas of the brain. 
BDNF appears to be the factor in this family with the 
most widespread distribution, including many neurons 
throughout the cerebral cortex, most pyramidal cells 
and granule cells of the hippocampal formation, as 
well as several subcortical areas. NGF has a more 
restricted expression involving scattered cells along 
the pyramidal cell layer of the hippocampal formation 
and large neurons in the hilar region of the dentate 
gyrus bordering the granular cells. NT-3 is the most 
restricted of the three being expressed in a specific 
subset of pyramidal cells in the medial CAl area, in 
CA2 and in the granular cells of the hippocampal 
formation. 

Localization of neurotrophin proteins has not been 
very successful so far for NGF and NT-3. However, 
we have been able to develop BDNF-specific anti
bodies22 which have proved useful localizing BDNF
containing structures in the brain20

•
21

. The neurotro
phin receptors 2 are more abundant in the cells that 
make them and thus have proved somewhat 
easier to demonstrate using in situ hybridization as 
well as immunohistochemistry. There is a widespread 
expression of the low-affinity NGF receptor. The 
presumed high-affinity receptor for NGF, trk, is 
specifically located on cholinergic neurons which also 
contain low-affinity receptor. This fits well with the 
observed effects of NGF on central cholinergic 
neurons. trkB is much more widespread in the brain, 
trkB mRNA appears to be present also in neurons 
that contain BDNF mRNA, and this pattern suggests 
widespread local actions of BDNF of paracrine and 
perhaps also autocrine nature. It should also be noted 
that the neurotrophin receptors occur in different 
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forms. For instance, there is a truncated form of the 
trkB receptor lacking the intracellular protein kinase 
domain which is even more widespread and probably 
also present on glial cells 1 

9. 

Neurotrophin Reactions to Injury and Disturbances 

Summarizing several recent reports of effects of 
perturbations in the brain, one notes that many 
different kinds of disturbances such as mechanical 
lesions, ischaemia, hypo glycaemia, excitotoxic lesions 
and epileptogenic treatments cause rapid upregulation 
of NGF and BDNF, while NT-3 appears to change 
less or not at all. Interestingly, such upregulation can 
also be seen in the corresponding neurotrophin 
receptor mRNA levels. This is in contrast to 
neurotransmitter systems, the classical example being 
the dopamine system, in which there is an inverse 
relationship between receptor sensitivity and the 
amount of dopamine, tending to maintain homeostasis 
of dopamine neurotransmission. For the NGF and 
BDNF neurotrophins, both neurotrophin synthesis 
and receptor synthesis increase in parallel and rapidly, 
thus rapidly increasing neurotrophin efficacy in 
response to neuronal "stress". It has recently been 
shown that not only neurotrophins in the NGF family, 
but probably several other neurotrophic compounds 
such as members of the FGF family are also 
upregulated rapidly in response to injury. A tentative 
conclusion from these studies is that many neurotrophic 
factors act in a local para- or autocrine mode to protect 
neurons in jeopardy. Thus pharmacological treatment 
with such factors might be useful also clinically to 
rescue "stressed" neurons. 

Transfer of Cells to the CNS 

While terms such as "grafts" and "transplants" are 
used frequently in various experimental situations and 
in clinical trials, it is important both from a scientific 
standpoint and to avoid public misconception that the 
techniques involving transfer of living cells to the 
central nervous system are properly described as 
different from various transplant strategies used in 
other parts of the body. Thus, grafting to the brain 
and the spinal cord only involves cell suspensions or 
small tissue fragments. It is not, cannot be, and should 
not be transplantation of whole parts of brain tissue. 
Cell transfer can be used in several different ways: the 
most straightforward is the replacement therapy 
attempted in Parkinson's disease, in which the lost 
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adult dopamine neurons are replaced by implantation 
of embryonic dopamine neuroblasts into the target 
area (Fig. 1). This technique has proven efficient in 
animals and clinical results to date are relatively 
promising10

,16,23. As one alternative in Parkinson's 
disease, one may transfer cells to the brain that secrete 
the lost signal substance, but are not themselves 
substantia nigra neurons. One possibility that has 
sustained extensive animal experimentation (see 12) 

and is also currently on clinical trial is to use 
chromaffin adrenal medullary cells 1 1,13. Being of 
neural crest origin, chromaffin cells are closely related 
to sympathetic neurons. When removed from the 
surrounding adrenal cortex and, particularly when 
supplemented with nerve growth factor, adult 
chromaffin adrenal medullary cells are able to 
transform into neuronal phenotypes, extend long 
neurites, and synthesize noradrenaline as well as 
dopamine. The main advantages with the adrenal 
medullary cells as compared to foetal substantia nigra 
cells include the fact that the patient is his or her own 
donor, which makes the procedure more easily 
organized and also makes immunosuppressive treat
ment unnecessary. 

Animal experimentation has suggested other 
alternatives to foetal substantia nigra neuroblasts in 
Parkinson's disease: one approach aims at transfering 

Fig. 1. Grafting procedures in Parkinson's disease. Schematic 
illustration of two cell transfer approaches currently undergoing 
clinical trials in Parkinson's disease. To the left is depicted the use 
of human fetal eNS tissue, obtained after early routine abortions. 
Mesencephalic tissue containing dopamine neurons is made into a 
cell suspension which is injected using stereotaxic surgery. To the 
right is depicted removal of the major part of one adrenal gland. 
Adrenal medullary tissue is then collected and similarly implanted 
using stereotactic surgery 
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the necessary enzymes for making L-dopa or 
dopamine into cell lines which could then be 
transplanted to serve as local sources of the lost 
neurotransmitter. If such cell lines are obtained from 
other sources, it is assumed that immunosuppression 
will again become necessary; however, if one could 
transfect primary cell lines, for instance fibroblasts 
from the patient, then immunosuppression could again 
be avoided. One problem with established cell lines is 
their tendency to continue to divide after transfer to 
the brain. There are now various ways of controlling 
unwanted mitogenic activity including the insertion of 
genes coding for products that make cell division 
temperature-sensitive. Thus, cell lines can be constructed 
that will only divide at temperatures lower than body 
temperature, and can thus be maintained in vitro, but 
will cease to divide after transfer to the brain. Another 
use of cell transfer techniques would be to transfect 
cells with neurotrophic factors. When introduced into 
the brain, such cells would presumably produce and 
secrete neurotrophic factors which would be released 
inside the blood-brain barrier to act at appropriate 
target systems. Again, animal experimentation suggests 
that this principle is valid 5.15.17. However, there have 

been repeated problems with maintaining synthesis of 
neurotrophic molecules after transfer to the brain. 
Further experimentation using various promotors, 
perhaps inducible promo tors, might overcome these 
problems. 

As an alternative to transfected cells, it may also be 
useful to attempt grafting of cells that normally secrete 
neurotrophic factors. Examples of such cells are the 
cells of the striated tubules of the male mouse 
submandibular gland which secrete extremely high 
levels ofNGF and Schwann cells, which after grafting, 
up regulate secretion of NGF and presumably several 
other neurotrophic factors. Schwann cells have been 
experimentally effective in supporting cografts of 
adrenal medullary tissue, an approach that has also 
been taken to clinical trials by combining adrenal 
medullary tissue pieces with peripheral nerve minces. 

Transfer of Genes to the eNS 

With the rapid advances of molecular biology 
techniques, it now begins to appear feasible to transfer 
genes also to non-dividing cells and obtain long-lasting 
effects. Thus, using retrovirus approaches or other 
techniques, it may be possible to transfer not cells, but 
rather genes into already existing neuronal or glial 
cells in the brain. 

L. Olson 

Treatment with Neurotrophic Factors 

Based on animal experimentation, we have carried 
out initial clinical trials with intracerebral infusion of 
NGF in Parkinson's disease and in Alzheimer's 
disease. In the case of Parkinson's disease, NGF 
infusion into putamen has been carried out to support 
intraputaminal adrenal medullary autografts 13

. Our 
ongoing clinical results (three patients to date) suggests 
that one can indeed obtain better and more long
lasting effects of adrenal medullary implants by tem
porary NGF support. 

In Alzheimer's disease our clinical trial with NGF 
infusion rests on the cholinergic hypothesis of 
cognitive dysfunction seen in Alzheimer's disease. We 
know that cholinergic neurons are NGF-sensitive 
and probably NGF-dependent. We also know that 
lesioning the cholinergic projections to the hippocampus 
and cortex cerebri will cause memory dysfunction and 
other cognitive disturbances. The cholinergic systems 
are severely degenerated in Alzheimer's disease. We 
have thus initiated clinical trials infusing NGF 
chronically into the lateral ventricle. The first patient 
received NGF via this route for three months, and we 
were able to note several changes towards normal 
including an improved cerebral blood flow and 
increased cerebral nicotine binding (both data 
obtained by PET), improvement of the EEG as well 
as certain cognitive improvements. These changes 
lasted as long as the NGF infusion or outlasted the 
NGF treatment for up to one year (EEG changes)14. 

Concluding Remarks 

In this mini-review I have discussed various ways of 
transfering genes, neurotrophic molecules, or cells to 
the central nervous system in order to obtain 
long-lasting improvements in patients with neurode
generative diseases. Clearly, the clinical trials are in a 
very early phase for both neurotrophic delivery and 
cell delivery, and have not been initiated in terms of 
gene delivery. There are many possible future 
improvements of the technologies. One interesting 
approach involves binding neurotrophins to molecules 
that will enable their transport across the blood-brain 
barrier, thus allowing for, e.g., i.v. injections of 
neurotrophins 7. 

Taken together, the three approaches outlined 
above all aim at long-lasting counteractive and 
reparative measures in the central nervous system. 
They have general applicability and might become 
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useful treatment strategies not only in neurodegenerative 
diseases such as Parkinson's disease, Alzheimer's 
disease, or ALS, but also in other common afflictions 
of the nervous system such as ischaemia, stroke and 
injury. 
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Summary 

The use of grafts to correct neurological disorders has great 
promise. The progress toward this goal, as it relates to Parkinson's 
disease, is briefly reviewed. Although there are a number of questions 
that remain unanswered, recent reports of improvement in 
parkinsonian symptoms are very encouraging. In order to 
successfully evaluate the clinical trials, multicenter and/or 
standardized reporting techniques will be required. Future studies 
will need to concentrate on improving the graft survival and ability 
of the graft to reinnervate the host. Eventually alternative tissues 
may alleviate the need for fetal tissue. The use of neurotrophic 
factors should prove an important adjuvant to the repair and 
restoration of lost neurological function. As this technology is 
applied to other neurological diseases, it will be important to 
evaluate the appropriateness of grafting through extensive animal 
model studies and to balance the potential benefits of such therapy 
against the degree of risk from surgery and the severity of the disease. 

Keywords: Parkinson's disease; transplantation and regeneration; 
foetal tissue; adrenal medulla. 

Introduction 

A decade has passed since the initial attempt at 
central nervous system (CNS) transplantation in 
humans. Progress has been slow and irregular5

,57,77. 

Similar to other innovative surgical techniques, there 
have been pendular swings of great activity and 
interest to little activity and disappointment55

,92. This 
has occurred despite the fact that activity in the 
neuroscientific community has been logarithmically 
expanding. The basic principles of CNS transplantation 
have become more sophisticated. We now can 
understand the reasons for the failures of the past and 
can plan how to make the future more successful. 

History of Adrenal Medullary Grafting 

The application of CNS transplantation for the 
treatment of Parkinson's disease was realized in 

Sweden by Erik-Olof Backlund on March 30, 19824. 
The procedure was a bold application of the estab
lished scientific principles of the time. Fetal mesence
phalic grafts placed in the striatum of unilateral 
nigrostriatallesioned rats could correct parkinsonism
like behavioral abnormalities through anatomical 
reinnervation, and there was a suggestion that the 
chromaffin cells of the adrenal medulla could pro
vide the same amelioration of symptoms31

. In this 
first attempt to internalize the therapy for parkinsonism, 
two severely affected patients who responded to 
L-dopa but had severe dyskinesias were selected to 
have small fragments of adrenal medulla stereotacti
cally placed into the caudate. Six months later, the 
patients' symptoms were unaffected by the procedure. 

Based on the fact that the dopamine loss is greater 
in the putamen than the caudate, and on increasing 
evidence suggesting that the putamen is more 
important to the ultimate production of motor 
activity, Backlund and his colleagues stereotactically 
placed grafts in the putamen of two additional less 
severely affected patients58

. Minor symptomatic 
improvements occurred but did not persist. Clinical 
evaluation of these patients was markedly enhanced 
by the contributions of a neurologist who specialized 
in movement disorders. Subsequently, it was demon
strated that, although neonatal adrenal tissue seemed 
to be effective in the rat model, adult tissue was not 
effective29

• Clinical investigations at this point ceased, 
and basic science investigations of nerve growth factor 
(NGF) in the promotion of adult adrenal medullary 
survival were initiated75

,91. 

Against this background, basic scientists viewed 
with great skepticism the report from Mexico in April 
1987 by Madrazo et al. 66

. Using a transcortical 
intraventricular microsurgical approach, adrenal 
medullary grafting in the caudate produced a dramatic 
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improvement in the parkinsonian symptoms of two 
patients. Madrazo attributed the success to the 
intraventricular placement, which in animal studies 
was demonstrated to be superior to intraparenchymal 
placement30,86,99. Although reported as preliminary 

and that "further work was necessary to see whether 
this procedure would be applicable over the long term 
in other types of patients with Parkinson's disease," 
the stimulus for clinical studies was enormous. 
Publication in a major medical journal heightened 
awareness in the neurosurgical community66; initiation 
of a clinical study in the U.S. 2 and the apparent 
confirmation independently in China47 undoubtedly 
also contributed to the initiation of clinical studies 
worldwide48,63,65,72,8o.81. By the end of 1987, in the 

U.S. alone 12 centers had operated on over 60 patients 
in an attempt to reproduce these findings. 

The early reports that all patients improved 
regardless of age, and that morbidity was very 
low66 .67, could not be confirmed by investigators in 
the U.S. whether by reproducing exactly the Madrazo 
technique17,35,37,56,73.78, modifying the technique to 

employ stereotactic guidance to a craniotomy2,50,95, 

or employing stereotactic techniques alone3,34. There 
was indeed improvement in many of these patients. 
However, the degree of improvement was relatively 
small compared to that which had been anticipated, 
and the morbidity rate was markedly higher than 
anticipated. Two registries summarize this experience. 

The United Parkinson Foundation (UPF) Registry 
developed a database from 13 centers on 61 patients 
evaluated by neurologists with experience in movement 
disorders using the United Parkinson's Disease Rating 
Scale (UPDRS). The Registry's overall assessment at 
one year (n = 52) reported that 57% of patients 
improved when examining only survivor data, or 44% 
of all patients improved36. Improvement was defined 
as a score better than baseline for the combined ON 
and OFF rating on the activity of daily living and 
motor components of the UPDRS. Morbidity at one 
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year was 15% for neurological, 41 % for psychiatric, 
4% for cardiac, 2% for abdominal, and 2% for 
pulmonary. Six patients died, but none during the 
perioperative period. Even more discouraging were 
the results at 2 years (n = 56), which indicated a 32% 
improvement among the survivors and a 19% 
improvement in the total group of patients. The 
effectiveness was felt to be similar to the improvement 
in the amount of ON time achieved with new 
dopamine agonists. 

The American Association of Neurological Surgeons 
GRAFT Project was designed to be far more 
inclusive 7. Careful tracking of case reports in the U,S, 
recorded a total of 125 patients from the U.S. operated 
upon between 1987 and 1990. The GRAFT Project 
includes 113 patients from the U.S. during this time 
period, which represents slightly more than 90% of 
the total number of operated adrenal grafted patients. 
Followup data were obtained on 110 cases (97%). Only 
64 (58.2%) of these patients did not have some type 
of complication. Serious abdominal complications 
occurred in 9 (8.2%) patients; medical complications 
occurred in 21 (19.1 %) patients, and intracranial 
complications occurred in 11 (13.6%) patients. The 
complication rate decreased from 1987 (Table 1) to 
1988 (Table 2) as surgical experience increased and 
patient selection criteria improved6, As with the UPF 
Registry, 6 patients died in the first year, but none in 
the perioperative period. Qualitative overall assessment 
of improvement occurred in 63% of patients with 
followup data at one year (n = 83) or 47% of the 
patients enrolled in this study. These data are similar 
to the UPF study despite being qualitative instead of 
quantitative. 

A number of important lessons were learned about 
how to improve the safety and efficacy of the pro
cedure. Adrenal glands obtained from a trans
abdominal approach had a much higher rate of 
abdominal (p < 0.001) and medical (p < 0.01) compli
cations compared to the retroperitoneal approach. A 

Table I. Incidence of Complications Reported to the AANS GRAFT Project for Patients Receiving Transplant in 1987 

Abdominal Medical Intracranial Total* 
n 0, n /~ n 0/ n % /0 ,0 

Nontransient 7 10.6 IS 22.7 6 9.1 
Transient 3 4.5 8 12.1 11 16.7 

Any complications* 7 10.6 18 27.3 IS 22.7 32 48.5 
No complications* 59 89.4 48 72.7 51 77.3 34 51.5 

* Complication per patient excluding multiple complications on the same patient. 



10 R. A. E. Bakay 

Table 2. Incidence of Complications Reported to the AANS GRAFT Project for Patients Receiving Transplant ill 1988 

Abdominal Medical Intracranial Total* 
n % n % n % n % 

Nontransient 2 5.0 6 15.0 3 75 
Transient 2 5.0 5 12.5 2.5 

Any complications* 2 5.0 7 17.5 2 7.5 12 30.0 
No complications* 38 95.0 33 82.5 37 92.5 28 70.0 

* Complication per patient excluding multiple complications on the same patient. 

potentially more important finding for future studies 
relates to the intracranial technique. Centers that used 
stereotactic grafting techniques exclusively had fewer 
intracranial (p < 0.05) and total (p < 0.05) complica
tions compared to those using craniotomy with or 
without stereotactic guidance. Although none of the 
patient demographics correlated with overall improve
ment at one year, there was a trend for younger 
patients and less severely disabled patients, as 

measured by Hoehn and Yahr stage or Schwab and 
England scores to do better, most likely because of 
the lower complication rate. The AANS GRAFT 

Project is unaware of anyone in the U.S. who is 
continuing to use the Madrazo technique. 

Future of Adrenal Medullary Grafting 

Several lines of investigation have been pursued 
based on a better understanding of the underlying 
mechanisms of CNS grafting. Autopsy results from 
patients with adrenal medullary grafts demonstrated 
a paucity of cell survivaI3.20AoA4,46,52,79,94, but 

potential for dopaminergic axonal sprouting from the 
host40,52. Chromaffin cells are known to need NGF 
for morphologic conversion from an endocrine 
phenotype to a neuronal phenotype, and recent 
evidence suggests that there is little NGF in the 
caudate of nonhuman primates53. One logical 
extension that has been found effective in adult rats 
is the infusion of NGF after grafting76.91 . Backlund 
and colleagues have initiated a study with this 
technique and have reported some degree of success 75. 

The sprouting response and lack of surviving cells 
suggest to some that the lesion alone may be important 
to the observed improvement 13 .24. Clinical studies 

with lesions in this area performed by Meyer are 
frequently misinterpreted. None of his patients had a 
lesion of the caudate alone 14.70. Most of his patients 
had removal of the anterior limb ofthe internal capsule 
as far back as the genu. Although autopsy data 

unfortunately are not available, he undoubtedly 
damaged the globus pallid us and putamen. The 
occasional improvement he did observe was immediate 
and transient. He did not demonstrate late improve
ment as with CNS grafting. This area was revisited by 
Cooper using stereotactic lesioning techniques, but 
again the overall results were felt to be a failure 19. 
Nonhuman primate studies did show that sham lesions 
could produce modest behavioral effects8

. The 
question remained whether cells were important. 
Cografting of adrenal medullary tissue with peripheral 
nerve tissue to supply Schwann cells, and thereby a 
ready source of NGF, dramatically improved 
chromaffin cell survival 53 and demonstrated marked 
behavioral improvement23. Clinical studies64,96 have 

been initiated using adrenal medullary peripheral 
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Fig. I. The results of preliminary data on 3 patients with adrenal 
medullary and peripheral nerve cog rafts a re illustrated. Using the 
United Parkinson Disease Rating Scale, the percent OFF time was 
recorded from the mean of multiple preoperative evaluations and 
postoperative evaluations at 3, 6, and 9 months. These data were 
presented by Watts et al. 96 at the IVth International Neurotrans
plantations Meeting 
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Fig. 2. This graft demonstrates the subset of motor scores from the 
United Parkinson Disease Rating Scale (U PDRS) during OFF times 
from the same patients as discussed in Fig. 1 

nerve cografts stereotactically implanted into the 

caudate and putamen (Figs. 1 and 2). 
While the adrenal gland continues to be an 

attractive source for dopamine because autografts 
avoid immunological problems. There remains a 

question of the quality of the adrenal medullary tissue 
in parkinsonian patients9o ,93. Other sources of 
dopamine autologous tissues are available5,lo.57.77. 

Superior cervical ganglion cells have been demonstrated 

in nonhuman primates to improve parkinsonian 

behavior, and this technique has been used in clinical 
studies38.43.4s. Further refinements in the quantity 

and quality of autologous tissue are anticipated from 

tissue culturing and cell separation techniques. One 

could envision in the future a stereotactic biopsy of 
the adrenal gland, culturing of chromaffin cells, and 
subsequent stereotactic CNS grafting. 

Fetal Mesencephalic Grafting for Parkinson's Disease 

The strongest basic science case can be made for 
fetal ventral mesencephalic grafting in the treatment 
of Parkinson's diseases.11 ,s7.77. The initial fetal 

mesencephalic grafting in a Parkinson patient was 

performed using an open craniotomy approach to the 

caudate and tissue from a spontaneously aborted fetus 
at 14 weeks gestation68. To critics, this represented 

the wrong surgical technique, target, fetal tissue source, 

and fetal gestational age21 .25. Despite this, persistent 

success has been reported69. They also grafted fetal 
adrenal medullary tissue, which has not produced as 
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good results,69 probably for a number of reasons21 . 

The database on these patients is still small and 

without a sufficiently long followup to analyze with 

confidence. 
Almost all the other centers involved with fetal 

grafting are employing the stereotactic tech
niqueI8.22.27.28.39,41.42,S8-62.6S,71,81. These centers have 

varied dramatically in the number and age of the fetus 
used as well as the target. Hitchcock et al. 39

-
41 use a 

stereotactic technique with fetal tissue of 11 to 19 

weeks gestation. Although experimental data suggest 
that 6 to 9 weeks is optimal1s,16.32, they believe there 

are data to demonstrate that the older fetuses can be 

used82. They are also systematically varying the target 

but cannot recommend the best target or targets42. 
After an apparently unsuccessful set of patients, 

technical problems in the implantation technique have 

been resolved by Lindvall and colleagues58 - 62. Their 

technique continues to vary with the most recent use 

of multiple fetuses into bilateral and multiple targets 
of MPTP patients61 . It remains to be determined 

whether the greater improvement seen in these patients 

is due to the multiple targeting or the fact that the 
MPTP patients may represent a more pure dopa

minergic lesion. 
The most rigorous attempt at behavioral quantifi

cation has been performed by Freed et al. 27 ,28. Their 

effort has also been one of gradually increasing the 
number of fetuses and multiple targets. While some 

centers use immunosuppressants on all their patients 

and others never do, Freed's group has elected to 

alternate between using and not using immunosup

pressants. The rationale for not using immunosup
pressants is based on nonhuman primate data which 

evidence long-term fetal survival without immunosup
pressant, as well as the added cost and risk from the 
immunosuppressive agents 26. They have developed 
techniques to allow delayed implantation while 
maintaining cellular viability with tissue cultures28. 
The other American study at Yale also allows delayed 
implantation by using cryopreservation84,8s. Both of 
these techniques allow systematic analysis of the fetal 
tissue to confirm the presence of dopaminergic cells 

and to insure the absence of infection. 
A number of serious problems remain with these 

clinical studies. In order to facilitate interpretation of 
these results, the use of the Core Assessment Program 
for Intracerebral Transplantations (CAPIT) evalua

tions are recommended98. Despite encouraging 

changes on positron emission tomography suggesting 
increase in dopaminergic containing tissue, there 
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remains the need for definitive anatomical confirmation 
that these changes have some relevance. Anatomical 
proof of successful fetal grafting and reinnervation of 
the host striatum is lacking. A single autopsy study 
revealed very few dopaminergic cells surviving83. It 
turns out, however, that this patient had progressive 
supranuclear palsy which had not been particularly 
responsive to CNS grafting5l

. Since it will not be 
possible to reinnervate the entire striatum, the 
question remains as to how the dopamine can be 
restored in other areas since dopamine penetrates 
brain substance and CSF very poorly9.54.93. Animal 
data suggest that pharmacological therapy for the 
Parkinson patients may, in fact, inhibit graft 
survival89. There are, however, contradictory data 
which suggest that this is not the case12

. 

Future of Fetal Grafting for Parkinson's Disease 

All of the major fetal grafting centers worldwide are 
claiming some degree of success. It is interesting to 
note that none of these centers uses the exact same 
technique they advocated even one year ago. Before 
full acceptance can be given, larger numbers of patients 
with more consistent results and use of established 
evaluation systems will be required. The problem in 
evaluating the reports from these centers is the lack 
of an internationally recognized movement disorders 
specialist to ensure reliable clinical examinations. 
Seminal questions still need to be answered: 

Who should be included in the admission criteria? 
What surgical technique should be used? 
When in the course of the disease should the patient 
be grafted? 
Where should the graft be placed? 
Why should this technique be used as opposed to 
evolving medical therapy or alternative ablative 
surgery? 

The latter, of course, will require a randomized 
multicenter trial, which requires the establishment of 
a widely accepted technique. 

Some of the answers may be obtained through 
animal research. The MPTP nonhuman primate 
model is an excellent means to this end. Unfortunately, 
this area remains underutilized and underfunded. It 
also should be the primary testing ground for other 
grafting techniques that may replace fetal grafts. 
Techniques of encapsulated cells l or genetically 
engineered cells33 are currently receiving most of the 
attention, but there is also an increasing awareness of 
the utility of neurotrophic factors which may allow 
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the host to self-repair or even prevent disease from 
occurring 74. The combination of some type of cellular 
replacement and neurotrophic factor(s} appears to be 
a powerful tool for the future. 

One largely overlooked problem still remains: the 
immunology of these allografts5.57.77.97. Rejection or 

autoimmune disorders have not been reported. Fetal 
mesencephalic allografts in monkeys and humans do 
not appear to stimulate the afferent limb of the immune 
system (unpublished data). But rejection remains 
possible for the remainder of the host's life. Nonhuman 
primate data suggest that this can occur. Further work 
is necessary to determine the degree of risk and how 
to prevent the development of rejection. 

Conclusion 

A great deal of work is required before CNS 
transplantation will be accepted as therapy for 
Parkinson's disease or any other disorder. Some of 
this involves clinical research and basic science 
research. Unquestionably, there will be a series of 
transitions as we increase our knowledge of CNS 
repair. We must be astute as to the point when enough 
research is enough. There are some reasonable 
standards to apply. First, however, the technique 
should be evaluated thoroughly in animal models. 
Then must be matched the degree of risk with the 
severity of the disease. 

Diseases such as Alzheimer's and Huntington's, 
which are fatal and for which there is no effective 
therapy, would merit more aggressive and earlier 
application of clinical trials. The problem, however, is 
that the animal models may not be reflective of these 
clinical disorders. In this situation, further evaluation 
of the pathophysiology is required. Clinical trials for 
Huntington's disease have been criticized because the 
scientific rationale for these clinical trials has not been 
well established87. In other diseases such as epilepsy, 
in which the patient is expected to live a long time and 
for which there is good treatment, extreme caution 
should be exercised before entering precipitously into 
CNS transplantation trials based on a small number 
of experiments in models that mayor may not reflect 
the pathophysiology of the disease. Thus, there is a 
three-way balancing act between the weight of the 
basic science data, the risk of the surgery, and the 
gravity of the disease being treated. 

Almost every animal model of disease is being 
investigated for potential therapeutic intervention 
with CNS transplantation. Hopefully, at the appro-
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priate time, well-performed studies will be able to test 
their efficacy. The CNS is too complicated to 
anticipate simple replacement to "cure" any disease. 
Nonetheless, therapy through biopharmacological 
replacement, compensation repair, and preventive 
intervention should be possible. It is an exciting time 
for neuroscience and neurotransplantation. The 
scientific leaders in the field are concerned49 ,88 and 
caution in clinical studies needs to be exercised lest 
the field lose its credibility and delay introduction of 
effective reparative therapy for the CNS. It is indeed 
time to "benefit from more patience rather than more 
patients"88. 
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Computer Assisted CT -Guided Stereotactic Transplantation of Foetal 
Ventral Mesencephalon to the Caudate Nucleus and Putamen 
in Parkinson's Disease 
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Summary 

We report our preliminary results related to CT-guided 
stereotactic transplantation of foetal ventral mesencephalic cell 
suspension into the striatum of five patients with idiopathic 
Parkinson's disease. The mean age was 51 years, the evolu
tion time of the disease ranged from 7 to 14 years, and all of 
them had motor complications associated with chronic L-dopa 
therapy. The patients were evaluated according to the Core 
Assessment Program for Intracerebral Transplantations (CAPIT) 
for one year before and three months after surgery. The post
operative clinical assessment demonstrated significant improvement 
of neurological symtoms and reduction of daily L-dopa dosage. 

Keywords: Parkinson's disease; transplantation; foetal tissue; 
ventral mesencephalon. 

Introduction 

On the basis of experimental work with functional 
grafting of embryonic nervous tissue to brain in animal 
models of neurological disorders 1 ,3 and in view of the 
need for new therapeutic alternatives for many patients 
with severe Parkinson's disease, a Neurotransplantation 
Program was initiated in Cuba in 1984. In 1987 we 
performed adrenal medulla autotransplantation on 
three Parkinsonian patients9

; from January, 1988 to 
April, 1990, thirty patients underwent foetal ventral 
mesencephalic tissue transplantation into the caudate 
nucleus using an open micro-surgical approach 10. The 
post-operative assessment carried out over 52 months 
demonstrated reduction of the time spent in the "off" 
phase, stabilization of the motor state, and statistically 
significant improvement of neurological symtoms 
from 3 to 36 months after operation1o. 

A stereotactic neurotransplantation technique was 
first performed in Cuba in 1992. To date, stereotactic 
implantations of foetal mesencephalic tissue has been 

undertaken in five Parkinsonian patients. The 
preliminary results and conclusions after a follow up 
of three months will be briefly reported. 

Patients and Methods 

Five patients with idiopathic Parkinson's disease (Hoehn and 
Yahr Stage 4) were selected according the CAPIT criteria5 . Mean 
age at time of surgery was 51 years and the evolution time of the 
disease ranged from 7 to 13 years. They had been on L-dopa 
treatment for a mean period of 9 years, and all had 
motor complications associated with this therapy. The patients 
underwent clinical assessment based on international rating scales 
and on CAPIT recommendations 5 for one year before and three 
months after operation. The pre- and post-surgical protocol also 
included neurophysiological recordings, CT, MRI, SPECT and a 
battery of biochemical, immunological and neuropsychological 
studies. 

Using the CT-guided Leksell Stereotactic System, foetal ventral 
mesencephalic cell suspension was transplanted illto the right 
caudate and putamen. Tissue from one ventral mesencephalon was 
implanted per patient, the postconception ages (according to 
crown-rump length and Carnegie stages) of the foetuses were 8-13 
weeks; the mean time between abortion (legal and routine suction 
abortions) and implantation was 2 hours 42 minutes (range from 2 h 
20 min to 3 h). 

Transplantation was performed under local anaesthesia and 
without sedation in order to assess the neurological condition of 
the patients during surgery. After application of the Leksell 
Stereotactic frame model G, we selected the images from CT-scanner, 
and converted them to IBM compatible format for their further 
analysi, in the Montreal-Leksell CT Surgical Planning System 
(SPS). The distal targets were chosen both directly from the display 
of the SPS and by reference to Stereotactic Atlases (Schaltenbrand 
and Wahren and Tallairach); the proximal targets were selected by 
taking the longest distance to the previously defined distal targets 
in the caudate and putamen. Based on the SPS we obtained and 
visualized the tracts between the entry point and the distal targets; 
coronal and parasagital reconstructions of the images were performed 
to improve three-dimensional visualization of the trajectories. The 
graft tissue was injected using Rehncrona's cannula (outer diameter 
1.0 mm, inner diameter 0.8 mm) along three linear tracts in four 
patients and two linear tracts in the fourth case; the length of these 
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trajectories ranged from 5 to 20 mm. The amount of mesencephalic 150 .-----..-----..-----..-----~--__, 
cell suspension was 2.5 ul per implantation and 20-50 ul per patient; 140 
between each injection there was a 2-minute delay; the cannula was 130 
then retracted 1.4-2.8 mm, and after the final injection of each 120 
trajectory we waited 10 minutes before withdrawing the cannula 110 
from the brain. The grafted cell viability ranged from 52 to 80%. 100 

Immunosuppression therapy was started on the day of trans- 90 
plantation using a combination of Cyclosporine A, 2 mg/kg daily 80 
and Prednisona, 1 mg/kg/24 h. 70 * 

Results arid Discussion 

The clinical assessment of the patients, carried out 
during the twelve months before surgery and three 
months after transplantation, revealed a progressive 
reduction of both the daily time spent in "off" 
conditions from 58% before surgery to 13% three 
months after transplantation. The number of daily 
"off" periods per day decreased from 4.4 to 1.5 (Fig. 1). 
In the 3rd postoperative month, the patients 
showed a significant bilateral improvement of their 
neurological performance (from 108.8 to 59.5 in 
UPDRS) (Fig. 2), more marked contralaterally to the 
transplantation site; a less severe disability during "off" 
periods and increase of "on" time, with a reduction of 
dyskinesias from 31 to 89%. 

It has been suggested that antiparkinsonian drugs, 
especially L-dopa, may inhibit the development of the 
graftto. The patients' sensitivity to L-dopa increased 
after transplantation allowing a gradual reduction of 
the mean dose from lOOOmg per day before surgery 
to 409.5 mg/daily, three months after implantation 
(Fig. 3). 

These results, which are in agreement with those 
reported by other authors2

.
4

,7,8, suggest that the 
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Fig. 3. Comparative daily L-dopa dose. Post-operative progressive 
reduction of daily L-dopa requirement (P ~ 0.01). *250 mg 
L-dopa + benserazide (4: 1) 

probable initial improvement after grafting may be 
due to early release from the host striatum of dopamine 
and/or trophic factors 6

; the foetal tissue itself or the 
inflammatory cells are attracted to the graft; reiner
vation of the host striatum by the foetal mesencephalic 
tissue occurs. Increased sprouting from the remaining 
nigrostriatal neurons might be the major mechanism 
operating later in the evolution, 

Dopaminergic drug responses were assessed before 
and after surgery; the results of the pharmacological 
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L-dopa significantly increased after transplantation (P::::; 0.03) 

tests proved postoperative changes in the pattern of 
the single dose L-dopa response: the motor perfor
mance improved significantly, the "on" latency 
shortened from 76 minutes pre-surgery to 25 minutes 
three months after grafting, and the beneficial effect 
of L-dopa increased from 84 minutes before to 265 
minutes in the 3rd postoperative month (Fig. 4). This 
improvement after transplantation is best explained 
by a dopaminergic reinnervation of the striatum. We 
have previously reported similar results in 30 patients 
who received foetal implants by an open microsurgical 
approach 10. The post-surgical improvement in our 
patients can be summarized as follows: neurological 
performance, response to L-dopa treatment and 
quality oflife improved; parkinsonian symptoms, daily 
requirements of L-dopa, and motor complications 
associated with L-dopa therapy were reduced. Based 
on research conducted during more than four years 
in the field of neural transplantation and on the results 
of our most recent clinical experiences, we conclude 
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that stereotactic transplantation of dopaminergic cells 
may improve the neurological condition of Parkinso
nian patients suffering from motor side effects of 
L-dopa therapy. 
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Summary 

Severed dorsal root axons regenerate into the transplants of foetal 
spinal cord (FSC) and form synapses there. It is unknown whether 
the growth is specific to transplants of dorsal half FSC, a normal 
target of most dorsal root axons, or whether it is due to pro
perties shared by transplants of ventral halfFSC. We used calcitonin 
gene-related peptide immunohistochemistry to label subsets of 
regenerated host dorsal root axons, and morphometric analysis to 
compare neuronal populations within both transplants. 

Adult Sprague-Dawley rats received intraspinal grafts of dorsal 
or ventral half FSC (EI4), and the L4 or LS dorsal root was cut 
and juxtaposed to the grafts. Three months later sagittal sections 
were prepared for immunohistochemistry and Nissl-Myelin stain. 
Histograms of the perikaryal area showed that the transplan\s of 
dorsal half FSC consisted of small neurons predominantly, whereas 
transplants of ventral half FSC consisted of neurons of variable 
sizes. Dorsal root axons regenerated into both transplants, but 
growth into dorsal half FSC was more robust. 

These results indicate that both transplants provide an 
environment that supports dorsal root regeneration, but that the 
environment provided by dorsal half FSC is more favorable. 
Transplants of dorsal half FSC may offer advantages for the 
long-term goal of repairing of damaged spinal cord circuits. 

Keywords: Embryonic spinal cord transplant; dorsal root 
ganglion neuron; regeneration; dorsal half of foetal spinal cord. 

Introduction 

The cut central axons of adult rat dorsal root 
ganglion (DRG) neurons do not penetrate the spinal 
cord7

. When transplants of foetal spinal cord (FSC) 
are substituted for adult spinal cord, however, cut 
DRG axons regrow into the transplants and establish 
synapses there2

•
3

•
9

. The extent to which dorsal root 
axons labelled for calcitonin gene-related peptide 
(CGRP) regenerate into the transplants persists 
unchanged for over 60 weeks after grafting4. It is 
therefore suggestive of the proposal that FSC trans-

plants can be used to repair damaged spinal cord 
circuits. It is unknown whether the growth is specific 
to dorsal half FSC transplants, a normal target of most 
DRG axons, or whether it is due to properties shared 
by ventral half FSC transplants. 

In the present study we used CGRP immunohisto
chemistry to label subsets of regenerated dorsal root 
axons because many DRG neurons are immunoreactive 
for CGRP and because we have found it to be a more 
sensitive indicator of regenerated axons than methods 
that rely on axon transport or diffusion of HRp2•9 . 

We also used morphometric analysis to compare 
neuronal populations within both transplants. 

Materials and Methods 

Surgery 

Twenty seven female adult (200-300 g) Sprague-Dawley rats were 
used as graft recipients. The rats were anaesthetized with ketamine 
(76mg/kg), xylazine (7.6mg/kg). and acepromazine (O.6mg/kg). and 
the lumbar enlargement was exposed. After transection of 
the left L4/LS dorsal root, the distal portion of the root was reflected 
caudally. A dorsal quadrant cavity was aspirated from the lumbar 
enlargement. Dorsal half(N = IS) and ventral half(N = 12) of spinal 
cord were dissected from homologous rat pups (EI4) and intro
duced into the cavity. The cut dorsal root stump was juxtaposed 
to the dorsal surface of the transplants. The superficial wound were 
closed in layers. 

CGRP Immunohistochemistry 

Three months later the animals were deeply anaesthetized with 
Nembutal (SOmg/kg, i.p.) and perfused with 4% paraformaldehyde 
in 0.1 M phosphate buffer pH 7.4. To identify regenerated axons. 
every fifth cryostat section (14 ~m) in the sagittal plane was 
processed for CGRP immunohistochemistry. Sections were reacted 
with primary antiserum against CGRP, and immersed in 
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biotinylated goat antirabbit IgG and avidin-biotinylated horseradish 
peroxidase complex. The chromagen was DAB. 

To evaluate transplant morphology and the dorsal root
transplant and transplant-host spinal cord interfaces, the adjacent 
sections were stained with cyanine R for myelin and counterstained 
with cresyl violet. This procedure has been described in detaj]2·3.4.9. 

Quantitative Analysis 

The extent to which CGRP-labelled axons regenerated into 
transplants was measured for dorsal half FSC (N = 5) and ventral 
halfFSC (N = 5) transplants. We used a point-counting stereological 
analysis to measure the area occupied by CGRP-labelled axons. 
Sagittal sections that contained labelled axons were examined under 
a light microscope. A micrometer lOmm x lOmm in size (104 11m2) 
composed of 1-mm grid squares (Olympus, Tokyo) that was fitted 
in an ocular lens was used as a sampling lattice, and the 
number of times that CGRP-labelled axons intersected the corners 
of the grid squares was counted. To evaluate the arborization of 
CGRP-immunoreactive axons, we also measured the distribution 
of labelled axons in 3 sagittal sections by making composite 
montages that consisted of all the individual sampling lattices 
examined and the results were averaged. These procedures have 
been described in detail3. 

To compare the neuronal populations in both transplants, sagittal 
sections stained with cresyl violet and cyanine R were examined. 
Perikaryal area of cells contained in a sampling rectangle (7,450 11m2) 
was measured using a Bioquant System IV (R&M Biometrics, TN). 
Three consecutive sections were examined per transplant. A 
histogram was made from these data to show the differences of 
cellular composition between both transplants. 

The significance of the differences between both transplants was 
determined by Mann-Whitney two sample test (p < 0.05). 

Results 

Transplants of dorsal and ventral half FSC survive 
in the adult host spinal cord and differentiate into 
patterns that are characteristic for each region. Dorsal 
half FSC transplants contain regions that resemble 
substantia gelatinosa based on the presence of numer
ous small neurons and relative paucity of myelination. 
Ventral half FSC transplants composed of neurons of 
variable sizes showed abundant myelination. Trans
plants are generally well-integrated with host dorsal 
root and spinal cord. 

CGRP Immunohistochemistry 

Dorsal root axons immunoreactive for CGRP 
regenerate into every transplant examined. CGRP
labelled axons show distinctive patterns of distribution 
within both transplants. In dorsal half FSC, 
CGRP-Iabelled axons arborize extensively near the 
surface of transplants and in some portions the axons 
form dense bundles (Fig. 1). In ventral half FSC, 
CGRP-immunoreactive axons extend sparsely but 

Fig. 1. CGRP-immunoreactive axons in the transplants of dorsal 
half of El4 spinal cord 3 months after transplantation. Sagittal 
section. Regenerated axons cross the interface (arrows) between host 
dorsal root (DR) and transplant (TP) and form a dense plexus (*) 
near the interface. Interface was identified in the adjacent 
Nissl-stained section. Bar = 100 11m 

-' 

IOO ,lm 
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Fig. 2. CGRP-immunoreactive axons in the transplants of ventral 
half of E 14 spinal cord 3 months after transplantation. Sagittal 
section. Regenerated axons cross the dorsal root (DR)-transplant 
(TP) interface (arrows) and grow extensively within the transplant 
without the formation of obvious plexuses 

diffusely through the transplants and individual axons 
but not bundles ofaxons can be recognized (Fig. 2). 

Quantitative Analysis 

The point-counting stereological analysis shows the 
area fraction of both transplants occupied by 
regenerated CGRP-Iabelled axons. In dorsal half FSC 
transplants these axons occupy a mean area of 
5.42 x 104 11m 2

. In ventral half FSC the area occupied 
is approximately 40% of that in dorsal half FSC. 
Regenerated CGRP-Iabelled axons therefore occupy 
a significantly larger area in dorsal half FSC than in 
ventral half FSC (Fig. 3). The mean area of 
CGRP-innervated regions within dorsal half FSC is 
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Fig. 3. Comparison of area occupied by CGRP-Iabelled axons 
(mean ± S.E.M.). Regenerated dorsal root axons immunoreactive 
for CGRP occupy a significantly larger area in the transplants of 
dorsal half FSC than ventral half FSC. Area occupied by 
CGRP-Iabelled axons is calculated by point-counting stereological 
analysis (see text) 

not significantly different from that within ventral half 
FSC. 

Based on the perikaryal area of neurons within the 
transplants, we classified the neurons into 3 groups: 
small-sized neurons (50-150 jlm2); medium-sized neu
rons (150-300jlm2); large-sized neurons (more than 
300 jlm2). Dorsal half FSC transplants include 
small-sized neurons significantly greater than ventral 
half FSC transplants, whereas ventral half FSC 
contain medium- and large-sized neurons greater than 
dorsal half FSC. These results confirm our qualitative 
observations. 

Discussion 

The pattern and extent of dorsal root ingrowth 
differed between transplants of dorsal half and ventral 
half of FSC. In dorsal half FSC regenerated axons 
stayed relatively close to the host dorsal root trans
plant interface, arborized extensively, and were often 
tangled together in plexuses. In ventral half FSC, 
regenerated axons were distributed widely and 
sparsely, and grew as individual axons rather than in 
bundles or plexuses. These qualitative morphological 
observations were confirmed by our quantitative 
studies. Although cut dorsal roots labelled for CGRP 
regenerate into both transplants, the area occupied by 
regenerated CGRP-Iabelled axons within dorsal half 
FSC is more robust than ventral half FSC. Both 
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transplants therefore provide an environment conduc
tive to dorsal root regeneration, but dorsal half FSC, 
a normal target of most primary afferent fibers, provide 
additional more specific cues for growth. It is unlikely 
that inappropriate targets taken from ventral halfFSC 
reproduce precisely the conditions found in dorsal half 
FSC. Growth into inappropriate targets is therefore 
consistent with the concept that the early stages of 
axon extension depend on molecules that are 
expressed generally throughout the developing nervous 
system 5. 

Our observations that regenerated DRG axons 
grew more densely within dorsal half FSC than ventral 
half FSC suggest the presence of target-specific cues 
for pathfinding and target recognition that are not 
provided by ventral half FSC. These results are similar 
to those of in vitro studies showing that neurites of 
explanted foetal DRG axons grew and arborized more 
abundantly within co-cultured explants of spinal cord 
than of tectum 8

. Surface macromolecules likely to 
mediate the formation of specific pathways include 
glycoproteins that are expressed transiently by discrete 
populations of neurons l

. 

Since there is a ventral-to-dorsal gradient of 
proliferation in the development of the spinal cord, 
the ventral motor system develops earlier than does 
the dorsal sensory system. As development proceeds, 
proliferation diminishes in the ventral cord, and by 
E15 only the most dorsal portion of the ventricular 
zone remains active6. Since adult dorsal roots begin 
to regrow into the FSC transplants soon after 
grafting4, at the early stage of the axon elongation 
regeneration of adult rat dorsal roots is likely to be 
additionally enhanced by the precusor neurons 
remained in the dorsal cord. 

Our results suggest that ventral half FSC as well as 
dorsal half FSC provide the conditions under which 
cut dorsal root axons can grow and survive. The 
conditions that constitute a permissive environment 
for regenerating axons are therefore relatively 
nonspecific, but dorsal half FSC transplants nevertheless 
differ in the extent to which they satisfy the 
requirements for growth of dorsal roots. The results 
suggest that dorsal half FSC transplant supply 
additional more specific cues for pathfinding and 
target recognition. 
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Summary 

Cut dorsal root axons regenerate into intraspinal transplants of 
foetal spinal cord (FSC) and establish synaptic connections there. 
The aim of the present study was to determine whether transplant 
neurons are driven synaptically in response to electrical stimulation 
of regenerated dorsal root axons. 

Adult Sprague-Dawley rats received FSC transplants (EI4) into 
dorsal quadrant cavities at the lumbar enlargement. The cut L4 or 
L5 dorsal root stump was placed at the bottom of the lesion cavity 
and secured between the transplant and host spinal cord. Four to 
ten weeks later the animals were prepared for electrical stimulation 
and recording. We stimulated regenerated dorsal roots and recorded 
extracellular sign Ie unit post-synaptic activities which were evoked 
close to the dorsal root-transplant interface. We used intracellular 
recording to observe several examples of monosynaptic EPSPs in 
transplant neurons evoked by dorsal root stimulation. 

These results indicate that the regenerated dorsal root axons 
establish functional connections with neurons within the transplants 
and suggest that FSC transplants can be used to reconstruct 
functional connections between neurons that have been interrupted 
by spinal cord injury. 

Keywords: Embryonic spinal cord transplant; dorsal root 
ganglion neuron; regeneration; electrophysiology. 

Introduction 

The cut central axons of adult rat dorsal root 
ganglion (DRG) neurons do not regenerate into the 
spinal cord 5. When normal spinal cord is replaced by 
a transplant of foetal spinal cord (FSC), cut DRG 
axons cross the dorsal root-transplant interface, grow 
within the transplant 7, and establish synapses with 
transplant neurons2

• These synapses persist for over 
60 weeks after grafting and resemble morphologically 
those formed in normal spinal cord4

• Similarities 
between regenerated and normal synapses have 
important implications for the therapeutic potential 
of the transplantation technique, but only if the 

regenerated synapses are functional and if the re
generated axons can activate transplanted neurons. 
We therefore studied whether FSC transplant neurons 
are driven synaptically in response to electrical 
stimulation of regenerated DRG axons. 

Materials and Methods 

Surgical Procedures 

Seventeen female adult (200-300 g) Sprague-Dawley rats were 
used as graft recipients. The rats were anaesthetized with ketamine 
(76 mg/kg), xylazine (7.6 mg/kg), and acepromazine (0.6 mg/kg), and 
the lumbar enlargement was exposed by a laminectomy of the T13 
or L1 vertebra. After transection of the left L4 or L5 dorsal root, 
the distal portion of the root was reflected caudally. A dorsal 
quadrant cavity 3 mm in length was aspirated from the left side of 
the lumbar enlargement. FSC was then dissected from Sprague
Dawley rat pups (EI4) and introduced into the cavity6. The cut 
dorsal root stump encircled with a 10-0 suture for later 
identification was placed at the bottom of the lesion cavity and 
secured between the transplant and host spinal cord. The dural 
opening and the superficial wound were closed in layers. 

Electrophysiology 

Four to 10 weeks later transplanted animals were anaesthetized 
with a mixture ofketamine and xylazine. All animals were ventilated 
with a respirator. End-tidal CO2 and rectal temperature were 
continuously monitored and body temperature was maintained at 
37°C. 

The animals were then placed in a mechanical system designed 
to immobilize the vertebral column. The dorsal surface of the 
transplant was exposed and identified by the presence of the suture 
looped around the dorsal root during initial surgery. The dorsal root 
was exposed and prepared for stimulation with a bipolar hook 
electrode. This electrode was used routinely for dorsal root 
stimulation with constant current pulses of 0.2 m/sec duration. All 
exposed tissues were covered with warmed mineral oil. 

All recordings of unitary activity in the transplants were 
accomplished with glass micropipette electrodes. A silver-ball 
monopolar recording electrode was placed at the dorsal 
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root-transplant interface to monitor the size of incoming volleys 
evoked by dorsal root stimulation. Nerve stimulus strength was 
expressed as a multiple of the threshold intensity for the most 
excitable fibers in the dorsal root. This threshold was determined by 
slowly increasing stimulus strength to a level producing the first 
sign of electrical activity detectable by the silver-ball electrode. 

Results 

Analysis of the potentials recorded at the dorsal 
root-transplant interface indicated that the maximal 
conduction velocities of the dorsal roots were 
50-60 m/sec. These values are similar to those of 
normal dorsal roots. The maximal cond uction 
velocities of regenerated dorsal root axons within the 
transplants were 2-4 m/sec, suggesting that most of 
these axons are unmyelinated at the survival periods 
of 4 to 10 weeks. 

Extracellular records were obtained from a total of 
40 single units activated by electrical stimulation of 
dorsal roots. Consistent with previous morphological 
findings 2,3.7, most single unit activity was encountered 
within approximately 1 mm of the dorsal root
transplant interface. A train of at least 2 shocks was 
needed to secure reliable firing. The electrical thresh
olds for orthodromic firing were 5-10 times that 
of the most excitable fibers in the dorsal roots. 
Orthodromic firing latencies ranged from 4 to 6 m/sec 
(Fig. 1). Based on the variance in the latency between 
the dorsal root stimulus and the unit spike, units were 
classified into two types. A histogram of the latencies 
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Fig. 1. The record illustrates an example of synaptically-driven 
neuronal activity in foetal spinal cord transplants following electrical 
stimulation of regenerated dorsal root fibers 
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Fig. 2. The record shows an example of an intracellular-recorded 
EPSP and action potential taken from foetal spinal cord transplants 
following dorsal root stimulation 

of type I units showed a relatively narrow band, 
whereas type II showed a broad band. Units in which 
the response to high frequency stimulation (100 Hz) of 
the dorsal root was studied exhibited failures of spike 
initiation. 

In several units, the dorsal root was stimulated with 
a train of high frequency stimuli (1,000 Hz, 5 m/sec 
train). Following these trains, the number of spikes 
evoked by single or paired dorsal root stimuli was 
increased and remained elevated for several minutes. 
These results indicate the presence of post-tetanic 
potentiation of primary afferent EPSPs in transplant 
neurons. 

We obtained intracellular records from 8 units. 
EPSPs with monosynaptic latencies were evoked by 
single shock stimulation of the dorsal root (Fig. 2). In 
one unit in which recording was exceptionally stable, 
the EPSP amplitude was observed to fluctuate 
considerably. 

Discussion 

The results of this study demonstrate that neurons 
within FSC transplants can be driven synaptically in 
response to electrical stimulation of regenerated DRG 
axons. The features of the neuronal firing observed 
extracellularly in response to stimulation of DRG 
axons support this condition. Synaptically-driven 
units display a variance in the latency between the 
onset of the dorsal root stimulus and the resulting unit 
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spike that is greater than latencies observed for 
antidromic activation. This variance arises in part 
because of random fluctuations in the amplitude of 
the evoked EPSPs4

. The latency variations that we 
observed in single unit activity are compatible with 
those expected of synaptic activation. Our data 
indicate the presence of 2 types of functional synaptic 
connections characterized by appreciable differences 
in the latency variance. We do not yet understand the 
basis for this difference, but one possibility is that these 
connections differ in strength. 

Another feature of the unit activity we observed that 
reflects synaptic activation is an inability to follow 
high frequency stimulation of regenerated dorsal root 
axons. Some of the units we encountered could not 
follow stimulus frequencies of 100 Hz. Such failure can 
be related to depression of EPSPs that occurs during 
high frequency activation of primary afferent fibers 1. 

In the case of antidromic firing or conduction along 
primary afferent fibers, such failure does not occur 
until much higher stimulation frequencies are em
ployed. Our finding of enhanced unit firing following 
a train of high frequency stimuli to the implanted 
dorsal root is also compatible with synaptic 
activity. In other primary afferent synapses, such 
stimuli patterns evoke post-tetanic potentiation of 
EPSP amplitude that can increase the probability of 
post-synaptic action potential firing. These extracellular 
indications of synaptic activity were confirmed by our 
finding of monosynaptic EPSPs during intracellular 
recording from several neurons located within the 
transplants. These results therefore demonstrate that 
the regenerated dorsal root axon synapses that we 
have previously observed within transplants are 
functional by electrophysiological criteria. 

One way in which transplants can contribute to 
recovery of function following spinal cord injury is by 
serving as a substrate for the reformation of reflex 
arcs. A necessary component in this process is the type 
of functional synaptic connection we have now 
demonstrated. Such connections complete the afferent 
limb of the requisite reflex arc. Less information is 
available about the efferent limb of such arcs, although 
several possibilities are suggested by available 
anatomical data. One possibility is that the axons of 
transplant neurons project to host muscle and in this 
way reconstitute an interrupted segmental reflex. 
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Present-Day Indications for Capsulotomy 
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Summary 

Although the majority of patients with anxiety disorders respond 
well to behavioural techniques of exposure and response prevention, 
to pharmacotherapy, or, more commonly, to combinations of the 
two approaches, a small percentage of patients remain refractory 
and are severely disabled by their symptoms. Some of these 
individuals constitute candidates for neurosurgical intervention, e.g. 
cingulotomy and capsulotomy. Therefore, such operations are 
performed, if to a very limited extent, both in the United States and 
in Europe to-day. 

At the Karolinska, patients are accepted for capsulotomy who 
sufTer from chronic, severe, incapacitating, and otherwise intractable 
anxiety disorders, i.e. obsessive-compulsive disorder, generalized 
anxiety disorder and phobias. The present-day inclusion and 
exclusion criteria are described, and the safety and the efficacy of 
caps ulotomy in these extreme forms of anxiety disorders are 
discussed. 

Keywords: Anxiety disorders; capsulotomy; indications; results. 

Present-Day Indications for Capsulotomy 

Capsulotomy and other so-called psychosurgical 
procedures were originally developed for the treatment 
of severe psychotic illness. With the advent of antipsy
chotic drugs, this indication was soon abandoned. In 
the intervening years it has become evident, however, 
that patients with severe, chronic, and otherwise 
intractable anxiety disorders may benefit from 
neurosurgical intervention such as capsulotomy. The 
present-day selection practices, indications, and 
contraindications for capsulotomy used at Karolinska 
Hospital, Stockholm, may be summarized as follows: 

General Guidelines 

General guidelines have been developed conjointly 
by workers in the field over several years and are, 
consequently, quite similar across the procedures. In 
brief, the guidelines include the following: 

The patient has been able to function adequately 
or almost adequately in private and professional lives 
at least for some years, before falling ill; the illness is 
causing considerable suffering, as evidenced by ratings; 
because of the symptoms, the patient's psychosocial 
functioning is clearly reduced, as evidenced by ratings; 
the patient himself clearly acknowledges that he is ill 
and requests, in no vague terms, neurosurgical 
treatment; the illness has been subject to intensive, 
up-to-date psychiatric treatment for such a long time 
that the conclusion has been reached that it is, indeed, 
refractory to such treatment. In practice, this means 
a minimum of five years. 

Current Inclusion Criteria for Capsulotomy 

1. The patient fulfills the current diagnostic criteria 
for generalized anxiety disorder, obsessive-compul
sive disorder, panic disorder with agoraphobia, or 
social phobia, either alone or coexistant. 

2. The duration of illness exceeds five years. 
3. The disorder is causing substantial suffering. 
4. The disorder is causing substantial reduction in 

the patient's psychosocial functioning. 
5. Current treatment options tried systematically for 

at least five years have either been without ap
preciable effect on the symptoms, or must be dis
continued due to intolerable side effects. 

6. The prognosis, without neurosurgical intervention, 
is considered poor. 

7. The patient gives informed consent. 
8. The patient accepts to participate III the pre

operative evaluation programme. 
9. The patient accepts to participate in the post

operative rehabilitation programme. 
10. The referring physician is willing to acknowledge 
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responsibility for the postoperative long term 
management of the patient. 

Current Exclusion Criteria for Capsulotomy 

1. Age below 20 or over 65 years. 
2. The patient has a complicating other, current or 

lifetime, Axis I diagnosis, for example organic brain 
syndrome, delusional disorder, or manifest abuse 
of alcohol, or sedative, or illicit drugs. For a condi
tion to qualify as "complicating", it must sub
stantially complicate function, or treatment, or 
the patient's ability to comply with treatment, or 
lead to serious adverse events such as overdosage, 
paradoxical reactions etc. 

3. A complicating current DSM-III-R Axis II dia
gnosis from clusters A (e.g., paranoid personality 
disorder) or B (e.g., borderline, antisocial, or his
trionic personality disorder) may constitute a 
relative contraindication. A current cluster C per
sonality disorder (e.g., avoidant or obsessivecompul
sive personality disorder) is not to be considered 
a contraindication since it may, in fact, disappear 
with successful treatment of the coexistent anxiety 
disorder (for a review, see8

). 

4. The patient has a complicating, current Axis III 
diagnosis with brain pathology, e.g. atrophy or 
tumour. 

Original Indications for Capsulotomy 

For an understanding of how these indications were 
developed, a brief historical review may be of 
interest. The French neurosurgeon Talairach and 
co-workers 1 were the first to report on the use of 
selective lesions in the anterior limb of the internal 
capsule. They were unimpressed by the results in 
schizophrenia, but reported satisfactory results in 
patients with "nevroses anxieuses". A few years 
later, the Swedish neurosurgeon Lars Leksell used 
his stereotactic system to produce radiofrequency 
(RF) thermolesions in the internal capsule, i.e. 
caps ulotomy, in patients with various psychiatric 
disorders. Although schizophrenia was intended as 
the main indication, the results in schizophrenic 
patients were disappointing2

, with a satisfactory res
ponse in only 14%. The best results were obtained, 
however, in patients suffering from obsessional 
neurosis, 50% of whom were rated as having a satis
factory response to caps ulotomy. Somewhat less 
favourable results were recorded in patients with 
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anxiety neurosis, with a satisfactory response in 20%. 
These results led Bingley and associates 3 to select 

OCD patients only for capsulotomy. A satisfactory 
result was rated in 70% of their severely disabled 
patients. Further support for the efficacy of capsu
lotomy in patients with severe OCD was derived from 
the findings of a Spanish group4.5, who published 
combined data of their own and those of other authors 
comprising a total of 149 OCD patients undergoing 
capsulotomy, and found that satisfactory results had 
been reported in 72% of the cases. 

The Relative Efficacy of Capsulotomy in OCD 
and in Non-OCD 

The efficacy of capsulotomy in OCD being well 
established, the group at Karolinska6

•
7

•
8 extended the 

indication to include also non-OCD anxiety disorders 
such as phobias, generalized anxiety disorder, and 
panic disorder, the rationale being, interal, the 
considerable phenomenological similarites and overlap 
between these disorders, and the wellknown high rates 
of co-existence among the anxiety disorders. The high 
rate of concurrent anxiety disorders observed in the 
capsulotomy cases (see8) may be one contributing 
factor in the intractability of their illnesses. 

In search of any differential effect of capsulotomy in 
OCD and non-OCD anxiety disorders, Mindus8 

compared prospectively the CPRS (a widely used 
psychiatric rating scale) scores of 10 consecutive OCD 
patients with those of 14 consecutive patients suffering 
from non-OCD anxiety disorders such as generalized 
anxiety disorder, panic disorder with agoraphobia, 
and social phobia. Each subgroup was rated before 
RF capsulotomy, and at two, six and twelve months 
after it. The main reduction in scores was apparent 
already at the two month follow-up (t = 9.74, 
P < 0.001). From that rating session and later, there 
were neither significant additional reductions in scores, 
nor significant inter-group differences. Thus, at the 12 
month follow-up, the reductions in scores were of 
similar magnitude in both diagnostic subgroups. With 
regard to the scores on the Global Scale included in 
the CPRS, both subgroups improved on this measure 
(the OCD subgroup: t = 2.75, P < 0.05; the non-OCD 
subgroup: t = 12.45, P < 0.001). Significant correlations 
were obtained between the scores of these modern 
scales and those on the modified Pippard postoperative 
rating scale, widely used in the field. The Pippard 
scores indicated satisfactory response in 60% of the 
OCD patients and in 93% of the non-OCD patients. 
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Table I. Summary of Capsulotomy Studies in OCD and Non-OCD Patients by Outcome 

OeD 

Reference n A+B(%) 

Herner, 1961 18 50 
Bingley et aI., 1977 35 70 
Kullberg, 1977 8 38 
Rylander, 1979 7 57 
Burzaco, 1980 85 73 
F odstad et al., 1982 2 100 
Mindus et aI., 1987 7 71 
Mindus, 1991 10 60 

Total 172 67 

A Free of symptoms; B much improved; D unchanged, E worse. 

Four of the five poor responders were OCD patients. 
It appeared that the results in the non-OCD group 
were more homogeneous with regard to their outcome 
on the Pippard scale than in the OCD group of 
patients, who tended to be more evenly distributed 
across outcome classifications. The proportion of 
patients rated as free of symptoms was, however, 
similar in both diagnostic subgroups (OCD: 5/10 or 
50%; non-OCD: 7/14 or 50%). 

In order to obtain an estimate of the relative efficacy 
of capsulotomy in the two diagnostic subgroups, the 
above data were combined with those from other 
capsulotomy studies reporting diagnosis and outcome 
in sufficient detail to permit a meta-analysis8. Eight 
studies2,3,5,6,8-11 comprising 172 patients met these 

criteria. Using the scores-on the Pippard postoperative 
rating scales as the dependent measurement and 
contrasting the two best outcome categories to the 
two worst outcome categories, the following results 
were found. Whereas 67% of the OCD patients were 
reported to have benefited from caps ulotomy, 8% did 
not. In the non-OCD patient group, 51 % were re
ported to have satisfactory results, whereas 15% did 
not (see Table 1). 

Although the data base for OCD patients is 
considerably larger than that for non-OCD patients, 
the results appear comparable, suggesting that both 
diagnostic subgroups may benefit. What is more, the 
odds are good even for these severly disabled patients 
to benefit from caps ulotomy. Furthermore, the 
findings may be taken as evidence of some common 
brain basis and/or pathophysiology between these two 
types of anxiety disorders. 

There are four procedures in current use in the 
treatment of otherwise intractable anxiety disorders, 

Non-OCD 

D+ E (%9) n A+B(%) D+ E (%9) 

28 
0 

15 
42 
22 
0 
0 
0 

8 

15 20 40 

5 60 0 
7 86 0 

14 93 0 

41 51 15 

i.e. stereotactic subcaudate tractotomy, limbic leuco
tomy, cingulotomy and caps ulotomy. As to the relative 
efficacy of these operations, a meta-analysis by 
Waziri 14 suggested capsulotomy to produce the best 
results. Kullberg9 performed a head to head 
comparison of cingulotomy and caps ulotomy in OCD 
patients, and arrived at the same conclusion. 

What is the Price for Capsulotomy? 

The above, salutary effects have not, of course, been 
achieved without risk. A detailed analysis of the 
risk-benefit issue has been published elsewhere8

. In 
brief, caps ulotomy carries little risk of somatic 
morbidity, and no deaths have been reported in 
conjunction with the procedure. But what about 
adverse personality changes and negative effects 
on cognitive functions? These important issues have 
been studied prospectively by several independent 
authors 3,4,12,13, who have all arrived at the same 
conclusion: negative effects are not to be expected 
following these modern procedures. In a recent, 
prospective study on 19 capsulotomy patients 
examined with an extensive battery of neuropsycho
logical tests before, at one, and at seven years after 
capsulotomy, the main finding was that of no 
significant differences in neuropsychological functions 
over time (Nyman and Mindus, unpublished data). 

These findings may not, of course, be interpreted to 
mean that the risk is negligible in a given case; only 
that it must be weighed against the risk of 
non-intervention, i.e. high risk of somatic, social and 
mental complications, including suicide (for a review, 
see8

). Deferring the decision to operate on a given 
patient may not spare him complications. 
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How Useful Are the Selection Criteria? 

The following clinical vignettes may be used to 
illustrate the clinical usefulness of the above selection 
criteria. (With the obvious exception of case 3, the 
cases are reported here with the consent of the patients. 
No case may be reproduced in lay publications). 

Case 1: Bingley et al. 3 provide an example of the operation's effect 
on creativity, an ability which is difficult to evaluate by psychometric 
methods: "An archeologist, holding a highly qualified academic 
position, had for 15 years suffered from increasing obsessive
compulsive neurosis. He had been given all sorts of psychiatric 
treatment, including several years of psycho-analysis. A few months 
after the operation, he resumed his duties at an institution. He is 
now very productive in his work, and is working on his doctor's 
thesis" (page 296). 

The present author has been able to retrospectively follow-up this 
patient; he reports his OCD to have significantly reduced his 
professional and private performance in the years prior to surgery, 
despite intensive, systematic trials with non-surgical methods. 
After caps ulotomy (1972), his OC symptoms disappeared, and he 
resumed work on his research project. His doctoral thesis was so 
well received both nationally and internationally, he reports, that 
it was soon sold out. He is now professor and chairman of 
an archeological research center. Inspection of his list of publications 
shows it to include more than 160 articles and books, the vast 
majority of which were published after his operation. 

Comment: Contrary to conventional wisdom regarding the 
alleged detrimental effects of "psychosurgery" (a misnomer which 
should be expunged from modern texts) on creativity, it would 
appear that it was this patient's OCD that impeded his creativity
not his operation. 

Case 2: A male with intractable Generalized Anxiety Disorder 
underwent gamma caps ulotomy using one isocenter and a 4 mm 
collimator with a target maximum dose of 160 Gy. Both the patient 
and the assessor were kept ignorant of the radio surgical details 
and the neuroradiological findings. At the one year follow-up, no 
clinical effects were noted. It was then revealed by the surgeon that 
MRI displayed minimal signal changes in the left internal capsule 
only, whereas no signal change was detected in the right hemisphere 
(unilateral capsulotomy appears to be unproductive, seeS). The 
patient, who was now desperate and demoralized, requested a 
second intervention which he underwent 1.5 years after the first 
one. At this time, the target maximum dose of 160 Gy was delivered 
with a 201 Cobalt-60 source Gamma Knife to a larger 
volume using three isocenters with 4 mm collimators, the idea being 
to tailor the field of irradiation according to the individual anatomy 
of the capsules. The clinical results of this second intervention were 
encouraging: at the follow-up at one year after the second 
intervention, this patient, for the first time in 15 years, was now 
free of symptoms and of drugs. He later relocated to another city, 
married and took up a new job. Serial postoperative follow-ups up 
to 4 years have demonstrated no undesired side effects. He 
is now leading a normal life. 

Comment: At least in this accidental placebo-controlled single 
case study, it would appear that the placebo response, if any, was 
negligible. This is in line with previous findingsll. 

Case 3: A 31 year old male with an almost life long 
history of a severe but atypical anxiety disorder, recurrent major 
depression, and borderline personality traits. He had made several 
serious suicide attempts. The evaluator was reluctant to accept the 
patient for caps ulotomy, for several reasons, including the many 
atypical features of patient's illness. When he sensed this, he 
summoned a friend journalist who broadcasted in the media the 
patient's intention to commit suicide, should this last chance be 
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denied him. Following this, the patient underwent capsulotomy, 
experienced a minimal, transient improvement, soon relapsed, and 
took his life. 

Comment: His case is a tragic illustration of the following dilemma: 
if less suitable cases are accepted for surgery for humanitarian 
reasons, the homogeneity of the material may be compromised, and 
the overall results less favourable. This, in turn, may deterr 
physicians from referring more suitable cases, initiating a vicious 
circle. 

The Future 

Given the remarkable progress in the diagnosis and 
the treatment of anxiety disorders in recent years, it 
is probable that, in the future, an even more refractory 
patient population will be referred for neurosurgical 
treatment. The clinical efficacy of caps ulotomy and 
related operations may merit study in individuals with 
severe, chronic, otherwise intractable, self-mutilative 
or even life threatening behavioural problems 
encountered in some rare cases of Bipolar Disorder, 
Anorexia Nervosa, and Gilles de la Tourette's 
syndrome. 

In the heyday of lobotomy, it would appear that 
too many were operated on too soon 15

. To-day, as it 
would seem, too few are operated on too late6

,8. In 
both situations, the patients pay a price. It is therefore 
hoped that in this Decade of the Brain, physicians 
may overcome outdated attitudinal barriers and more 
often consider neurosurgical intervention in their 
desperately ill patients. 
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Summary 

Anorexia nervosa has been considered a compulsive obsessive 
disorder (OCDS). We present a case report of two patients, male 
and female, sutTering from an extremely severe, chronic and re
fractory anorectic syndrome. Both patients underwent bilateral 
stereotactic thalamotomy with involvement of the lamella medialis. 
Follow-up was 4 year and 2 year, respectively. Both patients have 
regained weight and improved significantly in terms of their 
obsessive-compulsive symptoms and in their quality of life. The 
results suggest that anorexia nervosa may be considered in the 
OCDS. 

Keywords: Anorexia nervosa; psychosurgery; thalamotomy; 
obsessive compulsive disorder. 

Introduction 

Anorexia nervosa has been considered part of a group 
of pathologies that resemble so called obsessive
compulsive disorders spectrum (OCDS) (Rasmussen 
and Eisen 1992). 

Our experience in psychosurgery since 1962 has 
been with a group of 51 patients whose clinical 
symptoms indicate OCDS. A bilateral dorsomedialis 
thalamotomy was performed in almost all of them and 
better results were obtained by combining thalamo
tomy with lesioning the lamella medialis, due to the 
significance of the thalamo-cortical system (Hassler 
and Dieckmann 1973). 

We performed this procedure in two patients 
suffering from severe and terminal anorectic syndrome 
refractory to medical and psychiatric treatment who 
were in life threatening condition. 

Methods 

The patients were assessed pre- and postoperatively by psychiatric 
tests (BPRS, Hamilton Depression, Hamilton Anxiety) and a 
psychological test in case 2 (Wechsler, Bender-Bip, Rorschach, 
TAT). 

The Riechert and Mundinger stereotactic system was used for 
the operation. The target point was marked in a ventriculogram 
using the base line foramen of Monroe-posterior commissure. The 
dorso medialis nucleus was located 14mm behind the foramen and 
4 mm above the base line. Lamella medialis was identified as 7 mm 
and 1 mm from the same base line. In the frontal plane the distance 
from the wall of the third ventricle was 4 mm for dorso 
medialis and 2.5 mm for lamella medialis. Two lesions of 3 mm in 
diameter were made in each dorsomedialis nucleus and only one 
in the lamella medialis nucleus on each side. 

Material 

Case 1 

17-year-old male with a chronic schizophrenic psychosis with 
prominent obsessive compulsive features (compulsive spitting on 
people and objects, avoidance of direct contact with anyone, 
accompanied by rituals) with a severe anorectic syndrome. The 
patient required repeated hospitalization and suffered cardiac arrest 
due to his cachectic syndrome on two occasions. 

Prior to surgery, the Corporal Mass Index (CMI-Quetellet) was 
6.1 (normal 20-25) corresponding to 13 kg (height 146cm). He was 
operated on with a CMI of 9.1, corresponding to 19k9. 

Postoperative follow up of 54 months. At present, the patient 
shows major improvement of his compulsive behavior. He spits 
only seldom and allows physical contact. Brief Psychiatric Rating 
Scale (BPRS) shows a decrease from 67 to 44. Hamilton Depres
sion shows a decrease from 34 to 10. Hamilton Anxiety decreased 
from 18 to 2. 

The Corporal Mass Index was 6.1 and increased to 19.4, weight 
gain from 13 kg to 42 kg. 

Case 2 

21-year-old female, 5 years of unsuccessful treatment for anorexia 
nervosa with deviant behavior (occasional psychotropic drug abuse 
and robbery) and several suicide attempts. Repeated hospitalization 
for severe cachexia (including coma) and clinical anorectic 
syndrome considered irreversible. Prior to surgery the CMI was 
9.7, corresponding to 21 kg (height 147 cm). She was operated on 
with a CMI of 12.5, corresponding to 27 kg. Postoperative follow 
up of 23 months. 

The deviant behavior has ceased. The patient is in full-time regular 



Dorsomedial Thalamotomy as a Treatment for Terminal Anorexia 

employment. BPRS decreased from 36 to 20. Hamilton Depression 
shows a reduction from 38 to 5. The Hamilton Anxiety decreased 
from 14 to 4. Wechsler preoperative full IQ: 96 and postop !OI, 
and Bender-Bip shows normal range (I-A) in pre- and post
operative evaluations. 

Rorschach and TAT show the following pre- to postoperative 
changes: a decrease of impulsive responses as well as improvement 
in empathic contact and an increase in cognitive functions with an 
overall decrease of depression and anxiety. 

The CMI was 9.7 and increased to 17.8, weight gain from 21 kg 
to 38.5 kg. 

Discussion 

Reports indicate that anorectic patients share 
symptoms with OCD or OCDS patients (Rothenberg 
1990; Pigott et al. 1991; Rasmusen and Eisen 1992). 
Our two patients suffered such obsessive-compulsive 
symptoms as rumination, ritual-performing, and 
compulsions that were related to severely disturbed 
eating habits. As these patients showed extremely 
severe, chronic, refractory eating disorders, which kept 
them at high risk of death, we decided to employ the 
stereotactic technique used in OCD patients, considering 
the positive results reported from using the combined 
thalamotomy-lamella medialis method to treat such 
disorders (Hassler and Dieckmann 1973; Zamboni 
1981). 

The results obtained in both patients show 
significant sustained improvement of the anorectic and 
OCD symptoms for 4 and 2 years of follow up, 
respectively. Both patients are no longer at risk of 
death, as they have regained weight and improved 
their CM!. Although they have not reached normal 
weight values, their behavior has improved, as is 
shown by their psychiatric and psychological 
assessment, as has their quality of life and that of their 
families. The results show that considering terminal 
anorexia as belonging to OCDS, just like Tourette's 
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syndrome and others mentioned previously, may 
contribute to the understanding of functional and 
structural relationships between these entities. 

Conclusions 

This case report shows that a combined medial 
thalamotomy-lamella medialis was a successful 
treatment for two patients suffering from severe, 
refractory, and life-threatening anorectic syndrome. 
These results using the same target applied for OCD 
patients suggest that in these severe refractory 
anorectic syndromes there could be a link between a 
neuroanatomical and neurophysio-pathological sub
strate. 

Although our findings are based on only two cases, 
we suggest that a bilateral, combined medial thala
motomy-lamella medialis could be offered to those 
patients suffering terminal anorectic syndromes. 
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Summary 

Stereotactic thalamotomy of the VIM (ventral intermediate) 
nucleus is considered as the best neurosurgical treatment for Parkin
sonian and essential tremors. However, this surgery, especially when 
bilateral, still presents a risk of recurrence and neurological 
complications. 

We observed that acute VIM stimulation at frequencies higher 
than 60 Hz during the mapping phase of the target suppressed the 
tremor of Parkinson's disease (PD) and essential tremor (ET). This 
effect was immediately reversible at the end of the stimulation. This 
was initially proposed as an additional treatment for patients 
already thalamotomized on the contralateral side, and then 
extended as a regular procedure for extra-pyramidal dyskinesias. 

Since January 1987, we implanted 126 thalami in 87 patients (61 
PD, 13 ET, 13 dyskinesias of various origins). Deep brain 
stimulation electrodes were stereotactically implanted under local 
anaesthesia, using stimulation and micro-recording to delineate the 
best site of stimulation. Electrodes were subsequently connected to 
implantable programmable stimulators. The optimal frequency was 
around 130 to 185 Hz. 

The results (evaluated by a neurologist from 0 = no effect to 
4 = perfect relief) are related to the type of tremor. Altogether, 71 % 
of the 80 patients benefited from the procedure with grade 3 and 4 
results. In 88% of the PD cases, the results were good (grade 3) or 
excellent (grade 4) and stable with time. Rigidity was moderately 
for a long improved but akinesia was not. The same level of 
improvement was observed in 68% of the ET patients and only in 
18% ofthe other types of dyskinesias. A rebound effect was observed 
in 30% of the ET patients in whom the long term results decreased. 
In all patients, adverse effects were mild and always reversible. There 
was no operative morbidity. 

The mechanism of action of electrical VIM stimulation is still 
unknown but could involve a jamming-based effect. However, the 
high rate of success, the extremely low morbidity, the reversibility 
and adaptability of chronic VIM stimulation makes this procedure 
safer than traditional thalamotomy, especially when bilateral 
surgery is indicated. 

Keywords: Parkinson's disease; essential tremor; extra-pyramidal 
dyskinesias; thalamic stimulation; results. 

Introduction 

Parkinson's disease has always been targeted by 
either surgical or medical therapeutics. Based on the 

anecdotal observation of CooperlO, thalamotomy has 
been for decades the major weapon used against rest 
and essential tremors ll - 16 ,18,19,27,28, but with much 

less success on the two other Parkinsonian symptoms, 
rigidity and bradykinesia. The discovery of the dopa
mine deafferentation from substantia nigra neuronal 
death, its replacement by the dopamine precursor 
L-Dopa, opened an unprecedented successful thera
peutic period. In the meantime, stereotaxy almost 
disappeared and had to find new applications to 
survive. At the beginning of the eighties, side effects 
of L-Dopa as well as its limits appeared and 
thalamotomy was again proposed as a possible 
solution when medical treatment failed. However, 
patients and neurologists had become accustomed to 
reversible side effects and were not prepared anymore 
to accept post-operative deficits. The quest for less 
invasive procedures, for safer approaches and even for 
reversible treatments was strengthened. The Ventral 
intermediate nucleus (Vim) of the thalamus had 
already been recognized as the best target for 
thalamotomy4,l1.14-16,19,21-23 and several authors 

had already reported the observation that stimu
lation during stereotactic surgery would influence 
tremor amplitude, most often in the sense of a 
reduction l- 4 ,2o,22,29. We observed that reduction of 
tremor was actually consistently associated with high 
frequency stimulation while low frequency (lower than 
tOO Hz) would be ineffective or even would increase 
tremor amplitude. We proposed the method as an 
alternative for thalamotomy in patients already 
operated on the controlateral side and then extended 
it to all surgical indications in the treatment of 
movement disorderss- 7

. We report now our experience 
over five years and the differential effects of this 
method on various types of tremor. 
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Methods and Material 

Stereotactic Procedure 

Patients are attached to a Talairach stereotactic frame under light 
general anaesthesia, ventriculography is performed by direct 
puncture of the frontal horn of the lateral ventricle, injection of 
iodine contrast medium is made and X-rays are taken in prone and 
supine positions. Vim target is drawn from the third ventricle 
landmarks according to the Guiot's scheme28 : average values of the 
electrode lower tip coordinates are as follows: 25% of AC-PC line 
in front of PC, zero mm above the level of AC-PC line, 11.5 mm 
lateral to the wall of the third ventricle at the level of AC-PC line. 
Aiming at this theoretical target, electrode tracks are used to further 
define the limits of the effective area by electrophysiology. Bipolar 
concentric semi-microelectrodes and monopolar microelectrodes 
are used to stimulate (frequency: 130~ 185 Hz, pulse width: 60 
microseconds) and to record neuronal activity and single cell units. 
Precise location of the target is achieved by determination of the 
site of best response to stimulation and eventually the record of 
cells synchroneous to tremor. Tremor is assessed by accelerometry 
and clinical examination under rest and stress conditions. 

When the best target has been determined, a chronic deep 
brain stimulation electrode (Medtronic monopolar model SP, 5535 
in the first 108 thalami and Medtronic quadripolar model 
3387 in the last 18 thalami) is inserted, fixed to the bone by a nylon 
suture embedded in a drop of methyl metacrylate cement and 
connected to a percutaneous transitory extension. The 123 first 
electrodes have been inserted in a parallel plane to the mid-sagittal 
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Fig. 1. Computer drawing of the 108 mono polar electrodes 
presented in relation to normalized anatomical landmarks. Lateral 
view: the AC-PC line is divided in 12 parts, the height of the thalamus 
in 8. The schematic representation of Vim extends from 2/12 to 
3/12 on the AC-PC line and from 4/12 to 5/12 on the line 
corresponding to approx. half the height (dorsoventral) of the 
thalamus. Frontal view: verticality is represented in 1/8 of the height 
of the thalamus. Laterality is expressed in mm from the midline 
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plane. Figure 1 shows the global distribution of these electrodes. In 
the last two patients, a double oblique trajectory, in a 10° plane 
relative to the mid-sagittal plane has been used to implant 3 
electrodes into Vim along its main axis. 

After a week of test stimulation the electrodes are connected 
under general anaesthesia to programmable stimulators (Medtronic 
Itrel II) placed into a subcutaneous pouch in the subclavicular 
region. 

Patient Selection 

Eighty-seven patients suffering from disabling and drug-resistant 
tremor gave their informed consent and underwent this procedure. 
61 patients had Parkinson's disease (PD), 13 had essential tremor 
(ET) and 13 patients had action tremor mainly related to 
mesencephalic lesions, including 4 with multiple sclerosis. Eleven 
patients had previously undergone contralateral thalamotomy and 
39 (45%) had bilateral Vim stimulation at the same time, making 
a total of 50 out of 87 patients (57%) with bilateral thalamic 
surgery. The effect on tremor was scored independently by the 
neurologist on a 5-point scale (4 = complete disappearance of 
tremor in all circumstances. 3 = reappearance of a slight tremor on 
rare occasions, for instance under stress. 2 = moderate benefit. 
1 = slight benefit without real improvement in daily life. 0 = no 
benefit at all or worsening of tremor). 

Results 

Acute Stimulation During Surgery 

Suppression of tremor by Vim stimulation can be 
easily seen during the stereotactic procedure on a 
patient under local anaesthesia. Progressive increase 
in current intensity induces a progressive decrease in 
tremor amplitude when the stimulating electrode is 
located in a responsive area. In a given location, the 
delay between onset of stimulation and total arrest of 
tremor is shorter when the current intensity is higher. 
When the stimulator is turned off, tremor arrest may 
persist for a short time, never more than 30 seconds. 
In the Vim region, this effect is not accompanied by 
side effects except for higher intensities when the 
stimulator is abruptly turned on: paraesthesiae may 
be felt by the patient and are usually transient, which 
is not the case when the electrode is situated in the 
main somatosensory ventroposterolateral nucleus 
(VPL). As the stimulating electrode progresses from 
anterior to posterior and crosses the Vim limits, the 
threshold decreases to values about 1 rnA, sometimes 
to 0.2 rnA. As the electrode approaches the limit 
between Vim and VPL, paraesthesiae are more easily 
induced, and they last longer than those in Vim. As 
shown by Guiot the topography of paraesthesiae 
evoked from VPL may help to correct the laterality 
of the trajectory14,28. In VPL, paraesthesiae are 
elicited by very low intensities, far beyond the 
appearance of any effect on tremor. 
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Neuronal Activity During Surgery 

Microrecording along the different trajectories used 
to locate Vim may demonstrate neurons expressing 
spontaneous activity. The recorded spikes fire 
randomly, or in bursts, and in the lower part of Vim, 
close to the plane of the AC-PC line, these bursts are 
synchronous with the tremor oscillations. We did not 
succeed so far in recording cells responding to pro
prioceptive inputs into the Vim, but in the VPL cells 
may be found which have receptive fields to superficial 
somatosensory inputs, the topography of which may 
be helpful in correcting the laterality of the final target. 

There is a good correspondence between the 
threshold current to induce tremor arrest, the presence 
of synchroneously burst firing cells and the immediate 
vicinity of persistent somatosensory induced paraes
thesiae in the VPL. 

The ideal implantation site appears to be the 
anterior border of Vim, where the tremor suppression 
effect is well obtained and which is far enough from 
VPL to avoid annoying paraesthesiae which would 
prevent reaching the adequate level of stimulation to 
suppress tremor. 

Electrode Placement 

The statistical distribution of the final position ofthe 
electrodes covers the Vim diagram which is therefore 
partly validated (Fig. 1). Coordinates of this series of 
electrodes are given in Table 1. The scattering of the 
electrode positions is due in part to the imprecision 
of the surgical positioning but also to the choice of 
the final target according to the results of the 
electrophysiological investigation. 

Table 1. Average and Standard Deviation of the Co-ordinates of the 
Monopolar Electrodes in the two Series of patients (PD + ET and 
Dyski,!esias of Various origins) and in the Series with Tetrapolar 
Electrodes (DBS4). The antero-posterior distance is from the 
anterior limit of the posterior commissure, as seen on the 
ventriculogram, expressed in 1/12° of the AC-PC length. Height 
and laterality are given in millimeters. The differences between the 
PD + ET group and the Dyskinesias group are not statistically 
significant. They cannot be compared to the DBS4 group as the 
shape and size of this tetra polar electrode led to different 
co-ordinates of the aimed target 

Group 

PD+ET 
Dyskinesias 
DBS 4 

Antero
Posterior 1/12 
of AC-PC line 

2.6 ±0.6 
2.7 ±0.7 
2.1 ± 0.5 

Height/AC-PC Laterality/ 
mm Midline 

mm 

O± I 13.7 ± 1.2 
- 0.2 ± 2 13.2 ± 1.4 
- 1.2 ± 0.8 14.4 ± 1.2 
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Morbidity and Mortality 

There was no mortality in this series. Two patients 
had secondary skin ulceration of the scalp in front of 
the electrode-to-extension connection. In one patient, 
this led 6 months after implant to temporary removal 
of the extension which was replaced 3 months later. 
In the second patient, the electrode and the extension 
had to be removed 12 months after implant and were 
successfully re-implanted 4 months later. One patient 
with multiple sclerosis presented 10 days after implant 
a small haemorrhage around the tip of the electrode. 
He developed a moderate aphasia and slight right 
hemiparesis which improved within 2 months. At the 
time of bleeding, tremor which was totally controlled 
by stimulation disappeared even when the stimulator 
was turned off and it never recurred. Two other 
patients had asymptomatic intracranial microhae
matomas detected on routine postoperative CT scan. 

Side Effects 

The adverse effects were mild and accepted by the 
patients because of their relief from tremor and 
because they immediately disappeared when stimula
tion was decreased or stopped. They consisted of 
contralateral paraesthesiae (9%), limb dystonia (9%), 
dysequilibrium (7.6%) and dysarthria (15% on the 
whole: 6% with bilateral stimulation, 7.5% with 
previous unilateral thalamotomy and contralateral 
stimulation, and 1.5% with unilateral stimulation). 
Dysarthria was therefore observed in 14% of the 
bilaterally stimulated patients and in 50% of the 
patients previously thalamotomized. No spontaneous 
psychological disturbance was reported. Suddenly 
switching on the stimulator could induce transient (a 
few seconds) and not disabling contralateral paraes
thesiae. Switching off the stimulator induced a 
transient rebound tremor in about half of the patients 
which made them use the stimulator at night. However, 
continuous stimulation induced in some patients, and 
mainly in those with action tremor, a kind of 
"tolerance" with decreasing efficacy of stimulation. 

Tremor Suppression 

Immediately after surgery, a thalamotomy-like 
effect was responsible for a transitory tremor sup
pression for a few days. During the test period, various 
combinations of stimulation parameters were evaluated. 
The best effect/side effects ratio was observed for a 
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pulse width of about 60 microseconds, the lowest 
possible with the Medtronic Itrel I and II stimulators. 
The threshold intensity versus frequency necessary to 
suppress totally the tremor was assessed: the minimum 
was a plateau from about 100 to 2000 Hz. The 
stimulators are therefore set to 130 and 185 Hz, the 
two highest available frequencies on the ITREL I or 
II. The voltage value was actually set according to the 
patient choice based on his compromise between 
benefit and side effects. This voltage increased during 
the first 6 weeks. Part of this was due to a progressive 
increase of impedance (measurable on the ITREL II) 
from about 750 to 1000 ohms during the first 4 weeks. 
The average voltage at the latest follow-up for each 
patient was 2.7 volts (range OA-5.5V). A good result, 
such as permanent total suppression or slight 
reappearance on rare occasions (scores 3 + 4), was 
obtained in 71% of the operated sides. More precisely, 
this major benefit was obtained in 88% of cases with 
PO, 68% of cases with ET, and 18% of cases related 
to other causes. In these latter cases, the effect was 
often complete during the first postoperative month 
but an action component recurred later. Rest tremor 
was better controlled than action tremor, distal limb 
tremor better than proximal or axial tremor, upper 
limb better than lower limb tremor. In all cases the 
effect was strictly simultancous with stimulation, 
without significant delay of onset or posteffect at 
arrest. 

Tremor was the only Parkinsonian sign influenced 
by Vim stimulation. In one-third of the patients with 
PO, L-Dopa doses could be decreased by more than 
30%. 

Discussion 

Technical Aspects 

Correlation between the electrode position and the 
stimulation effect shows that the most efficient area is 
generally situated at the level of the AC-PC line. 
Electrodes placed on the anteriot border of Vim 
provided equally good results as those situated on the 
posterior border of Vim but with less paraesthetic side 
effects. Laterality may be difficult to determine. It 
appears that the responsive part of Vim is very close 
to the internal capsule and that the main part of the 
nucleus is parallel to it. Stereotactic MRI with cuts in 
the plane of the trajectory depicts the position of the 
pyramidal tract and helps positioning of the electrode 
in an oblique trajectory parallel to the internal capsule. 
This was done in our two last patients. However, as 
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stressed already by Guiot 15•28 and other17,22,25,26,30, 

electrophysiology is the ultimate method to optimize 
the position of an electrode for a thalamotomic lesion: 
stimulation may identify VPL as well as the pyramidal 
tract and it is essential for showing during surgery to 
what extent the tremor may be suppressed by 
stimulation. Recording of neuronal activity may 
provide additional information of scientific value. 
Moreover, it may help to define the optimal site for 
a stimulating electrode corresponding to where 
neurons exhibit "burst" activity synchroneously with 
tremor14

, 21-24. Beneath this region, neuronal silence is 
characteristic of the internal capsule. 

Therapeutic Benefit 

Indications for Vim stimulation seem to be similar 
to those for thalamotomy. Obviously, thalamo
tomy ll-13,19, is often more cost-effective, since the 

patient may be quickly discharged from the hospital, 
there is no foreign implanted material, and there is no 
need for a future replacement of an energy source. 
However, thalamotomy has some well known draw
backs: if tremor reappears, a new surgical procedure 
is needed, and adverse effects may be present in the 
form of motor neglect, sensory loss or even hemiplegia. 
Bilateral procedures are often associated with 
neuropsychological deficits 18

. Vim stimulation has no 
severe complications, adverse effects are reversible 
when stimulation intensity is decreased, bilateral 
procedures do not induce neuropsychological deficits, 
and recurrence may often be controlled by increasing 
the stimulation intensity. 

As for thalamotomy, rest tremor and essential 
tremor are the best indications for stimulation. The 
transient effect on the action component of tremor 
as well as the development of tolerance are matters of 
concern. In multiple sclerosis the postural component 
of the tremor is usually well controlled but there is 
little effect on the action component and the cerebellar 
dysmetria. 

Mechanism of Action 

There are currently no data which could provide 
an explanation of the effect of Vim stimulation on 
tremor. The concepts of neural interactions between 
the cortex and the nigro-striatal system do not account 
for the possible role of dopamine deafferentation. The 
diagram of Alexander provides a theoretical synthesis 
mainly valid to explain bradykinesia and the sub-
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thalamic nucleus is not included for the control of 
tremor. The frequency response curve demonstrates 
the key importance of this parameter. 

However, the range of frequency is far higher than 
the range of excitability of cells and corresponds better 
to that of fibers. Vim stimulation does not suppress 
tremor by means of an excitatory effect since Vim 
destruction by thalamotomy or by inactivation with 
lidocaine injection produces the same effect. Inhibitory 
mechanisms are also unlikely in view of the relatively 
high frequency of stimulation required to obtain the 
effect. A jamming of the neuronal network processing 
proprioceptive inputs to the thalamus is a more likely 
background. Feeding the system with an artificial neural 
noise could interfere with the positive feedback loop 
comprising muscular proprioception-thalamus
cortex and spinal motor neurons. 

Conclusion 

Vim stimulation provides a new therapeutic 
approach of Parkinsonian and essential tremors. A 
five-year experience has permitted one to define the 
best indications and to observe the long term effects 
among which the problem of "tolerance" in some cases 
needs to be solved. This treatment is favoured by the 
fact that the risk of side-effects is minimal, there are 
no neuropsychological effects during bilateral stimula
tion, and it can be combined with a contralateral 
thalamotomy. A better understanding of the mechanism, 
finding the optimal stimulus parameters and the 
electrode site, and even new targets8

•
9

, will further 
improve the results and probably also widen the 
indications. 
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Summary 

We report our experience with lidocaine microinjection into the 
thalamus in 10 patients undergoing stereotactic thalamotomy for 
the treatment of Parkinsonian or non-Parkinsonian tremor. 18 injec
tion sites in 4 patients with Parkinson's disease and 22 sites in 
6 patients with other forms of tremor have been compared with 
respect to the effect of microstimulation. In over two thirds of cases 
the test microinjection replicated the effects of microstimulation. 

Long term follow up will be required to determine whether lesions 
made on the basis of lidocaine induced tremor suppression will 
result in a lower rate of tremor recurrence than those based on 
stimulation induced tremor suppression. 

In those patients in whom stimulation induced tremor suppression 
occurs but tremor arrest cannot be produced with lidocaine micro
injection, chronic thalamic stimulation may be an alternative for the 
long term control of tremor in these patients. 

Keywords: Tremor; movement disorders; stereotactic surgery; 
lidocaine; thalamotomy. 

Introduction 

Various anatomical and physiological criteria have 
been proposed to identify sites at which stereotactic 
lesions should stop tremor in Parkinson's disease and 
other conditions. Lesions are usually made at sites 
where micro electrode recording identifies neurons that 
fire in relation to tremor (tremor cells) and where 
micro stimulation induces tremor arrest or substantial 
tremor reduction, both features considered reliable in
dicators of an adequate lesion site. However, we have 
occasionally seen tremor recur after making lesions at 
sites that meet both of these criteria. 

The mechanism by which electrical stimulation arrests 
tremor is not known. It may act by the blockade of 
neural circuits required for the expression of tremor or 
by activation of inhibitory neural circuits. If neural 
activation is the mechanism of stimulation induced 

tremor arrest, then it may not be predictive of lesion 
efficacy. 

We have recently added the strategy of microinjection 
of small aliquots of lidocaine into the thalamus at 
potential lesion sites, assuming that this drug would 
produce its effects only by neural blockade, and better 
predict the effects of an ablative lesion. Experimental 
work has shown that microinjections of 1-2 III of lido
caine into the brain will diffuse into a spherical volume 
1.9-2.4mm diameter1,2 producing a reversible increase 
in the threshold to electrical stimulation3 and decrease 
in glucose utilization 2. 

Methods 

This report is based on our experience with 10 patients undergoing 
stereotactic thalamotomy for the treatment of tremor associated 
with: Parkinson's disease-4, multiple sclerosis-2, essential tremor 
-1, post stroke tremor-I, post traumatic tremor-I, cerebellar 
tremor of unknown etiology-I. 

The technique of microelectrode recording and microstimulation 
has been described in detail previously and will only be briefly 
reviewed. Computer generated sagittal thalamic maps were produced 
based on the coordinates of the anterior and posterior commissures 
identified on axial CT scans carried out after the application of a 
stereotactic frame to the patient's head. The tactile relay nucleus 
(ventrocaudal nucleus) and the more rostral kinesthetic nucleus (ven
trointermedius nucleus) were explored using microelectrode re
cording and micro stimulation (tungsten microelectrode, impedance 
0.5-2.0 Mn). 

Injections oflidocaine were made at potential lesion sites as deter
mined by the presence of kinesthetic or tremor cells related to the 
affected limb and/or tremor improvement with microstimulation 
(300 Hz, 0.1 ms pulse width, 1-5 s trains, up to 100 ).IA). Prior to 
an injection, baseline assessment of tremor, voluntary movements 
and sensation was made and recorded on videotape. A 25 ).11 Hamilton 
syringe was used to inject 1-2).11 of 2% lidocaine hydrochloride at 
each site through a 25 gauge stainless steel tube inserted through the 
same cannula used to guide the microelectrode. Follow up assess
ments of tremor, voluntary movement, sensation and speech were 
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recorded at intervals after the injection and compared to the baseline 
preinjection assessment. 

Results 

Fifty lidocaine injections were made in 10 patients. An 
accurate determination of the time course of observable 
effect on tremor was available for 19 injections in 5 
patients. The mean time to the onset of an observable 
effect was 69 s (30-360 s), mean time to peak effect 
was 91 s (30-180s) and mean duration of effect was 
171 s (90-300s). 

The effect of microstimulation and lidocaine on 
tremor was compared in 2 subgroups of patients, those 
with parkinsonian tremor4

, and those with other types 
oftremor6 . 

Eighteen injection sites in 4 patients with Parkinson's 
disease were assessed (Table 1). There was concurrence 
between the effect of microstimulation and lidocaine 
microinjection at 12 sites (67%). At 11 of these sites 
tremor was suppressed by both, and at 1 site tremor 
was not affected by either. At 6 sites there was non 
concurrence between the effects of microstimulation 
and lidocaine microinjection. At 2 of these sites tremor 
was not affected by micro stimulation but was sup
pressed after lidocaine microinjection, and at 4 sites 
tremor was suppressed by microstimulation but not 
affected by lidocaine. At one of the latter sites lidocaine 
produced subjective numbness in the contralateral 

Table 1. Comparison of the Effects of Microstimulation and Lidocaine 
Microinjection in 4 Patients with Parkinsonian Tremor (16 Stimulation 
and Injection Sites) 

Lidocaine 

No effect 
TA/TR 

Stimulation 

No effect 

2 

T A tremor arrest; T R tremor reduction. 

TA/TR 

4 
11 

Table 2. Comparison of the Effects of Micro stimulation and Lidocaine 
Microinjection in 6 Patients with Non Parkinsonian Tremor (22 
Stimulation and Injection Sites) 

Lidocaine 

No effect 
TA/TR 

Stimulation 

No effect 

8 
6 

TA/TR/TD 

7 

T A tremor arrest; TR tremor reduction; TD tremor drive. 
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fingers, prompting us to explore further rostrally, away 
from the thalamic tactile area. 

In patients with other forms of tremor, 22 sites 
in 6 patients were compared with respect to the effect of 
microstimulation and lidocaine microinjection (Table 2). 
There was concurrence at 15 sites (68%), 7 of which 
produced tremor alteration (tremor suppression in 6, 
and tremor drive in 1), and 8 producing no effect on 
tremor. There was non concurrence at 7 sites. Lidocaine 
microinjection produced tremor suppression at 6 sites 
where microstimulation had no effect, and microsti
mulation arrested tremor a 1 site where lidocaine 
produced no effect. 

Discussion 

Our experience with lidocaine microinjection into 
the thalamus in movement disorder patients shows 
that it is safe, and in over two thirds of cases replicates 
the effects of microstimulation. 

Long term follow up will be required to determine 
whether lesions made on the basis oflidocaine induced 
tremor suppression result in a lower rate of tremor 
recurrence than those based on stimulation induced 
tremor suppression. Such determination will likely be 
hampered by the fact that in any given patient several 
lesions may be made, some of which are based on the 
effect of lidocaine microinjection and others on micro
stimulation. 

In patients with non parkinsonian tremor, modifica
tion of tremor with macro- and microstimulation is 
much less common than in Parkinson's disease4

. Lido
caine microinjection may allow identification of pot en
tiallesion sites in such cases. In our group of patients 
with non parkinsonian tremor the most frequent pattern 
of mismatch between the effect of lidocaine microinjec
tion and microstimulation was the suppression of tre
mor with lidocaine in the absence of response to stimu
lation. In one patient with post stroke tremor no sites 
could be found at which micro stimulation had any 
effect on tremor, but two areas were found where lido
caine substantially reduced the tremor. Two thala
mic lesions were made and, 16 months later tremor was 
still reduced. 

In those patients in whom stimulation induced tre
mor suppression occurs but tremor arrest cannot be 
produced with lidocaine microinjection, thalamic sti
mulation may be suppressing tremor by the activation 
of inhibitory neural circuits. Chronic thalamic stimula
tion may be an alternative for the long term control of 
tremor in these patients5 •6 . 



Tremor Reduction by Microinjection of Lidocaine 

References 

1. Myers RD (1966) Injection of solutions into cerebral tissue: Rela
tion between volume and diffusion. Physiol Behav I: 171-174 

2. Martin JH (1991) Autoradiographic estimation of the extent of 
reversible inactivation produced by micro injection of lidocaine 
and muscimol in the rat. Neurosci Lett 127: 160-164 

3. Sandkiiler J, Maisch, Zimmerman M (1987) The use of local 
anaesthetic microinjections to identify central pathways: A quanti
tative evaluation of the time course and extent of the neuronal 
block. Exp Brain Res 68: 168-178 

47 

4. Tasker RR, Organ LW, Hawrylyshyn PA (1982) The thalamus 
and midbrain of man. Thomas, Baltimore, pp 304-308 

5. Blond S, Siegfried J (1991) Thalamic stimulation for the treatment 
of tremor and other movement disorders. Acta Neurochir (Wien) 
[Suppl] 52: 109-111 

6. Benabid AL, Pollak P, Gervason C, Hoffman D, Gao DM, 
Hommel M, Perret JE, deRougement J (1991) Long-term sup
pression of tremor by chronic stimulation of the ventral inter
mediate thalamic nucleus. Lancet 337: 403-406 

Correspondence: Andrew Parrent, M.D., Division of Neurosurgery, 
University Hospital London, Ontario, N6A 5AS, Canada. 



Acta Neurochir (1993) [Suppl] 58: 48~52 
© Springer-Verlag 1993 

External and Implanted Pumps for Apomorphine Infusion in Parkinsonism 

P. Pollak, A. L. Benabid, P. Limousin, C. L. Gervason, and E. Jeanneau-Nicolle l 

Department of Clinical and Biological Neurosciences, INSERM U-318, Joseph Fourier University of Grenoble, and 1 Laboratory of 
Pharmacology, Centre Hospitalier Universitaire de Grenoble, France 

Summary 

Continuous delivery of dopaminergic agents to the striatum is a 
major challenge to improve the treatment of Parkinson's disease. 
Apomorphine is one of the best candidates because of its solubility 
and its Dl and D2 receptor agonist properties. 

Seventeen Parkinsonian patients sutTering from severe L-dopa
induced on-otT etTects were treated by continuous subcutaneous (SC) 
infusion with a portable minipump. Administration of intracerebro
ventricular (ICV) apomorphine was carried out in 7 macaca fasci
cularis monkeys using implanted programmable pumps. Four of the 
monkeys were made Parkinsonian by MPTP injections. 

In patients receiving apomorphine, the mean duration of daily otT 
periods was reduced by 61%. Psychiatric side etTects were rare but 
SC nodules occured in all patients and the external infusion method 
was therefore difficult to implement. In monkeys, the implanted 
system was well tolerated. ICV apomorphine infusion led to CSF 
apomorphine concentrations higher than the same apomorphine 
dose infused i.m. Motor function was considerably improved in two 
MPTP monkeys during the time of ICV infusion and 30 min after 
its arrest. Long-term ICV administration could not be carried out 
because of catheter blockage and/or apomorphine toxicity. 

SC and ICV apomorphine infusions are efficient for controlling 
motor activity in Parkinsonism but long-term toxicity remains to be 
studied further. 

Keywords: Parkinsonism; apomorphine; intracerebroventricular 
infusion; MPTP monkey. 

Introduction 

Initially, the response to doses of L-dopa in patients 
with Parkinson's disease (PD) is smooth, stable and 
long-lasting. After several years of dopatherapy most 
patients develop fluctuations in motor response and 
abnormal involuntary movements 11. Many patients 
develop a "threshold effect", when the sinuous fluctua
tions are replaced by more severe and abrupt "all-or
none" switches from "on" (mobile with dyskinesias) to 
"off" (akinetic). The frequent, sudden and more or less 
unpredictable occurrence of severe akinesia constitutes 

the on-off phenomenon. For the majority of patients, 
treatment becomes difficult. 

Continuous intravenous infusions of L-Dopa have 

proved to be efficient in the maintenance of mobility 

in such patients, suggesting a role for the peripheral 
pharmacokinetics IS. Central pharmacodynamic factors 

should also be taken into account. In rats, studies using 

dopaminergic drugs have shown that striatal dopa
minergic receptors can rapidly become tolerant and, 
during the course of some hours, their sensitivity 
to dopaminergic agonism is restored. Intermittent 
administration induces hypersensitivity, whereas con
tinuous administration induces hyposensitivity. It is 
believed that only the D2 system is important for the 
motor effects of dopaminergic drugs, but more recent 

evidence suggests that the full expression of dopami
nergic pharmacological effects requires activation of 
both types ofreceptors l8

. Thus, the most suitable drug 
for PD should activate Dl and D2 dopamine recep
tors, and have a long-lasting activity allowing smooth 
fluctuations in concentrations at the dopamine receptor 
sites. Hitherto, the drug of choice has been L-dopa 
which has a short-lasting non-selective action upon 
dopamine receptors. The maintenance of continuous 
delivery of dopamine to the striatum is difficult because 
it has a short plasma half-life, an erratic gastro-intes

tinal absorption, it competes with large neutral amino 
acids and its metabolite 3-0-methyldopa, and it is 
dependent upon its enzymatic conversion to dopamine 
within the striatum. 

Among direct dopaminergic agonist drugs, apomor
phine is one of the best candidates because of its solubi
lity and its powerful D 1 and D2 receptor agonist pro
perties lo. Its large first-pass hepatic effect prevents its 
oral route of administration. Owing to its short half-
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life, a continuous delivery of apomorphine with vari
able flow rates necessitates the use of programmable 
pumps. Sites of infusion could be the subcutaneous 
(sq, vascular and CSF spaces. Intracerebroventricular 
(ICV) infusions are not mandatory because apomor
phine easily crosses the brain-blood-barrier, but it may 
have some theoretical advantages. Delivery close to the 
site of action avoids transport problems, averts peri
pheral side effects, and long-term infusion is known to 
be technically feasible in humans. 

In Parkinsonian patients, apomorphine has been 
infused in the SC space using an external portable 
minipump4,14,16. We will shortly report here our 

experience of this technique. During the last five years 
apomorphine ICV infusion has not yet been performed. 
ICV infusion of dopamine has been carried out in a 
single patient using a non programmable implanted 
pump with encouraging results 7. In order to test the 
feasibility of ICV infusion of apomorphine, we per
formed experiments in a primate model of PD. 

Methods 

External SC Apomorphine Irifusion in PD Patients 

Seventeen Parkinsonian patients suffering from severe L-dopa
induced on-off effects resistant to other therapeutical strategies (in
cluding intermittent apomorphine injections) were treated by con
tinuous SC infusion with a portable mini pump. Their mean age was 
55 (range 34-73) years and disease duration 16 years. To avoid 
nausea, vomiting and postural hypotension, domperidone, a peri
pheral dopamine receptor antagonist (20 mg t.i.d.) was administered 
2 days before apomorphine onset and continued at least for 2 weeks. 
Apomorphine solution (Apokinon F 1%, Aguettant Laboratory, Lyon, 
France) was infused through a 27 G needle inserted subcutaneously 
in the abdomen wall and the site was changed at least daily. The 
Graseby MS 26 syringe driver (Graseby OMS, Montpellier, France) 
was used, allowing continuous infusion at a rate up to 12 mg/h 
plus additional bolus doses. Attempts were made to decrease L-dopa 
intake compensating to an increase of the apomorphine flow rate. 

Implanted Programmable Pump in Monkeys 

Animal model: Seven male adult cynomolgus monkeys (macaca 
fascicularis), weighing 3-4kg were used in this study. The neurotoxic 
MPTP hydrochloride (RBI, Natick, USA) was dissolved freshly in 
NaCI 0.9%, to a final concentration of I mg/ml, and injected via a 
lower leg vein in an animal anaesthetized with intramuscular (1M) 
IOmg/kg ketamine (Imalgime® 1000, Rhone Merieux, France). The 
MPTP dose was 0.33 mg/kg in the first injections, administered twice 
a week until the animal exhibited bradykinetic symptoms. The dose 
was doubled if the first six injections were ineffective. Five monkeys 
were made Parkinsonian by MPTP injections. 

Implantation of the delivery device: All surgery was performed 
under sterile conditions with animals anaesthetized with ketamine. 
A synchroMed™ DAD Medtronic pump (Medtronic, Minneapolis, 
USA) was implanted intraperitoneally, after the completion of a 
stable MPTP induced Parkinsonism in two monkeys and before the 
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administration of MPTP in three. This pump is programmable by 
telemetry for infusion mode and flow rate (0.006 to 0.9 ml/h). It 
weighs 185 g, and its reservoir volume is 18 ml. It can be filled by 
transcutaneous puncture of a rubber membrane. An outflow catheter 
(Spinal catheter dowcorning silastic®, Tokyo, Japan) was placed in 
the right lateral ventricle using stereotactic technique, 30 mm post
erior to the orbital arch, 2 mm off the midline, 15-18 mm in depth. A 
radiographic control using a contrast injection (Iopamiron 200®, 
Schering, Germany) was made. The catheter was fixed to the skull 
with dental cement. It was connected to the pump by another Med
tronic silicone rubber catheter tunnelled subcutaneously. Two access 
ports (Clinical Plastic Products, LaChaux-de-Fonds, Switzerland) 
were placed subcutaneously in the occipital region of the skull. One 
was joined to the intraventricular catheter for bolus injections and 
the other was connected to the cisterna magna for CSF samples. 

Control of delivery: The pumps were initially filled with 0.9% NaCI 
and programmed at the minimal rate of flow for maintaining per
meability. The material function was checked by X-rays using injec
tions of iodine contrast via the access port, and by scanning after 
isotope injection into the pump. 

Stability of apomorphine and concentrations used: Stability of the 
apomorphine solution (concentration from 1 to IOmg/ml) in the 
pump was evaluated up to one month, in vivo and in vitro in a 
non-implanted Medtronic pump maintained at 37°C. Apomorphine 
concentration was measured with high performance liquid chro
matography using electrochemical detection 2

. For short-term drug 
administration, apomorphine was diluted in 0.9% NaCI to obtain a 
final concentration of I mg/ml. 

Motor evaluation: Motor activity was assessed at regular intervals 
during the process of MPTP induced Parkinsonism and after 
apomorphine administrations, using the subjective scales of the U ni
versity of Laval (Quebec, Canada) and of Kurian et al. (1991), with 
a video control. During apomorphine ICV infusions, we have also 
evaluated the number of to-ings, fro-ings, jumps, and the time of 
motionlessness. 

Results 

SC Apomorphine Infusion in PD Patients 

Only 7 out of 17 patients continued SC apomorphine 
infusion for more than a year, up to 55 (mean 47 ± 7) 
months. Eleven patients were available for evaluation. 
Mean infusion rates were 97 ± 44Ilg/kg/h in daytime, 
and 6 patients were infused at night with a lower mean 
flow rate of 39Ilg/kg/h. Patients used a mean of 4 
additional boluses per day (approximately 3 mg each). 
The total daily dose was 95 ± 28 mg or 1.7 ± 0.8 mg/kg, 
with little change as time passed. The mean duration 
of daily off periods was reduced by 61 % (from a mean 
of 6.8 to 2.6 hours). L-dopa dosage was reduced by 53% 
on average (from 790 to 370 mg/d), and one patient 
could stop L-dopa. During the residual off motor periods, 
akinesia was improved in 4/11 patients. The severity of 
hyperkinesia was improved in 5/11 patients in parallel 
with the decrease in L-dopa dose. 

SC nodules occured in all patients. It was the only 
adverse effect in the 7 patients treated on a long-term 
basis. The reasons why 8 patients gave up the infusions 
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Table I. Characteristics of MPTP Injections and Parkinsonian Scores in Three Monkeys 

Monkey 1 Monkey 2 Monkey 3 

MPTP 
Total dose (mg) 24.8 
Injection number 12 
Time from 1st to last injection (Mo) 14 
Parkinsonian score 
University of Laval scale (/10) 7 
KurIan's scale (/29) 16 

were the following: toxic cutaneous reactions and/or 
difficulty to cope with the technique, 3 cases; prolonga
tion of diphasic dyskinesias, 3 cases; behavioural side
effects, 2 cases. Five of these 8 patients changed from 
continuous to intermittent apomorphine injections. Two 
patients died for reasons unrelated to apomorphine 
administration. All biological tests remained within 
their normal ranges. 

Implanted Programmable Pump in Monkeys 

Animal model: MPTP induced a long-lasting marked 
Parkinsonian syndrome in 5 primates. Only 3 of them 
(Table 1) were available for the apomorphine adminis
tration test. Tremor was slight and present during 
action contrary to the classical rest tremor of Parkin
sonian patients. 

Implantation and control of delivery device: Despite 
its relative large volume compared to the monkey size, 
the pumps were well tolerated up to 18 months when 
implanted before the administration of MPTP. After 
completion of the MPTP induced Parkinsonian motor 
state, two monkeys died in the postoperative period 
following pump implantation and one monkey after 
pump change. Some surgical revisions were necessary 
for disconnections of the catheters from the access 
ports or moving from the ventricles or the cisterna 
magna. 

Control of apomorphine stability: The concentration 
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Fig. I. ICV infusion of 50 J.lg/kg/h apomorphine for 8 hours 
followed by pump arrest 

of apomorphine remained stable in the pump, in vitro 
at 37°C and in vivo for up to one month. 

Pharmacokinetic study: To characterize pharmaco
kinetic parameters, a total of 13 apomorphine adminis
trations were carried out in 3 monkeys, with different 
i.m. and ICV bolus dose injections (50-100 I-lg/kg) and 
infusions (25-100 I-lg/kg/h). 

The absolute bioavailability of the i.m. route was 
close to 1 because the area under curve was similar 
after IV or i.m. injection of the same dose. Plasma 
concentration-time profiles of apomorphine were bi
phasic. After i.m. bolus injections (3 tests), Cmax was 8 
to 29 times higher in plasma than in CSF, plasma T max 

Table 2. Effective Doses of Apomorphine and Chronology of Apomorphine Induced Motor Activity in Three MPTP Monkeys 

Monkey 1 Monkey 2 Monkey 3 

1M Boluses 
Effective dose (J.lg/kg) 50 50 150 
Latency for effect onset (min) 3 to 7 2 3 
Duration of effect (min) 30 to 40 60 60 
leV Infusions 
Effective flow rate (J.lg/kg/h) 100 140 
Duration of effect after pump arrest (mm) 30 30 
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Fig. 2. Motor assessment during consecutive 5 min periods 
following an ICV infusion of 50 Ilg/kg apomorphine for 28.5 min 

was brief (3- 8 min), as well as the elimination half-life 
(21-32 min). After ICV bolus injections (2 tests), the 
elimination CSF half-life was shorter (10- 15 min) than 
plasma half-life. After at least 4 hours of continuous 
i.m. infusion, the apomorphine levels at the steady state 
were 7 times higher in the plasma than in the CSF (2 
tests), whereas after ICV infusion the CSF levels were 
22 times higher than in the plasma (Fig. 1 showing one 
out of 5 tests). Apomorphine plasma levels a t the stead y 
state after continuous infusion i.m. were double those 
following ICV infusion at the same flow rate. 

Evaluation of motor activity: The reversal of Parkin
sonian symptoms in MPTP primates with apomor
phine was equally effective with i.m. bolus injections 
and ICV infusions. The dose required, the delay and 
duration of efficacy are shown in Table 2. In one monkey, 
i.m. injections induced motor improvement and dys
kinesias at the same time whereas the anti-Parkinsonian 
effect was not accompanied by dyskinesias after ICV 
infusions. Figure 2 shows the number of to-ings, fro
ings, jumps, and time of motionlessness of a monkey 
before, during, and after an ICV 50 Ilg/kg apomorphine 
infusion for 28.5 min. This monkey had a tendency 
to rotate toward the contralateral side of the infused 
ventricle. 

Another monkey experienced dyskinesias, from the 
first i.m. apomorphine injections at effective doses. The 
amount of dyskinesia was dose dependent. Dyskinesias 
affected the legs and the trunk, and were choreic and 
dystonic in nature. They had the same chronology, 
body topography and appearance whatever the type 
and route of apomorphine administration was 
employed. 
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The maximum duration of apomorphine ICV 
infusion at effective doses in one monkey was 36 h 
when the animal died. Pathological examination of 
the brain showed a temporal lobe herniation related 
to the expansion of the cerebral hemisphere infused, 
with a dark green mush in the ventricle suggesting 
apomorphine auto-oxidation. A further histological 
study is in progress. 

Discussion 

Continuous S.C. apomorphine infusion has led to 
a marked motor improvement in a selected group of 
severely disabled Parkinsonian patients. Yet, these 
patients must respond to L-dopa because sustained 
apomorphine administration induces the same motor 
effect as L-dopa, but with a longer lasting effect. This 
signifies that apomorphine has the same non-selective 
dopaminergic pharmacological profile as L-dopa. 
Continuous administration of apomorphine induces a 
more sustained dopaminergic striatal activity than the 
oral route of L-dopatherapy. Peak-dose dyskinesias 
are improved if L-dopa dosage is concomitantly 
reduced. This favours the S.c. continuous infusion 
mode of administration of apomorphine instead of 
giving repeated injections at the beginning of each off 
period 13. It is notable that apomorphine induces few 
adverse psychiatric effects compared to lisuride, 
another dopaminergic agonist administered subcuta
neously!7. However, patients develop cutaneous 
nodules at the apomorphine infusion sites and 
experience difficulties in coping with the technique of 
external infusion. These are the main limitations for 
this mode of treatment. Implantation of a delivery 
programmable device would theoretically be useful. 

In primates, susceptibility to MPTP varied from 
one animal to another9

. Repetitive injections of small 
MPTP doses over a long period seem to induce a 
more stable Parkinsonian syndrome than the use of 
few injections with higher doses8. MPTP makes the 
animals too fragile to resist major surgery. Therefore, 
pumps must be implanted before rendering monkeys 
Parkinsonian. 

Programmable pump implantation inside the 
abdominal peritoneum is feasible in monkeys. With 
this location skin necrosis can be avoided! 9. We 
encountered some difficulties with implanted catheters 
in the cisterna magna and the lateral ventricle because 
of the small size of the CSF spaces in these monkeys. 

Apomorphine pharmacokinetic parameters follow
ing i.m. injections are similar to those obtained in 
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humans after S.c. injections5
: the T max is brief, the 

drug is completely absorbed and rapidly cleared from 
the plasma. These pharmacokinetic data may explain 
the rapid onset and brief duration of the motor effects. 

Elimination of apomorphine is even faster in the CSF 
than in plasma suggesting that some of the drug 

infused into the CSF is transferred directly into the 
plasma via the usual bulk flow route of CSF 
absorption6

. Comparison between i.m. and ICV 
continuous infusions shows that the plasma-CSF ratio 

is low, in keeping with the lipophilic nature of the 
apomorphine molecule which permits an easy brain
blood barrier entry. A CSF route of administration 

would imply a saving in dosage by about 2 only, 
because the blood in brain capillaries would subs
tantially contribute to apomorphine tissue levels. 

The ability of apomorphine to reverse Parkinsonian 
symptoms and to induce dyskinesias was markedly 

similar to what occurs in humans4
• The same is also 

described with L-dopa 1. In two monkeys, the motor 
effects were similar regardless of the mode or route of 

administration. In another monkey, only the ICV 

infusions, and not the i.m. injections were able to 
induce an improvement in Parkinsonism without 
dyskinesia. The results of this study are too 
preliminary, and obtained only with short-term ICV 

infusions, to permit any conclusion. One monkey 
exhibited dyskinesias from the first effective i.m. 
injection of apomorphine, suggesting that the duration 
of the dopaminergic treatment is not a mandatory 
factor in the genesis of dyskinesias 3•12. 

In conclusion, apomorphine is a very potent 
dopamine agonist at the D1 and D2 dopaminergic 
receptors and it may induce a sustained motor benefit 
in Parkinsonian patients or monkeys when treated by 
a continuous infusion. The ICV route of infusion is 
interesting from a pathophysiological point of view 
and it would not enable a substantial reduction of the 
dose in comparison with a peripheral route of 
administration. Moreover, although apomorphine 

auto-oxidation in the pump may be prevented by the 
addition of anti-oxidants, this is not the case in tissue 
where it can have a toxic effect as dopamine 19. 

Therefore, long-term toxicity remains to be evaluated 

before carrying out ICV apomorphine infusion in 
Parkinsonian patients. 
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Summary 

38 patients with Parkinsonian or essential tremor who underwent 
thalamotomy based on ventriculographic coordinates were compared 
to 23 patients whose thalamotomy was performed on the basis of 
computed tomography (CT)-derived target coordinates. The com
parison between the two groups concerned the age, sex, duration of 
disease, target side, intra-operative target correction, duration of 
postoperative stay in hospital, transient side-effects, permanent 
complication, and tremor alleviation. The study showed that the 
surgical results in terms of tremor control were the same in the two 
groups. However, the percentage of post-operative transient side
effects was higher and the duration of stay in hospital was longer for 
the ventriculographic patients than for the CT patients. 

Keywords: Thalamotomy; ventriculography; computed tomo
graphy; stereotactic surgery. 

Introduction 

Ventriculography is still the dominating method for 
calculation of target coordinates in stereotactic surgery 
for movement disorders 3,5,lO,16,18,21. Several computed 
tomography (CT)-guidance methods have been pre
sented and dealt mainly with the accuracy ofthe stereo
tactic frame and of the CT study as well as other 
geometrical aspects 1,8,12.13.17.20.22. As far as we know, 

there is no systematic report on the clinical outcome 
of CT-guided stereotaxis as compared to the ventri
culography-guided stereotactic surgery for Parkinson's 
disease and essential tremor. 

Since 1988, we have used exclusively a stereotactic 
CT study for calculation of target coordinates prior 
to thalamotomy6.7.9. The accuracy of the method has 

been assessed in previous publications6
-

8
. Given that 

the ultimate goal of thalamotomy is to alleviate or 
"cure" the tremor in patients with movement disorders, 
we have compared the clinical results in 2 series of 
patients operated upon in the thalamus using either 

ventriculography or CT guidance during 1979-1982 
and 1988-1991 respectively. 

Patients and Methods 

Sixty one patients with Parkinson's disease or essential tremor 
who underwent unilateral thalamotomy were studied. The target's 
coordinates were provided by air ventriculography (VG) in 38 pati
ents treated between 1979 and 1982 and by a stereotactic CT study 
using the Laitinen Stereoadapter!2 in 23 patients treated between 
1988 and 1991. The distribution of the patients between the VG and 
CT group, according to the diagnosis, sex, age, duration of disease 
and to the side of the target, are listed in Table 1. In both groups, the 
thalamic target was defined 7-9 mm anterior to the posterior com
missure.12-15mm lateral to the midline of the third ventricle, and 
between zero and 2 mm above to the level of the intercommissural 
line. For surgery, the same stereotactic frame!! was used during 
both periods. Radiofrequency (RF) electrodes with either 2 mm or 
5 mm bare tip were used in the VG patients whereas only an electrode 
with 2mm bare tip was used in the CT patients. In both groups, 
impedance monitoring and electrical stimulation were used to corr
oborate the anatomical target physiologically. The records of the 
patients were studied carefully to review the surgical parameters and 
the condition of the patients after surgery. The nurse's notes concern
ing the postoperative condition of the patients were also studied. 
All patients' follow-up examinations were reviewed. The surgical 
results were considered excellent if the tremor was completely abol
ished and the patient did not present a disabling complication of the 
surgery. The results were considered fair if the tremor was reduced 
or if the patient was tremor-free but with a slight complication. The 
results were poor when surgery had no effect on the tremor and/or 
when the complications of surgery were significantly affecting the 
daily life of the patient. For statistical analysis, Mann-Whitney 
U-test or chi-square test were used. 

Results 

Table 1 lists the patients' characteristics, the surgical 
parameters, and the results in both groups. In the VG 
group there were slightly more Parkinsonian patients 
than tremor patients whereas in the CT group it was 
the opposite. However, the difference was not signifi-
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Table I. Characteristics, Surgical Parameters, and Outcome in Patients Operated upon by Thalamotomy Using Ventriculographic or 
CT-Determined Coordinates. Mean, S.D., and range are given. Statistical analysis with Mann-Whitney U-test or chi-square test (*) 

VG 

No. of patients 38 
Diagnosis Parkinson/tremor 21/17 
Sex male/female 27/11 
Age (years) 54.4 (16.3; 15-77) 
Duration of disease (years) 10.7 (9.7; 2-40) 
Target side left/right 27/11 
No. of probe introductions 1.4 (0.8; 1-4) 
intraop. target correction (mm) 0.5(0.9;0-3) 
Duration of hospital stay (days) 5.0 (2.1; 2-9) 
Transient side effects (%) 73.5 
Permanent complication (%) 13.1 
Follow-up time (months) 11.0 (17.2; 1-96) 
Excellent result (%) 57.9 
Excellent or fair result (%) 86.8 

VG ventriculography; CT computed tomography. 

cant. The male/female ratio and the distribution of the 
patients according to the side operated upon were 
approximately the same in both groups. The age of the 
patients was significantly higher and the duration of 
the disease was significantly longer in the CT group 
than in the VG group. The number of introductions of 
the electrode before finding the physiological target as 
well as the distance between the anatomical and phy
siological targets were about the same in both groups, 
The duration of the postoperative hospitalization was 
significantly longer in the VG patients compared to the 
CT patients. The postoperative side-effects, the follow 
up time, the permanent complications of the surgery 
and the surgical results in terms of tremor control are 
listed in Table 1. In the VG group there were significantly 
more transient side-effects than in the CT group. The 
other parameters were not significantly different. 

Discussion 

The aim of this study was to find out whether the 
results of stereotactic surgery for tremor are different 
between patients operated on using ventriculography 
(VG)-derived target coordinates and patients operated 
on using computed tomography (CT)-derived coor
dinates, The two series, although including consecutive 
patients, do not include patients operated upon bi
laterally in the thalamus nor patients who underwent 
re-operation after failed primary surgery. Furthermore, 
the reason for not including the patients operated on 
in the interval between the two reviewed periods, i.e, 
during 1983-1987, is that during this period a new 
CT-guided stereotactic system was under development 

CT p 

23 
10/13 ns* 
16/7 ns* 
64.2 (11.3; 41-86) <0.05 
16.6(11.6;4-40) <0.05 
17/6 ns* 

1.3 (0.6; 1-3) ns 
0.6 (0.9; 0-3) ns 
2.6(1.3; 1-9) <0.0001 

26.0 <0.001* 
8.7 ns* 
5.3 (3.7; 2-18) ns 

78.3 ns* 
86.9 ns* 

in our department and the stereotactic surgery per
formed during this period relied sometimes on both 
VG and CT in parallel, which has been analysed in pre
vious works6 - 8,12. 

The present study is retrospective and concerns pati
ents operated on in a routine fashion. We feel that the 
retrospectivity of this review should per se eliminate 
the eventual bias of trying a priori to embellish the VG 
method and denigrate the CT method or vice versa, 
The study disclosed a significant difference between the 
VG and CT groups concerning 4 of the 13 reviewed 
parameters (Table 1), The CT-operated patients were 
significantly older than the VG patients, the mean ages 
being 64.2 and 54.4 years, respectively. The duration of 
disease was also longer for the CT patients than for the 
VG patients (16.6 and 10.7 years respectively), which 
ought to be a logical consequence of the difference in 
patients' age. Despite this, the duration of postoperative 
stay in hospital was significantly longer and the occur
rence of transient side-effects was significantly higher 
in the VG patients than in the CT patients, while no 
significant differences were found in the surgical results 
and permanent complications. 

The transient side-effects included mainly symptoms 
generally attributed to air VG such as prolonged head
ache and fever, nausea, vomiting, and the so called 
psycho-organic syndrome19

, and sometimes symptoms 
attributed to the lesion itself such as dysarthria/ 
dysphasia, dysphonia, confusion, numbness, paresis and 
disturbance of balance. These symptoms occurred alone 
or in different combinations in 28 of the 38 VG-patients 
and in 6 of the 23 CT -patients, Most of the symptoms 
were provoked by air-VG which affected the condition 
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of the patients enough to prolong the duration ofhospi
talization. This in turn resulted in a more costly surgery 
for the VG-patients than for the CT-patients. It has 
been recommended by several authors that thalamo
tomy should not be performed on patients older than 
65 years because of the higher surgical risks and the 
lower rate of successful surgery2,4,15. Our study dem
onstrates that by avoiding VG, elderly patients not 
only can be operated with satisfying results, but they 
can better tolerate the surgery. Therefore we believe 
that it is mainly the ventriculography and not the 
thalamotomy itself which may be harmful to the senior 
patients. Other workers have also come to the insight 
that VG can be potentially dangerous and may increase 
the morbidityl,14. 

At the follow-up examination, 5 of the 38 VG patients 
(13.15%) and 3 ofthe 23 CT patients (13.04%) had poor 
results. As for the permanent complications, 5 of the 
VG patients showed dysarthria/dysphasia, dysphonia, 
mental confusion, numbness, and disturbance of bal
ance, respectively. Among the CT patients, 2 presented 
with dysphasia/dysarthria and disturbance of balance 
respectively. 

In conclusion, this study showed that CT-guided 
thalamotomy equals the VG-based thalamotomy in 
terms of tremor control and permanent complications. 
However, the avoidance of ventriculography permitted 
surgery on elderly patients, with fewer side-effects and 
with shorter stay in hospital. Provided that the CT
guidance technique is accurate, CT-based thalamotomy 
can benefit older patients and at a lower cost than the 
ventriculography-guided procedure. 
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Summary 

Fast Spin-Echo Magnetic Resonance Imaging facilitates multi
planar target and trajectory selection in functional disorders by 
rapidly delineating gray matter, white matter, vascular, and ventri
cular structures. Errors due to anatomic variation or co-existing 
lesions can be avoided as are movement artifacts. Although not a 
substitute for physiologic target corroboration, the method facilitates 
safety and efficacy of "functional" stereotactic procedures. 

Keywords: Magnetic resonance imaging; conventional spin-echo 
sequences; fast spin echo; target delineation. 

Contemporary Magnetic Resonance Imaging facili
tates stereotactic management of functional disorders 
by providing multi planar CNS structure identification 
without ionizing radiation. Conventional Spin-Echo 
sequences (CSE) reduce magnetic field inhomogeneity 
and magnetic-susceptibility effects with respect to gra
dient MR scans, but suffer from relatively long acquisi
tion times and the subsequent movement artifacts due 
to patient discomfort. Fast Spin-Echo (FSE) permits 
similar discrimination of gray matter, white matter, 
CSF, and blood vessels but in much less time than CSE 
imaging. Potential drawbacks include some flow arti
facts which are not, however, a significant problem. 

Methodology 

In a consecutive series of patients suffering from Seizures, Dyskine
sias, Obsessive Compulsive Disorders, or Chronic Intractable Pain, 
electrodes or lesions were placed stereotactically. All imaging was 
done with a GE 1.5 Tesla Signa unit and the Lexsell MRI-Compati
ble frame. Axial, Coronal, and sagittal images were obtained using 
Fast Spin-Echo technique employing a repetition time (TR) of 
3000 msec and a pseudo echo time (pTE) of 17 msec. A matrix of 
256 x 256, one excitation (NEX), a field of view (FOV) of 26 cm, and 
a slice thickness (THK) of 4.0 mm were used. Thirty-six to forty 
images were obtained in slightly over 3 minutes. Image processing 
was performed on a work station after transfer of the data via a 
network. 

For Chronic Intractable Pain, targets included the internal capsule 
(IC), the Ventral Postero Lateral Nucleus (VPL) the Ventral Postero 
Medial Nucleus (VPM), the Para Ventricular Gray (PVG), or Ventral 
Para Aqueductal Gray (VPAG) depending on the location and type 
of pain (Fig. I). For Movement Disorders, Ventral Intermedius 
Nucleus (VIM) was lesioned. For Obsessive Compulsive Disorder 
(OCD) the Subcaudate portion of the Anterior Limb of the Interior 
Capsule (AUC) was targeted (Fig. 2). Targets in Epilepsy were the 
Amygdala/Hippocampal complex and the Orbital Gyrus (OG). 
Coordinate determination was done in three planes and based upon 
atlas derived coordinates which were modified according to the 
anatomy visualized. The Anterior and Posterior Commissures, 
Internal Capsule, Third Ventricle and Aqueduct, and the Colliculi, 
could all be readily identified as well as adjacent blood vessels and 
pre-existing lesions or anatomic variations. Trajectories to the target 
were then adjusted to maximize safety and efficacy. All operations 
were done under local anesthesia, monitored and supplemented 
pharmacologically. Where feasible, e.g. thalamic and aqueductal 
region, targets were corroborated physiologically and clinically. 
Temporary recording electrodes were inserted in the case of Seizure 
Disorders for diagnostic purposes, permanent stimulating electrodes 
were placed in the case of Chronic Intractable Pain states and lesions 
were made for OCD and the Movement Disorders. Coordinate 
adjustments were made on the basis of clinical and physiological 
observations observed during the surgery. The somatopic patterns 
across the VPL and VPM and internal capsule were utilized to adjust 
coordinates. 

Results 

Clinical objectives were achieved in most cases. In 
chronic intractable pain, thirteen of sixteen patient 
experienced paresthesias in the painful areas and sub
stantial pain relief; nine of the patients with movement 
disorders had good relief of tremor, although reopera
tion was necessary in one patient; obsessive compul
sive behavior was substantially but not completely 
reduced in all six patients, reoperation was necessitated 
in two in order to enlarge the lesions. Satisfactory 
recording from the electrodes placed in seizure dis
order cases was accomplished in all. There was no 
mortality. Transient minor neurologic deficits were 
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Fig. 1. FSE Images in sagittal coronal and two axial planes to 
demonstrate an electrode in the VPL next to internal capsule. 
Patients is treated for chronic intractable pain, deafferentation, of 
the left lower extremity 

A B 

Fig. 2. Comparison of (A) a photograph from an atlas demonstrating 
Ammon's Horn (CA) and (B), an FSE image with bilateral recording 
electrodes in the amygdala/hippocampal complex. CSO Centrum 
semi-ovale; Par c Par. cortex; R Cenral sulcus; jls Fasc. long. sup.; 
pdth peduncle dorsal thalami; T-J sup. temp. gyrus; T-2 med. temp. 
gyrus; T-3 info temp. gyrus; CIP Post limb int. caps.; gTP Trans. 
temp. gyrus; GH para hippo gyr.; CS subthal. corpus 

1. A. Taren et al.: Stereotactic Localization 

experienced in four patients, one in each category. 
There was no morbidity related to the imaging. Post
operative images were obtained to confirm lesion or 
electrode placement and correlated well with the co
ordinates selected at the time of intervention. 

Discussion 

Anatomic and physiologic delineation of the target 
and its environs has been the "Holy Grail" of stereotactic 
neurosurgeons seeking to treat "functional" disorders. 
Fast SE MRI is better than conventional SE MR since 
it produces the superior tissue contrast of MRI in one 
quarter to one third the amount of time l

-
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. This permits 
the characterization of the target and it's environs by 
differentiation of gray matter, white matter, blood ves
sels, and ventricles. The stereotactically important land
marks; commissures, the internal capsule, the third 
ventricle and aqueduct as well nuclei and other path
ways are readily distinguished and the rapid acquisition 
time minimizes movement artifact. Anatomic variation 
and the presence of co-existing lesions, all sources of 
error, are readily identified and can be compensated 
for. Trajectories are chosen to avoid dangerous struc
tures or adjacent blood vessle. Rapid multi planar cross
checking of the target and its environs can be accom
plished. 
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Experimental Studies and Clinical Findings During Functional Neurosurgery 
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Summary 

The accuracy with which the ventrolateral thalamic nucleus could 
be targetted using the BRW stereotactic system and unreformatted 
axial CT imaging was evaluated in cadaver brains mounted in a 
skull. Ball bearings (1.82 mm diameter) were placed in the nuclei 
ventro intermedius (Vim), ventro oralis anterior (Voa) and posterior 
(Vop) and the brains then sectioned, the locations of the ball bearings 
relative to the anterior (AC) and posterior commissures (PC) mea
sured and evaluated with reference to a Schaltenbrandt and Bailey 
stereotactic atlas. Targetting of the ventrolateral thalamic region was 
frequently accurate (77%) but because of errors in estimation of the 
AC-PC plane (mean forward angulation of 9°) some ball bearings 
were placed too deeply in the Fields of and Forel, zona incerta and 
rostral subthalamic nucleus. Ventrolateral thalamotomy using the 
BRW stereotactic system and unreformatted axial CT imaging was 
undertaken in six patients with tremor due to a range of pathologies. 
The tremor was abolished or altered in four patients whilst no lesion 
was made in the other two patients since no site that reduced the 
tremor, could be located. The surgical and clinical implications of 
this study are discussed. 

Keywords: Stereotactic surgery; CT scanning; thalamus; tremor. 

Introduction 

Whether ventriculography is essential for target co
ordinate estimation during functional neurosurgery is 
controversiaP. Some surgeons use reconstructed CT 
images whilst others use axial MR images to obtain 
reference points 7. The stimulus for the study arose 
from difficulties in defining the AC and PC from both 
sagittally reformatted axial CT scans and ventriculo
graphy3. Previous studies have suggested that for some 
diencephalic targets CT imaged directed target locali
zation may be satisfactory and obviate the potential 
risks of ventriculography2,3,6-8. Since the ventrolateral 

(VL) thalamic nuclear complex is a common target 
during functional stereotactic surgery for tremor an 
experimental study was undertaken to evaluate the 

accuracy with which this diencephalic region could be 
located using unreformatted axial CT imaging and a 
BRW stereotactic system. Using similar techniques of 
target localization ventrolateral thalamotomy was 
undertaken in a small group of patients with tremor 
due to a diverse range of pathologies. The experimental 
and clinical results are compared. 

Methods 

Experimental Study 

Cadaver brains were trimmed of their cortical mantle and placed 
in a human skull filled with warm gelatin. The c,alvarium was then 
replaced and secured, the BRW baseplate and CT localizer affixed 
and axial CT scans (GE8800, 3 mm slices) taken through the dience
phalic region. After optimal visualization of the AC and PC target 
points were selected for the nucleus Ventro oralis anterior (Voa), 0 
relative to midpoint AC-PC line, + 2mm Vertical to AC-PC plane, 
and 9.5 mm Lateral from third ventricle wall, the nucleus ventro oralis 
posterior (Vop) - 3.5, + 2, 11, and the nucleus Ventro intermedius 
(Vim) - 5, + 2.5,10.5. Ball bearings (1.82mm) were then deposited 
at the target sites of ten hemispheres through a coronal burr hole. 
The diencephalon was then removed en bloc, sectioned in 5 mm slices 
parallel to the AC-PC plane and Xrays taken to localize the ball 
bearings. Final coordinates of the ball bearings with respect to the 
AC and PC were determined upon further sectioning and histology 
of the slices. The precise details of methodology are described 
elsewhere 10. 

Clinical Study 

Six patients with tremor of variable etiology (Table 1) were selected 
to undergo VL thalamotomy after failure of medical treatments. 
Procedures were performed under diazepam and droperidol neu
roleptanesthesia. Target localization was performed as in the experi
mental study but additional targets were selected to encompass an 
area from + 2 to - 7 relative to the midpoint ofthe intercommissural 
line and from 8 to 13 mm lateral to the third ventricular wall. Impe
dance was measured as was clinical response to low (2 Hz) and high 
frequency (50-100 Hz) target stimulation. Temporary and final lesions 
were made with a Radionics radiofrequency system. 



62 I. R. Whittle et al. 

Table 1. Clinical and Outcome Details of Patients Selected for VL Thalamotomy for Tremor Using the BRW System and Unreformalled 
Axial CT Scanning 

No. Diagnosis Clinical note Outcome 

1. Multiple sclerosis R. sided UL, LL "rubral" abolition of tremor (Fig. 2) 
tremor. Spastic L. side 

2. Midbrain infarct bila!. UL "rubral" tremor, no physiological locus found 
severe LL myelopathy that altered tremor 

3. Post-traumatic tremor R. UL, LL ballistic tremor, 
4. Multiple sclerosis bila!. UL "rubral" tremor. abolition R. UL tremor 

bilat. LL spasticity 
5. Multiple sclerosis L. UL "rubral" tremor, abolition pre-op tremor, 

spasticity R. UL, both LL unmasking of cerebellar 
intention tremor (Fig. 3) 

6. Parkinsonian tremor bila!. UL Parkinsonian tremor abolition of R. UL tremor 
with no other features of 
Parkinson's disease 

R right; L left; U L upper limb; LL lower limb. 

Results 

Experimental Study 

Thirty ball bearings were deposited into the VL 
complex with 23 (77%) lying within the boundaries of 

the Vim, Vop or Voa as defined by the Schaltenbrandt 
and Bailey Stereotaxic atlas. Five ball bearings were 
below the VL complex in the zona incerta, field of 
Foral or rostral subthalamic nucleus and two were 
positioned posteriorly (Fig. la and b). There was error 
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Fig. I. The disposition of the ball bearings targetted at the VL subnuclei (Vim, Vop and Voa). Most were accurately placed in the 
VL complex. (a) Includes all those within =+= 2mm of the 2.5 axial slice from the Schaltenbrandt and Bailey human stereotactic atlas, 
whilst (b) shows the relative positions of those placed more than 2 mm below target point on the - 0.5 mm axial slice from the Schaltenbrandt 

and Bailey atlas 
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in the z coordinate estimation with 47% of the ball 
bearing locations being 2 mm or more (range + 2 to 
- 4 mm) from the correct vertical plane. Error in AP 
estimation of 2 or 3 mm occurred in 50% of cases, with 
12 of the 15 errors being anterior overestimation. Lateral 
targetting was accurate to within I mm in 90% of place
ments, whilst 3 ball bearings were 2 mm from the 
targetted laterality. 

Clinical Study 

Tremor was abolished in three patients (Cases 1,4 
and 6). In each ofthese patients the amplitude of tremor 
was diminished with initial electrode insertion (- 3, 
+ 2, 10) and transiently disappeared with temporary 
lesion making (Fig. 2). In one patient (Case 5) there was 
reduction in action tremor amplitude and frequency, 
however after surgery a cerebllar type intention tremor, 
which was not apparent preoperatively, was present 

Fig. 2. Axial CT scan from the diencephalic region of case 1 after 
VL thalamotomy for a violent "rubral" type tremor caused by multiple 
sclerosis. The low density target lesion is clearly seen in the left 
thalamus and this lesion abolished the tremor 
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(Fig. 3). In two patients (Cases 2,3) despite intraoper
ative stimulation at a number of target locations that 
covering a wide area of the VL thalamus and evoked 
a spectrum of neurological responses, no location that 
abolished tremor could be found and therefore no 
lesion was made. There was no morbidity associated 
with any procedure. 

Discussion 

This experimental study. was part of a larger evalua
tion of the accuracy of diencephalic and pallidal target 
localization using the BRW system and axial CT imag
ing that suggested pulvinar, VL and pallidal targets 
could often be localized using unreformatted CT imaging 
but that errors in AP and vertical targetting occurred 
because of incorrect estimation (mean forward tilt of 
9°) of the AC-PC plane1o. The experimental results 
complement previous work evaluating the accuracy of 
CT imaged guided functional neurosugery for VL (errors 
offrom 1 to 5 mm)2,3 and pulvinar targets6 . Given that 
(1) in this study CT imaging was performed on a rela
tively outmoded system and that greater accuracy could 
probably be obtained using either 9800 CT or MR 
imaging; (2) there is a wide (up to 7 mm difference) 
range of VL and subthalamic targets selected by eminent 
stereotactic neurosurgeons for lesioning to abolish 
Parkinsonian tremor and the disposition of the ball 
bearings encompassed 13 of these 16 preferred targets5; 

(3) if the disposition of the ball bearing placements is 
also compared with Hassler's clinicopathological studies 
93% of them were placed within the region that caused 
90- 100% abolition of Parkinsonian tremor; and (4) 
intraoperative microelectrode recordings can be used 
to refine target nucleus 10cationS,g, then axial CT loca
lization may be a satisfactory mode of anatomical tar-

Fig. 3. Axial CT scans of the diencephalic region of case 5 after VL thalamotomy fo~ "rubral" type tremor caused by multiple sclerosis. 
Although the frequency and intensity of the preoperative tremor was diminished post operatively there was unmasking of a cerebellar 
type of intention tremor. The lesion in the right VL thalamus is clearly seen 
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getting, and ventriculography superfluous for functio
nal procedures targetting the VL thalamus2.3·6,7. 

The failure to find a satisfactory target that abolished 
tremor in two patients of the small clinical series may 
partly reflect the heterogenous causative pathology. It 
was assumed that a VL lesion would abolish non
Parkinsonian tremor in five of the six patients. U nsatis
factory surgical outcome could therefore have reflected 
more on patient selection rather than accuracy of target 
selection. Nonetheless in each case where a VL lesion 
was made tremor was either abolished or altered, and 
in the latter case post operative CT scan suggested the 
lesion encompassed the VL region (Fig. 3). In some 
patients with post-traumatic tremor intraoperative 
neurostimulation may not abolish tremor although a 
VL lesion at the site may later give a satisfactory result 1. 

Conclusions 

This study suggests that when the AC and PC are 
not well imaged on sagittal reformations of axial dien
cephalic CT scans estimation of the location of the 
VL subnuclei from reference points taken from the 
axial CT scans may be accurate enough to enable 
successful performance of functional stereotactic pro
cedures for tremor. 
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Summary 

To facilitate a full-scale representation of thalamic nuclei and 
surrounding subcortical structures in the course of stereotactic pro
cedures, a 3-D computer atlas of this region has been created, which 
permits visualization of the operative field including the involved 
structures and the position of the instrument. Necessary adaptation 
is performed according to the position of the intracranial reference 
points derived from CT -scan. Working with the atlas permitted more 
accurate and safer surgery. An IBM PC/AT computer was used. 

Keywords: 3-D model; computer atlas; stereotactic operation. 

Introduction 

To facilitate computer assistance during functional 
stereotactic procedures, we produced a mathematical 
3-D reconstruction of the anatomy of subcortical 
structures to obtain a 3-D model (computer atlas) of 
this region in the computer memory. The atlas makes 
it possible to synthesize arbitrarily oriented cross-sections 
during the operation, which reflect the position of the 
instrument and necessary digital parameters. Moreover, 
the standard anatomy can be adapted to individual 
brain reference points derived from CT -scan and the 
target point calculated more accurately. 

Methods and Materials 

The model created is based on the system of sagittal slices in the 
Shaltenbrandt-Wahren Atlas5

. A complete 3-D reconstruction was 
performed to obtain 215 additional sagittal slices between the basic 
ones in 0.1 mm steps. As a result the 3-D model of the region was 
created in the longterm computer memory, which includes more 
than 15 million data points, each of them ascribed to a particular 
structure. One hundred and twelve structures and substructures were 
included3.4. Using the model it is possible to obtain arbitrarily 
oriented cross-sections of the region as coloured pictures, where each 
of the structures is coloured with a prescribed colour, so that the 
situation as a whole can be recognized. 

A special marker is used to indicate the co-ordinates of the point 
and its relationship to the particular structure. In addition, the 

position of the electrode and the site of the possible lesion are 
superimposed on the image to allow an estimation of the situation 
and selection of the optimal procedure. 

While elaborating the model we took into account the possible 
variability of structure size. To adapt the model to the individual 
brain we chose as reference points the anterior and posterior com
missures obtained from CT -scan. We considered the distance between 
them the factor of proportional transformation along the x-axis. The 
width of the third ventricle represented the parallel displacement 
along the y-axis. The type of transformation along the z-axis was not 
significant, because we are dealing with levels near zero. However, 
we considered the possible adaptation along this axis as defined by 
the total height of the thalamus obtained from ventriculography or 
CT-scan. Our experience with the model for stereotactic operations 
confirmed this way of adaptating the model. This adaptation allows 
the position of the target point to be calculated in relation to real 
brain landmarks. It should be noted that the discrepancy between 
the traditional position of the target point and its position calculated 
according to the intracranial reference points can be significant and 
can amount to 1-4 mm, depending on the intercommissural distance 
and position of the target point. 

The software also olTers precise calculation of the stereotactic 
co-ordinates of the target point according to the orientation of the 
stereotactic frame with respect to intracranial reference points. In 
other words, we take into account possible deviations of the axes 
of the stereotactic frame from their corresponding intracranial posi
tions to be able to obtain the exact co-ordinates of the target point. 
Our experience shows that deviations of the frame axes of just a few 
degrees may result in a significant discrepancy in the position of the 
target point. 

The atlas was used during more than 30 stereotactic operations, 
which mostly included stereotactic thalamo- subthalamotomies and 
pallidotomies. Three of them were stereotactic pulvinotomies. The 
indications for these procedures were Parkinson's disease or other 
dyskinesias. 

In the course of every functional stereotactic procedure we used 
functional diagnostic tests such as low and high frequency stimulation. 
In most cases we achieved good agreement between the 3-D computer 
atlas and functional signs. In two cases we used micro-electrode 
identification of deep brain structure and the data correlated well in 
both. 

The following are two cases in which the 3-D atlas 
and the appropriate software were used: 

Case 1. Male, 59-years old, PD with tremor and bradykinesia in 
left extremities. The first operation on the left VIM-VOP nuclei of 
the thalamus was performed 4 years before with good results
tremor and bradykinesia in contralateral extremities disappeared. The 
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increase in symptoms on the left side was the reason for the next step 
of neurosurgical treatment. The second stereotactic procedure was 
performed on July 13, 1992. The length of the CA-CP line, obtained 
from CT -scan, was 26.3 mm and the target point was in the right 
subthalamic region and basal part of the VL-nuclei of the thalamus. 
The third ventricle was dilated about 11 mm. We adapted the 3-D 
computer model to these data and to the position of the stereotactic 
frame and obtained the corrected position of the target point com
paring it with its position in the atlas. In particular, the distance from 
the midplane was 18mm as opposed to 13.4mm in the atlas (see 
Fig. I). The intra-operative functional tests confirmed the accuracy 
of the target point. Anodic lesions in two planes abolished the tremor 
and bradykinesia in the left extremities. 

Fig. 1. Position of the lesion in case I. This slice corresponds to an 
atlas distance of 13.4 mm from the midplane and it is the result of 
a mathematical reconstruction between slices 13.0 mm and 14.5 mm. 
The solid line is the projection of the electrode on the plane of the 
slice, the ring is the site of the possible lesion 

Fig. 2. Position of the first target point in case 2. This slice corre
sponds to an atlas distance of 13.6 mm, it is also the result of recon
struction between the same slices 
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Fig. 3. Position of the second target point in case 2. This slice 
corresponds to an atlas distance of 23. 9 mm and is the reconstruction 
between atlas slices 22 mm and 24.5 mm 

Case 2. Male, 38-years old, dystonia musculum deformans with 
severe retrocollis, progressive disease with history longer than 10 
years. Last year he had to hold his head still with both hands. 
Stereotactic surgery was performed on July I, 1992, in the right 
pulvinar and in the right pallid urn. The length of the CA-CP line 
was 28.5 mm and two target points in the pulvinar and pallidum 
were chosen. According to the standard stereotactic atlas the position 
of the target point in the pulvinar was 17 mm away from the middle 
of the CA-CP line, but taking into account the real CA-CP distance, 
we defined its x-co-ordinate as 21.1 mm (see Fig. 2). If the suggested 
method of measuring were incorrect, we would obtain too large a 
distance posteriorly with severe mesencephalic side-effects. The ab
sence of such complications during our procedure proves the accuracy 
of our approach. 

The computer simulation of the second target point in the pallidum 
shows that the location of the future lesion is near the tractus opticus. 
It was the reason for moving the electrode 2 mm upwards. After 2 
lesions we have not observed any side-effects (see Fig. 3). 

Summing up, it should be noted that this system not 
only helps determine the position of the electrode during 
the stereotactic procedure, but can help in planning the 
trajectory to provide the best approach to deep brain 
structures. It can also be used in functional neurosur
gery training. 

Discussion 

The approach described of computer assistance during 
stereotactic neurosurgery on subcortical brain struc
tures supplements the existing ones 1

,2. We consider 
the full-scale reconstruction and creation of 3-D model 
in the long-term computer memory as a promising and 
convenient method of representing complex shaped 
objects. Further specification of the model will be ac
complished in accordance with the experience with its 
use and accumulation of physiological data. But even 
now, the use of the system in more than 30 stereotactic 
operations has confirmed the correspondence of the 
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model to the human brain and allowed more accurate 
and safer surgery. 
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Summary 

The experiences with stereotactic biopsies in 121 patients with 
AIDS compared to 142 non-AIDS patients are presented. 

In the AIDS group most of the tumors (38) were lymphomas (34). 
Other frequent diagnoses have been progressive multifocalleuken
cephalopathy (20) and toxoplasmosis (16)-although most AIDS 
patients already had been treated for toxoplasmosis, and those who 
responded to it did not undergo biopsy. 

Initially among the AIDS patients there was a tendency of delayed 
intracranial bleeding (4 cases, 3 of them fatal). After initiation of a 
prophylactic coagulopathy protocol no other such complications 
have occurred in the following 70 biopsies. 

Keywords: Stereotactic surgery; stereotactic biopsy; acquired 
immunodeficiency syndrome; AIDS; progressive multifocalleukoen
cephalopathy; primary cerebral lymphoma; toxoplasmosis; ence
phalitis; coagulopathy. 

Introduction 

Clinically significant cerebral lesions occur in 20%7 
to 40%8 of AIDS patients. Although cerebral lesions 
associated with AIDS are commonly visualized on 
computerized tomography (CT) or especially magnetic 
resonance imaging (MRI), an accurate diagnosis often 
cannot be determined by diagnostic studies alone 1,2. 

Since many cerebral lesions may have specific treat
ments dependent on an accurately documented diag
nosis, and since establishment of prognosis, even in 
non-treatable lesions, may be an important factor in 
decisions concerning clinical management of non
cerebral problems, there is often a need for tissue diag
nosis6

. The safest and most effective way to obtain 
such diagnosis IS Imagmg directed stereotactic 
biopsy3,6. 

Patients and Methods 

Between November 28, 1984 and August 1, 1992, 121 stereotactic 
biopsies were performed in AIDS patients. This group was neither 
randomized nor selected, but was composed of those patients referred 
by internists and/or neurologists responsible for the overall manage
ment of each patient. All patients already had imaging studies to 
demonstrate the cerebral lesions, either CT scan, MR imaging, or 
both. The type of scan used to target the stereotactic biopsy was 
determined by which imaging procedure had already demonstrated 
the lesion(s). Consequently, 54 biopsies were directed by CT and 67 
directed by MRI. 

Except for the first 24 patients, most had been treated for toxoplas
mosis for at least one and often two weeks prior to a decision for 
biopsy. Patients who responded to this empiric regimen by significant 
clinical and/or imaging improvement were considered to have toxo
plasmosis and did not undergo biopsy, so were not included in this 
series. 

All biopsies except 8 were performed under local anesthesia with 
sedation provided by an anesthesiologist in attendance, and the 
remainder under general anesthesia. Biopsies were performed at 
four different hospitals, depending on where the patient was first 
seen as an inpatient, the choice of the referring physician, and schedu
ling availability. Frozen sections or, more commonly, touch prepara
tions were performed during the biopsies to confirm that potentially 
diagnostic material had been obtained while it was still possible to 
obtain additional tissue. In most cases, a small (2-3 mm) length of 
3-0 stainless steel wire was left at the biopsy site to confirm its 
location on subsequent diagnostic studies. 

There were four episodes (three fatal) of delayed bleeding between 
12 and 24 hours after surgery among the first 32 patients, so all 
subsequent 89 patients underwent a protocol whereby, prior to and 
subsequent to the biopsy, fresh frozen plasma (usually four units 
each time), platelets (between 8 and 12 packs each time), and DDAVP 
(30 micrograms over 30 minutes), were administered intravenously, 
and there were no further episodes of bleeding when this protocol 
was employed. 

Diagnoses as listed were all based on permanent sections and 
staining, many on special stains as well, and many by electron 
microscopy, depending on which studies the pathologists considered 
adequate to establish a diagnosis with reasonable clinical probability, 
ruling out all alternate diagnoses. In all except the first few cases, 
specimens were also sent for microbiological studies, including aero
bic and anaerobic smears and cultures, acid fast smear and culture, 
as well as yeast, fungus, and viral cultures. 
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Results and Discussion 

Because there was a great contrast between the dis
tribution of diagnoses obtained in this group of AIDS 
patients when compared to a non-AIDS group of 142 
non-selected biopsies, both patient populations are 
presented for comparison. 

The lists of diagnoses in both the AIDS and non
AIDS groups are presented in Table 1. Several points 
are worthy of comment. 

Although most AIDS patients had already been 
treated for toxoplasmosis, 16 patients who were either 
inadequately treated or did not tolerate treatment proved 
to have toxoplasmosis on biopsy. 

The most common diagnosis among the AIDS pa
tients was lymphoma, which represented 34 of the 38 
tumors, and which is ordinarily treatable4

•
5

. One lymph
oma had superinfection with histoplasmosis, one with 
mycobacterium, and one also with cryptococcosis. 

The incidence of one grade I astrocytoma, one ana
plastic astrocytoma, one ependymoma (plus an addi
tional ependymoma diagnosed at craniotomy and not 
included here), and one oligodendroglioma may be 
higher than one would suspect in the general popula
tion. 

The diagnosis of progressive multifocalleukoence
phalopathy was made in 33 patients. Three of these 
patients also had a secondary diagnosis, one each with 
also HIV encephalitis, toxoplasmosis, and diffuse thro
mboemboli. 

There were 7 patients with abscess in both the AIDS 
and non-AIDS group. Among the AIDS patients, only 
two were identified with specific organisms, one with 

Table I. Stereotactic Biopsy Diagnosis 

Lesion Non-AIDS 

Abscess 7 
Tumor 100 
Vascular IS 
Inflammatory 
Gliosis 4 
Cysticercosis I 
Encephalitis 3 
PML 
Toxoplasmosis 
Not diagnostic 3 
Procedure aborted 2 
Other 7 

Total 142 

AIDS 

20 
33 
16 
2 
2 

121 

Total 

14 
138 

16 
I 
5 

23 
33 
16 
5 
4 
7 

263 

69 

mycobacterium and one with multiple cytomegalic 
inclusion virus abscesses. In contrast, 2 non-AIDS 
patients grew Gram positive cocci from abscesses. 

The most interesting contrast concerned tumors 
which were the predominant diagnosis among the non~ 
AIDS group with 100/142 among the non-AIDS patients 
versus 38/121 in the AIDS group. In the non-AIDS 
patients, 60 tumors were gliomas and 24 metastatic, 
whereas 33 of the 38 AIDS patients had lymphoma. 
Although there were 5 non-AIDS patients who had 
lymphomas, 2 were prior to 1986, following which the 
diagnosis of AIDS was made with greater accuracy. It 
is possible that these two might represent undiagnosed 
AIDS patients whose first manifestation was CNS 
lymphoma. Nevertheless, the incidence of 5% is greater 
than one would expect for non-AIDS primary CNS 
lymphoma. 

There were 3 non-AIDS patients with inflammation 
consistent with encephalitis, and the organism was not 
identified in any. The diagnosis of HIV encephalitis 
was presumptive in 18 patients who were known to 
have AIDS and had localized encephalitis with no 
identifiable organism. Mycobacterium was cultured in 
one additional patient with diffuse encephalitis and 
CMV identified in another. 

The patient with amaebic encephalitis was of parti
cular interest. Motile Acanthamoeba rhysodes was pre
sent in the specimen. The encephalitis involved almost 
the entire brain, and the patient deteriorated rapidly 
and did not survive. 

One patient demonstrated only gliosis, which did 
not progress to a definitive diagnosis. In addition, two 
specimens were frankly not diagnostic, suggesting only 
mild gliosis or inflammation. 

It was necessary to abort the procedure in 2 patients, 
both of whom became so restless and unmanageable 
during MR scanning despite maximal sedation that it 
was considered wise to discontinue the procedure. Both 
patients were successfully biopsied under general anes
thesia on subsequent days. 

There were clinically apparent complications in 11 
AIDS patients (with 6 deaths), in comparison with 14 
complications (with 3 deaths) in the non-AIDS group. 
In 7 AIDS patients, progression of the clinical symptoms 
led to a diagnosis oflocal bleeding on a subsequent CT 
scan, although only 2 were evacuated surgically. In 
addition, 2 patients had progression of clinical symptoms 
caused by an increase in edema, although all were 
already being treated with corticosteroids. 

There is a group of 4 patients with a complication 
not previously reported, although discussion with 
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colleagues performing biopsies elsewhere in the body 
suggests that it may occur. All patients were within the 
first 32 AIDS patients biopsied. All recovered from 
sedation following what appeared to be an uncompli
cated biopsy. All had abrupt severe intracranial bleeding 
12 to 24 hours later, which was fatal in 3. One patient 
illustrates this complication dramatically. Approxima
tely 12 hours after the biopsy, the patient was alert and 
conversing with a nurse in the intensive care unit. She 
went to see another patient and returned within 5 
minutes to find the patient comatose, unresponsive, 
with a dilated and fixed pupil. An emergency CT scan 
revealed a large acute subdural hematoma. The patient 
and family had previously agreed that nothing heroic 
would be done if such a devastating complication would 
arise, so the patient died without further management. 
All 4 bleeding complications occurred prior to initiation 
of the coagulopathy protocol outlined above, so that 
no such complications have occurred in the last 70 
consecutive biopsies. 

Two additional patients had diffuse mycobacterium 
infection, and 4 had abscesses in which no organism 
was identified. 19 patients had encephalitis, 18 from 
HIV (one also with PML) and one from CMV. 

P. L. Gildenberg et al. 

Conclusion 

Stereotactic biopsy of cerebral lesions is both feasible 
and reasonably safe in AIDS patients, and yields a 
much different profile of diagnoses than in non-AIDS 
patients. 
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Neuronavigator-Guided Cerebral Biopsy 
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Department of Neurosurgery, University of Oulu, Finland 

Summary 

Neuronavigators are new dynamic interactive instruments that 
use on-line computers to orient imaging data to the surgical field and 
guide the neurosurgeon to his target. We have been working since 
1987 on a neuronavigator that serves not only as a precise pointer, 
but also as a dynamic arm that can be used to hold instruments, such 
as biopsy guides. The neuronavigator arm consists of six joints with 
optical endoders and is attached to the Mayfield headholder. The 
arm is connected to a workstation running customized 3D image 
graphics software. Special instruments and surgical technique have 
been developed. 

Here, we report on early clinical experience with ten biopsy 
procedures: 4 low-grade and 3 high-grade astrocytomas, one cranio
pharyngioma and one chronic intracerebral haematoma and intra
cerebral cyst, both of the latter with surrounding tumour suspect 
tissue. In all glioma cases serial biopsies were taken from optimal 
sites under ultrasound imaging control. Eight cases showed repre
sentative tumour tissue, while in two cases neoplasia was ruled out. 
The neuronavigator proved to be versatile, allowing comprehensive 
imaging data to be adapted to the surgical field. 

Keywords: Neuronavigator; cerebral biopsy; three-dimensional 
digitizers. 

Introduction 

The term "neuronavigator" was originally coined 
in the neurosurgical literature by Watanabe et al. 7 to 
describe a "multijoint three-dimensional digitizer (sensor 
arm) and a microcomputer, which indicates the place 
of the sensor arm tip on preoperative CT images". 
Conventional stereotactic principles, including precise 
targeting, form the basis of neuronavigator surgery. 

Stereotactic frames developed for clinical use since 
the 1940s were originally based on analog radiology, 
i.e. AP and lateral views. The frames represented state 
of the art precision mechanics. With the advent of 
computed tomography, and later magnetic resonance 
(MR) imaging, stereotactic frames were modified to 
accomodate digital radiology. Also, the concepts of 
volumetric stereotactic surgery and open stereotactic 

surgery, emphasizing the handling of target volumes 
instead of only points, were developed in an effort to 
accommodate the digital imaging methods. The general 
term, computer-assisted surgery, describes these and 
later systems incorporating on-line computers. 

During the second half of the 1980s, several new 
systems no longer resembling the conventional stereo
tactic frames were developed rather independently, lead
ing to different ways to bridge the imaging data to the 
surgical field 1- 8. Each system is unique, but all are 
based on the basic notion of stereotactic surgery: precise 
controlled 3D interaction with the brain. They incor
porate recent advances in computers and special pro
cessors (speed, memory and cost), electromechanics, 
3D graphics software and sen-sors, including potentio
meters 7 ,8, optical encoders 1,3, magnetic field sensors2, 

ultrasound receivers6 and video cameras4
. As op.posed 

to the active robotic systems (such as 5), the so-called 
three-dimensional digitizers 1-4, 7,8 are passive systems 

requiring movement of the instrument by hand. 
However, some of the neuronavigator systems can be 
made active with the use of actuators such as servo
motors. 

While all three-dimensional digitizers incorporate 
on-line computers and sophisticated software, some 
use electromechanically jointed arms with position 
sensors, while others are armless, using magnetic fields, 
ultrasound, video cameras or infrared light, for examples, 
to sense the position and configuration of the end 
effector instruments in space. 

The Present Oulu Neuronavigator 

The Oulu Neuronavigator System (ONS) is a specially 
designed passive six-jointed electromechanical arm, with 
UNIX workstation (Hewlett-Packard 9000/720), cus
tomized software and interchangeable end effector in-
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Fig. 1. The 2D images on the monitor during biopsy: The CT/MRI reconstruction (a) spatially corresponds exactly to the intra-operative 
ultrasound image (b). Note sulcus (5), Sylvian fissure (f), lateral ventricle (v) and tumour. As the ultrasound probe is moved in the 
burrhole, the CT/MRI reconstruction corresponding to the ultrasound image appears on the monitor. Also, a reconstruction (c) in 
the perpendicular to the axes shown in (a) and (b) is displayed at any desired depth, indicated in (a) as slightly longer crossline at lower 
end of axis 

struments3
. The present neuronavigator has no joint 

brakes. It is balanced using joint springs and light 
materials. Electromechanical brakes have been tried, 
but they were not found to be reliable. The neuronavi
gator can be stabilized during biopsy by hand, Leyla 
arm or other rigid means. 

Previous experience during the last decade with intra
operative ultrasound affected the development of the 
graphics in the present system. In addition to the 3D 
image graphics, one of the two-dimensional recon
structions of CT /MRI data corresponds to the ultra
sound image obtained with the ultrasound probe at
tached to the neuronavigator (Fig. 1). One of the other 
reconstructions is in the plane perpendicular to the 
plane of the ultrasound image at any desired depth. 

In the present system, the principle of a common 
central axis 3 was employed to meaningfully align the 
neuronavigator pointer, ultrasound probe and biopsy 
guide. This same principle has also been used in other 
cases to align the suction tip, operating microscope and 
surgicallaser3. As shown in Fig. 2, the central axis of 
the ultrasound probe coincided with the axis of the 
stereotactic biopsy forceps so that only the depth ofthe 
site of biopsy needed to be measured from the CT /MRI/ 
US images. Also, simultaneous imaging and biopsy, 
possible only with real-time ultrasound imaging, was 
used for deep lesions (Fig. 3). 

The present neuronavigator is a unique system, deve
loped from "scratch": The neuronavigator arm was 
specified in our laboratory by the neurosurgeon and 
the engineers, the software was also written in our 
laboratory and the geometry and surgical principles 
were developed as the project progressed from labora-

a b 

Fig. 2. The principle of the common central axis applied to sequen
tial ultrasound imaging and biopsy procedure. The geometry of the 
interchangeable end piece of the arm aligns the ultrasound image to 
be coincident with the corresponding CT/ MR image and the central 
axis of the ultrasound probe (a) to that of the biopsy forceps (b). The 
depth of the biopsy is then measured from the images 

tory simulations to actual operations. For these reasons, 
intra-operative ultrasound was used to give state-of
the-art control and during all biopsy procedures the 
accuracy and functioning of the neuronavigator were 
first verified with on-line integrated ultrasound scan
mng. 

Patients and Surgical Technique 

Ten adult patients with intracerebral lesions were biopsied under 
ultrasound control with the neuronavigator (Table 1). 

Most of the neoplasms were large diffuse subcortical masses, but 
the oligodendroglioma was in the thalamus, the craniopharyngioma 
extended up to the third ventricle and two of the low-grade astro
cystomas were deep paraventricular lesions. The walls of the chronic 
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Fig. 3. Case NN. Thalamic oligodendroglioma biopsied (62 mm) under simultaneous real-time ultrasound control. Left: Nearly sagit
tal intra-operative MRI reconstruction showing tumour enhanced with colour (dark region, arrow) deep to lateral ventricle (v). Right: 
corresponding intra-operative ultrasound image showing echogenic tumour (arrows) within thalamus. Note that the tumour pixels en
hanced in the MRI scans have been stereotactically transferred to the ultrasound image and appear as lines. Thus the information from 
the original MRI scans can be seen in not only MRI reconstructions but also in the ultrasound scans. Because this tumour was so deep 
and small, the biopsy forceps was passed through the lateral ventricle under simultaneous ultrasound imaging to the tumour: note track 
(small arrows) of forceps leading to tumour 

Table J 

Histology 

Astrocytoma 
- low grade 
- high grade 
Oligodendroglioma 
Craniopharyngioma 
Intracerebral haematoma 
Intracerebral cyst 

No. 

4 
2 

Depth (mm) 

16-65 
20-40 
62 
60 
30 
35 

intracerebral haematoma and the cyst were biopsied because of T2 
signal indicating possible neoplasm. 

The surgical technique developed for the neuronavigator included: 

I. Simulation of the operation: Before the day of surgery the deep 
masses were visualized in the laboratory workstation using a 
"mouse navigator". This means that the image data cube could 
be turned and sliced to find the most suitable route to the lesion. 

2. Site of burrhole: At operation the neuronavigator was used to 
interactively "image" the head to find the most suitable place for 
the burrhole. 

3. Alignment of ultrasound and MRI/CT images: These image planes 
coincided with each other, helping to determine the optimal place 
to biopsy the tumour. 

4. Biopsy: The biopsy forceps was guided by the neuronavigator by 
attaching the guide needle into the end piece of the neuronavigator. 
Biopsy could be taken either sequentially after ultrasound imaging 
or simultaneously under ultrasound control. 

5. Endoscope alignment: In the case of the intracerebral cyst, the 
endoscope was passed through the guide needle placed into the 
end piece of the neuronavigator allowing visualization of the cyst. 

6. Voice control: The calibration of the neuronavigator as well as 
some of the graphic software commands were done by voice, the 
neurosurgeon speaking into a microphone placed within the sur
gical mask. 

Results 

Representative samples were obtained in all cases of 
neoplasm. The walls of the haematoma and cyst were 
negative for neoplasm. There was one complication 
related to biopsy. Following endoscopy and biopsy of 
the suspect region of the cyst wall, filling of the cyst 
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with blood could be noted in the ultrasound scan. With 
the neuronavingator still in place, a small piece of 
surgical applied to the bleeder through the biopsy guide 
resulted in cessation of bleeding. 

The site of biopsy was optimally determined as the 
hyperechogenic region in the ultrasound scan corre
sponding to the contrast enhanced region in the CT /MRI 
images. In all of the present cases, visual comparison 
of the lesion and anatomical landmarks in the ultra
sound scan and the corresponding CT /MR images 
showed striking similarity, confirming accuracy of the 
neuronavigator adequate for biopsy procedures. 

Discussion 

There are several reasons for developing electro
mechanical arms as opposed to armless systems. While 
the latter are handy as pointing instruments, they will 
be restricted somewhat by the tubing and cables needed 
with suction tips, endoscopes and ultrasound probes, 
for example. The arm, on the other hand, can be made 
rigid with joint brakes, so it can actually support in
struments such as biopsy guides, endoscopes and ultra
sound probes and their tubing and cables. Furthermore, 
the arm can be made active by adding servo-motors to 
the joints. In this way, rehearsed procedures can be 
rapidly and accurately repeated at the time of actual 
surgery, for example, by positioning the arm for biopsy. 
We have found that with proper design and materials 
and the use of counterbalances and springs, the arm 
can be flexible and versatile even when used as a pointer 
for purposes of spatial orientation. 

In addition to allowing for real-time imaging control 
of the biopsy procedure, ultrasound imaging served to 
give suppleme~tary information about the lesion (site 
of pulsating cerebral vessels, cystic and necrotic parts 
of tumours), to verify the accuracy of the neuronavig
ator, to check the site of biopsy and to rule out, or 
control, bleeding in the site. 

The mechanical spatial accuracy of ± 1 mm achieved 
with the neuronavigator arm would be sufficient for 
biopsy of even deep lesions. The greatest source of 
inaccuracy in this and any system incorporating CT or 
MRI is along the axis perpendicular to the plane of the 
scan (in axial slices, the z-axis in many systems). This 
is due to the slice thickness, which can be 2-8 mm 
at our center, depending on the imaging sequence. 
The total spatial accuracy of the present system was 
± 3-4 mm. This was one of the reasons we chose to use 
ultrasound control during biopsy procedures. 

Finally, the terminology ofthe new systems needs to 

1. Koivukangas et at.: Neuronavigator-Guided Cerebral Biopsy 

be addressed: should we speak of stereotactic systems 
which are based on conventional frames, as distinct 
from three-dimensional digitizers and robots. This 
would be a traditional approach. Or, rather, should we 
not speak of stereotactic frames, stereotactic arms and 
other digitizer systems, and stereotactic robots? Should 
not the term stereotactic be applied only to all systems 
accurate enough to allow biopsy and/or functional 
procedures. Following the original terminology of 
Watanabe et al. 7, we have called our three-dimensional 
digitizer arm a neuronavigator. The issue is surely 
more than only semantics because the purpose of many 
of the new systems is to bring the principles of stereo
tactic neurosurgery to procedures traditionally consi
dered nonstereotactic, such as removal of intracerebral 
tumours. 
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A Computer Controlled Stereotactic Arm: 
Virtual Reality in Neurosurgical Procedures 
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Summary 

A computer controlled mechanical arm for stereotaxy is presented. 
It has 5 free joints and can be attached to a stereotactic frame. High 
precision digital encoders register the angular position of each joint 
and the computer determines the position of the tip of the instrument 
in the stereotactic space. Accuracy and usefulness are discussed. 

Keywords: Stereotactic instrumentation; computer guided stereo
taxy. 

Highly detailed, multimodal morphological data in 
stereotactic coordinates are available to the surgeon, 
using "localizers" in MRI, CT DSA examinations. 
These data, possibly integrated with functional in
formation provided by stereotactic PET or atlases, 
contribute to the identification of most significant 
target sites and safest trajectory of approach in tumour 
biopsies and interstitial radiotherapy. In general, when 
stereotaxy is applied to reach target points within the 
brain, arc-centered and interlocked-angles aiming in
struments continue to adequately serve the purpose for 
which they were conceived. 

When stereotaxy is used to guide microsurgical re
moval of cerebral lesions, detailed information about 
the spatial morphology of the lesion and surrounding 
healthy tissue, in stereotactic co-ordinates, is particu
larly important 1. In this situation the surgical inter
vention is not limited to the identification of a trajectory 
to reach a target point, but it comprises a series of 
manoeuvres aiming at the progressive reduction of the 
tumour volume, which implies removal of pathological 
tissue alternating with dissection of its margins from 
surrounding tissue. In this situation special stereotactic 
instrumentation is needed2

-
4

. 

The aim of this work has been to develop a guiding 
instrument that relieves the surgeon from the necessity 
of setting different target points during the operation, 

allowing fast and reliable identification of new trajec
tories without losing the precision otherwise supplied 
by the usage of a stereotactic arc. 

Method 

We have developed a mechanical arm with 5 free joints, attached 
to a stereotactic frame in a known position. The angular position of 
each joint is detected by a high precision digital encoder, kept at a 
desired angle by fail-safe electromagnetic brakes (Fig. 1). 

The encoders send a stream of readings to the graphic processor 
through a multiplexer. These values determine the position of the tip 
of the instrument in the stereotactic space. The accuracy of the 
instrument has been tested by comparing the error distribution over 
a three-dimensional grid of 2.5 mm mesh, obtained with a high 
precision digital x, y, z positioner, with the position calculated with 
the direct kinematic model. The results disclose an error ranging from 
0.5 to 0.8 mm, the highest values being found at the maximum distance 
from the origin of the calibration mesh. 

Using the "phantom" localizer of a stereotactic system, the arm 
has been calibrated in a series of preset positions. At this point, a 
common reference system between the frame and the arm has been 
identified, and the angular values from the encoders can be utilized to 

Fig. 1. The stereotactic arm, resting on a fast calibration bench; its 
position is documented on a graphic monitor 
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Fig. 2. The surgical arm, wrapped in sterile drapes, mounted on a 
stereotactic frame. Note the graphic monitor, showing the arm ori
entation and tip position. The insert in the lower left quadrant of the 
monitor shows a "probe eye view" to the lesion 

graphically represent the configuration of movement when the instru
ment is operated by the surgeon. CAD modelling techniques display 
a pictorial description of the arm, which is moved in the space defined 
by the stereotactic frame. 

Shaded surface rendering, transparencies and stereoscopic rep
resentation offer an effective description of the arm position with 
respect to the reconstructed anatomy. The surgeon can plan the 
trajectories of approach, the extent of the bone flap, and evaluate the 
possible functional effects related to different surgical strategies. 

During surgery, the stereotactic arm serves as a tissue retractor 
holder, or a laser pointer. Ongoing development will utilize it as a 
support for an intra-operative echographic probe, to obtain stereo
tactic images giving information about the possible dislocation of 
tissue as a result of the ongoing surgery and monitoring the phases 
of lesion removal (Fig. 2). 

C. Giorgi et at.: A Computer Controlled Stereotactic Arm 

Discussion 

The development of this instrument introduces 
neurosurgery into the broad field of virtual reality 
applications, because it allows the surgeon an immedi
ate visual feedback of the movements of his hand 
related to a realistic representation of the anatomy. 
Several devices can be added to enhance the efficacy of 
visual and proprioceptive feed-back to the surgeon but, 
in our opinion, this instrument comprises what is necess
ary to "navigate in dangerous waters with no visibil
ity". This is, in fact, what the surgeon is asked to do in 
removing deep seated cerebral lesions. 
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Summary 

With both surgery and radiosurgery a selective destruction and 
removal of a lesion is undertaken. Using interstitial irradiation a 
calculated volume of necrosis is induced, which is subsequently 
removed by macrophage activity. Interstitial irradiation is therefore 
considered a radio surgical method. To better understand the side 
effects of radiosurgical lesions in the brain, we studied the effects 
of three physically distinct gamma emitters iridium-l92, gold-198 
and iodine-125 with respect to the morphological development of 
radionecroses and the consecutive vasogenic oedema using different 
dose rates and application times. Experimental dose effects on 
normal brain (beagle dogs) revealed that depending on the energy 
range, application time and dose rate, calcified or liquified necroses 
develop from the center around the seed into the periphery. These 
well-defined radionecroses are surrounded by reactive glia and, 
temporarily, by fibrinoid necrosis of endothelial cells. In contrast 
to permanent implants, effects of temporary implants on tissue are 
characterised in the early stages by oedema, in later stages by 
progressive resorption of necrotic tissue and less permanent damage. 
Dose rate and energy range determine the volume of the necroses 
and the magnitude of vasogenic oedema. It is the vasogenic oedema 
which primarily determines the extent of demyelination and reactive 
glioses in the vicinity of the radionecrosis. Toxic side effects of 
interstitial implant radiosurgery can be minimised by using 
temporary implants with moderate dose rates, in which case repair 
processes are free to take place after removal of the radioactive 
source from the brain. Based on experimental and clinical findings 
a biological dosimetry has evolved which favours temporary 
implants of iodine-125 with dose rates of lOcGy/h. 

Keywords: Radiosurgery; radiation tolerance; brachytherapy; 
radiobiology; iodine-125. 

Introduction 

The discovery of radium by Marie and Pierre Curie 
in 1898 was promptly followed by the clinical 

application of this radio-isotope in the treatment of 

various cancers. Alexander Graham Bell suggested in 

1903 that "there is no reason why a tiny fragment of 
radium sealed-up in a fine glass tube should not be 
inserted into the very heart of the cancer, thus acting 

directly on the diseased material"3. The principal 

advantage of an interstitial radioactive implant in 

neoplastic tissue over external beam irradiation is that 

the dose of radiation delivered to the normal 

surrounding brain is considerably lower than that 

delivered to the neoplasm. The amount of radiation 
reaching normal brain tissue varies inversely with the 

square of the distance from the interstitial source. The 

technique is based on the principle of selectivly 

irradiating a tumour while protecting the healthy 

surrounding brain from radiation energy. Talairach in 

1953 was the first to implant radioactive sources 

(gold-198 grains) stereotactically into brain tumours. 

But even before Talairach, the method had its ups and 

downs3. The biological basis was not fully understood, 

as can be seen in the confusing terminology 
(brachytherapy, curietherapy, brachycurietherapy, in

terstitial radiotherapy). Furthermore, a number of 

questions remains unanswered. Are we talking about 

radiation therapy or radiosurgery? Is it based on a 
differential effect between normal and neoplastic cells? 
Is the toxicity radiation-induced or attributable to 
secondary effects? Which radio-isotope, total dose and 
dose rate is most effective and, at the same time, best 
tolerated by the brain. I would like to describe the 
experimental effects of the various radio-isotopes and 
dose rates, and then correlate them with clinical 

observations. 

Experimental Observations 

In order to elucidate the tissue response to interstitial 

irradiation we studied consecutively the morphological 

and physiological effects caused by gamma emitters 
with different energies and different dose rates in 
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Table I. Principle Physical Properties of Radio-isotopes Used in the 
Experiment 

Isotope 

Gold-198 
Iridium- l92 
Iodine-125 

Half-life 

2.7d 
74.2d 
6O.2d 

Energy 

Alpha Beta 

(+ )a 
(+ )' 

a Beta energy shielded by platinum coating. 
b Photon. 

Gamma 
(MeV) 

0.41 
0.30- 0.61 
O.028-0.035b 

an animal model. Experimental dose effects on the 
brain (beagle) caused by the radioactive iodine-125 
(1- 125, half-life 60.2 days, 0.028 to 0.035 MeV, iri
dium-192 (Ir-l92, half-life 74.2 days, 0.30 to 0.61 MeV), 
gold-198 (Au-198, half-life 2.7 days, 0.41 MeV) were 
examined consecutively over 5 to 365 days (Table 1). 
Permanent low activity, low-dose rate implants were 
compared over time with temporary high-activity, 
high-dose rate implants, both delivering the same 
accumulated total radiation dose. Particular attention 
was paid to the morphological development, size, and 
composition of the radiation necrosis, as well 
as the changes in the blood-brain barrier. Single seeds 
of 1-125 and Au-198 or wire pieces, respectively, of 
Ir-192 were stereotactically implanted into the left 
frontal centrum semiovale of six-month old Beagle 
dogs. The implants were either permanent (lost 
implants) or temporary removable implants, i.e. the 
radioactive source was held in the tip of a teflon 
catheter. After observation periods of between 5 and 
365 days, the animals were sacrificed. The procedures 
for implantation, tissue perfusion, histological and 
immunohistological staining are described else
where14.23-25.27. The dosimetry for permanent 

low-dose rate and for temporary high-dose rate 
implants was calculated such that a 26,000 (10,000) 
c Gy isodose was achieved at a 5 (10) mm distance from 
the source. Isodose distribution and accumulated 
tissue dosage were calculated on the assumption of a 
point source of irradiation. For a detailed description 
of quantitative measurement of capillary transfer 
rates, i.e. quantitative auto radiographic and computer 
tomographic methods employed in the different 
experimental series see10

.
1

1.33. 

Four animals served as controls, i.e. an inactive seed 
ofI-125 or Au-198 was implanted into the left centrum 
semiovale using the same experimental procedures of 
physiological measurements and histopathology. 
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There was a characteristic morphological response 
to all three radiation sources in the brain (Fig. 1). 
Radionecroses were manifest as early as 10 days after 
implantation. Within 25 days, a coagulation necrosis 
developed in the immediate vicinity of the radioactive 
source, which later increased in size and became 
progressively mineralised (Fig. 2). Staining for serum 

Fig. 1. Schematic illustration of morphological changes to gamma 
sources in the brain. The radionecrosis evolves from the center into 
the periphery (arrows) in the brain. The dotted line indicates the 
final size of radionecrosis. I Central coagulation necrosis. 2 Calcified 
rim of necrosis. 3 Perinecrotic zone of gliosis with fibrinoid vessel 
wall necrosis. 4 Spongiform "lucent" zone. 5 Zone of organization 
with macrophages, capillary proliferation, perivascular inflammatory 
infiltrates. 6 Reactive gliosis and demyelination. Directional 
perifocal vasogenic oedema (dotted area) 

Fig. 2. Coronal brain section (Kliiver-Barrera stain) through an 
experimentally induced radionecrosis with temporary (IO-days) 
gold-198 implant (31.9 mCi) after 46 days' survival. A sharply 
demarcated. marginally calcified necrotic zone can be recognized. 
Note the considerable mass effect with midline shift due to vasogenic 
oedema and the pallor of the ipsilateral white matter 
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proteins revealed the presence of perifocal oedema, 
which extended into the white matter of the entire 
ipsilateral hemisphere. Vessels within the developing 
radionecrosis showed the typical hyaloid vessel wall 
degeneration. Vessels outside the radionecrosis, 
however, even within a distance of 1 mm, appeared 
normal. A reactive gliosis with a dense fibrillary 
network of GF AP-positive astrocytes was found 
around the radionecrosis in the surrounding white 
matter. GF AP-positive astrocytes in later stages were 
also found in the contralateral hemisphere as a 
reaction to vasogenic oedema which spread via the 
corpus callosum. Demyelination was always restricted 
to the ipsilateral centrum semiovale without affecting 
the internal capsule or the contralateral hemisphere. 
The neurons next to but not incorporated in the 
radionecrosis, however, appeared to be morphologi
cally intact even at a distance of 0.2 mm. A remarkable 
factor was the time course of the lesion growth. 
Whereas the size of the radio lesion resulting from 
low-dose rate permanent implants had not reached its 
maximum until after 70 days, the radionecrosis after 
high-dose rate temporary implants showed its 
maximum size after 25 days, after which the lesion 
decreased relatively quickly in comparison with the 
radionecrosis induced by permanent implants. 

A high dose delivered over a short period caused a 
larger volume, thus resulting in an increased capillary 
surface of impaired endothelial cells with the inevitably 
induced vasogenic oedema. Under low doses and 
long-term exposure small necroses were produced 
along with moderate, but long-lasting vasogenic 
oedema. When temporary implants were used, lively 
macrophage acitivity set in after the emitter had been 
removed and. the zone of necrotic tissue then 
decreased. The extent of demyelination in the white 
substance was directly related to the intensity of the 
vasogenic oedema. The glial reaction and demyelina
tion clearly exceeded the physical penetration depth 
of the gamma radiation, at least that of 1-125 photon 
radiation, and were therefore considered secondary 
effects. The effects of scattering and attenuation in 
tissue vary considerably for the three isotopes used in 
the experiment. The specific dose rate factor, i.e. the 
dose rate per unit activity, divided by the geometrical 
attenuation is not a constant with distance, particularly 
not for 1_1252 ,17,3°. We, like other investigators of the 
subject, found that the volume of the radionecrosis 
and the extent of the vasogenic oedema can be highly 
influenced by the total dose and the application 
time8 ,9,32. Lower dose rates caused small radionecroses, 
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which did not increase in size after 100 days. When 
the dose is delivered continuously, typical repair 
mechanisms of the cells such as reproduction, redis
tribution, and repair of sublethal damage are obs
tructed. The continuous low-dose rate, however, 
was effective enough to inhibit macrophage activity, 
which is why the radionecrosis had not decreased 
after an observation period of at least one year. 
Radionecroses were accompanied by an extensive 
vasogenic oedema. However, after removal of the 
radiation source, repair processes such as macrophage 
activity were able to take action and the lesion almost 
completely disappeared. 

The volume of radionecroses in normal brain tissue 
therefore depends on the total dose, the dose rate and 
energy of the implanted radioactive source. 

In neoplastic tissue other factors such as neovascula
risation and susceptibility of tumour cells to radiation 
are other contributing factors. In a previous 
experiment we studied the necrotising effect of 1-125 
seeds in neoplastic tissue28

• Avian-sarcoma-virus 
(ASV)-induced dog brain tumours were chosen to 
serve as a primary model for human brain tumours. 
ASV -tumours are autochthonous, i.e. their blood 
supply and growth are characteristic of a primary 
brain tumour. The model is extensively studied with 
respect to its biological and physiological characteri
stics 11

. The tumour type most often induced is an 
anaplastic glioma. The 1-125 implants produced 
sharply delineated calcifying necroses with vital 
unaffected tumour outside the necroses. The necrotising 
and calcifying effect was already apparent after 18 days 
and complete after 90 days. The response of neoplastic 
tissue to interstitial irradiation in terms of the volume 
of necrosis was 3 to 5 times greater when compared 
with 1-125 radionecroses in normal brain tissue. The 
necrobiotic characteristics, however, were similar. 

The temporary, geographically confined opening of 
the blood brain barrier is considered a specific 
side-effect of interstitial radiosurgery in the brain. The 
amount of blood-born fluids that cross the blood-brain 
barrier depends on the total surface area of the 
irradiated defective capillaries. Experimental and 
clinical results from blood to tissue transport studies 
are usually expressed in terms of a transfer constant 
K 1, which characterises the unidirectional transfer 
across capillaries 1 0,11. 

Using C-14-alpha-amino-isobutyric acid (AlB) 
autoradiography it could be shown that in comparison 
with normal brain the layer of irradiated brain tissue 
on the surface of a necrotic volume develops higher 
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capillary permeability (up to 7.7 times higher) and 
maintains this over a period of several months after 
low-dose rate permanent interstitial irradiation 1 0. 
More recently, quantitative computer tomographic 
methods as described by Groothuis et alY were 
used, which allow consecutive quantitative in vivo 
measurements of individual animals. The values for 
K1 after temporary interstitial high-dose rate irradi
ation exceeded those found after low-dose rate per
manent irradiation for all three gamma emitters. 
With Au-198 implants, whether permanent or 
temporary, the highest K1 values were found. K1 
values for Ir-l92 temporary implant were slightly 
lower. All of the experimental animals showed nodular 
lesions (in the early stages) or ring-shaped lesions of 
the capillary function in standard computed tomo
graphy by the time the first examination was carried 
out. The capillary permeability in a localised zone 
surrounding the implant was temporarily 10 to 40 
times higher than that in normal brain tissue. The 
vascular volume did not differ from normal brain 
tissue. Whereas after permanent interstitial irradiation 
the impaired capillary permeability (Kd remained 
rather constant over a period of up to one year, the 
capillary permeability after temporary irradiation had 
a peak after the maximum volume of radionecrosis 
had developed and after that gradually returned to 
normal. For a detailed description of the physiological 
effects see article by Warnke et al. in this volume33. 

Clinical Findings 

Conventional radiotherapy (teletherapy) is based on 
the difference in radiosensitivity of tumour and brain. 
The treatment volume exceeds the target volume, 
which exceeds the tumour volume. The dose rate is 
high and intermittent. The dose limit is set by the 
tolerance of the surrounding healthy brain 13. The cells 
most sensitive to radiation exposure are those still 
capable of replication. This includes glial elements, 
particularly in the younger age groups, and endothelial 
cells in all age groupss. The most serious late effects 
of radiotherapy are caused by diffuse radiation 
damage to the capillary endothelium resulting in brain 
swelling due to disturbance of blood brain barrier 
function s,20. Fraction size, irradiated volume, and age 
play a significant role and there are variations in 
individual susceptibility4,s. In interstitial implant 
radiosurgery (brachytherapy), however, treatment 
volume, target volume and tumour volume are 
essentially identical. Interstitial implant radiosurgery 
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is not based on a differential sensitivity. Using 
interstitial implants a high, i.e. a necrotising radiation 
dose is delivered to a precisely predefined tissue 
volume without affecting surrounding normal brain. 
Generally, there should be no toxicity, however, 
clinical follow-up studies have revealed considerable 
toxicity which largely depends on the irradiated 
volume, the energy range, the total dose and the 
applied dose rate12

. Clinical experience with interstitial 
implant dosimetry supports the concept that tissue 
tolerance is a function of both dose rate and total dose. 

Clinical follow-up examinations using computed 
tomography and more recently magnetic resonance 
have demonstrated that there can be an extensive 
although temporary oedema surrounding the radio
necrosis6,7,22,26.31. Temporary vasogenic oedema was 

seen after gamma-knife radiosurgery, after linear 
convergent beam radiosurgery and after interstitial 
implant radiosurgery19.21. It usually is expressed more 
in white matter lesions than in the grey matter. 
Treatment with high dose glucocorticoids usually 
results in improvement of vasogenic oedema. CT or 
MR findings alone, however, can be misleading since 
the discrimination of white matter oedema and tumour 
invasion might be difficult, as is demonstrated by 
stereotactic biopsies22 . 

Autopsy data on the response of the brain to 
interstitial implants are rare and inconsistent, since 
most patients were treated with external beam 
radiation in addition to interstitial implants thus 
demonstrating cumulative n(diation toxicity1s. There 
are indications that peritumoural oedema may 
enhance radiosensitivity of the surrounding white 
matter and that mid-brain structures exhibit an 
increased tendency for the development of delayed 
radionecrosis. The previously used permanent iridium 
implants and also permanent iodine-125 implants 
caused marked tumour regression and in some cases 
neoplastic cells were no longer detectable. In some 
cases, however, delayed radionecrosis developed in the 
adjacent normal brain and these radionecroses were 
particularly extensive in basal mid-line structures. The 
radionecrosis, however, did not conform to isodose 
lines, but to anatomical structures i.e. necroses were 
not caused by a direct radiation effect but by toxic 
vasogenic oedema. 

Discussion 

The purpose of interstitial implant radiosurgery is 
to deliver a focal necrotising dose of radiation to a 
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predefined volume of neoplastic tissue without 
affecting surrounding normal brain. Prerequisite is a 
precise knowledge of the relationship between the 
radiation dose, the volume treated and the subsequent 
response of normal tissue surrounding the lesion. 
According to the definition given by Larsson, the 
implantation of radioactive sources is but one method 
of radiosurgery18. Radiosurgical toxicity, however, 
seems to be the same whether cobalt-60-gamma-knife, 
a linear accelerator, heavily charged particles or 
similar techniques are used 1. Radioactive interstitial 
implants have been systematically used since the 1950s 
and most data on brain tolerance have come from 
treated patients. Follow-up studies using CT and MR 
have shown extensive temporary oedema formation 
in the surrounding white matter of the ipsilateral 
hemisphere. Experimental studies have confirmed that 
this oedema formation is largely vasogenic oedema 
due to impairment of blood brain barrier function, i.e. 
in other words, that it does indeed result from 
impairment of capillary function. It is the volume
dependent vasogenic oedema i.e. the total surface area 
of damaged capillaries which accounts for the volume 
of serum proteins released into the interstitium and 
the resulting toxicity. 

The finding of increased capillary permeability, 
although geographically and temporarily restricted in 
radiosurgery, has far reaching implications for clinical 
application. Under clinical conditions the time factor 
cannot be changed when permanent (lost) implants or 
single shots are used. With lost implants no corrections 
can be made. This also applies to overdosing, which 
in the past has been observed in clinical situations 
with serious consequences. Underdosing, on the other 
hand, often requires re-implantation or results in 
incomplete control of tumour growth. Clinical 
experience has shown that the oedema phase can be 
shortened by using temporary implants with moderate 
dose rates. After removal of the radioactive source 
repair processes are free to take place. Based on 
experimental findings and clinical observation a 
biological dosimetry has evolved which uses iodine-
125 temporary seeds with the preferred dose rate of 
10 cGy /h and cumulative reference dose on the tumour 
margin of 60 Gy. The clinical results so far obtained 
demonstrate that toxic vasogenic oedema no longer 
poses a serious problem. In a series of more than 500 
gliomas adverse effects of irradiation was as low as 
3.1 % morbidity, with no case of radionecrosis which 
required removal due to a space-occupying effect29

. 

The effectiveness and low toxicity have also been 

83 

demonstrated in a series of solitary brain metastases 16. 

Conclusion 

Interstitial implant radiosurgery is a careful balance 
between necrosis and repair. It primarily causes an 
expanding lesion which histologically is characterised 
by the energy range of the radio-isotope, the activity 
and the dose rate used. Vasogenic oedema is a 
secondary effect which is volume-dependent and 
expressed more in white matter lesions. Using 
temporary implants a rapidly shrinking lesion can be 
observed due to macrophage activity in the absence 
of radiation. Stereotactic interstitial implant radiosur
gery in our hands has replaced open surgery for a 
variety of brain tumors. However, it is still a treatment 
modality with many unanswered questions as to the 
optimum radioactive sources, dose rates, iso-effects 
and the tissue tolerance doses. 
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Summary 

rCBF, capillary permeability and vascular volume have been mea
sured during the time course of interstitial stereotactic radiosurgery 
in normal and tumour-bearing dog brain. For rCBF measurement 
the stable Xenon-CT-technique with a modified Kety-Schmidt 
equation has been used, and for measurement of blood-to-brain 
transport of meglumine iothalamate the two-compartment 
CT-method as developed by Groothuis, which also reflects vascular 
volume. Anaplastic gliomas had been induced by intracerebral 
injection of avian sarcoma virus. Radiation sources have been 
192-iridium and 198-gold. 

Both of the isotopes caused spherical blood-brain-barrier lesions 
with a more than IO-fold blood-to-brain transport increase. These 
effects occurred earlier and more pronounced with 192-iridium, but 
much longer lasting with 198-gold. 

Interstitial radiosurgery of the tumours led to a further increase 
of capillary permeability. 

Blood flow was significantly lowered not only within radionecrosis 
but also in the adjacent brain areas. 

Keywords: Interstitial radiation; radiosurgery; animal experiments; 
rCBF; capillary permeability; vascular volume; I 92-iridium; 198-
gold. 

Introduction 

Stereotactic interstitial irradiation as one way of 
radiosurgery is used for a variety of primary brain 
tumours and metastases 1•8 ,9.14.15. Although a dosi

metry based on clinical efficacy is fairly established, a 
dosimetric data base relying on a quantitative bio
logical dose-effect relationship in vivo in the brain is 
still lacking. With the advent of modern techniques 
like CT, PET and MRI sophisticated tools are at hand 
to measure in vivo a number of physiological 
parameters of brain and/or brain tumours and the 
effect of radiosurgery upon those2. Parameters of 
interest are regional cerebral blood flow, blood-brain 
barrier permeability, vascular space and extracellular 
space. All of these parameters are involved in or 

interfered by oedema formation often concomitant 
with interstitital irradiation4

. 

In order to gather the aforementioned biological 
data base for refinement of dosimetry and to study the 
effect of interstitial radiosurgery on capillary physiol
ogy we measured rCBF, capillary permeability and 
vascular volume in normal and tumour-bearing dog 
brain during the time course of interstitial stereotactic 
radiosurgery. 

Material and Methods 

Six-month-old beagle dogs of both sexes were used for the exper
iments. 192-Iridium and 198-gold were implanted stereotactically 
into the left frontal centrum semiovale of six dogs each. Regional 
cerebral blood-flow was measured using the stable Xenon-CT tech
nique and a modified Kety-Schmidt equation 1o. Blood-to-brain 
transport of meglumine iothalamate reflecting capillary permeability 
was measured applying a two-compartment CT -method as developed 
by Groothuis 7. This method also rendered simultaneously the brain
to-blood-transport and the vascular volume of the brain compart
ment examined. Both isotopes were implanted temporarily within 
Silicon catheters. Dosimetry was performed as described by Ostertag 
in this volume 13. All radionuclides were removed 10 days after 
implantation and the aforementioned measurements of blood-flow 
and capillary permeability were performed at various time points. 
The measurements were repeated four days after continuous dexa
methasone application (2.5 mg/kg/day). 

Interstitial radiosurgery was also performed in six dogs bearing 
anaplastic gliomas induced by intracerebral injection of avian 
sarcoma virus (105 focus forming units) into the right subependymal 
plate3

. In these dogs Iodine-125 was used as temporary implant for 
10 days. The implanted seeds had an activity of 25 mCi resulting in 
a 6000 cGy isodose line at the tumour margin as defined by CT and 
MRI scanning. The effective dose rate was IOcGy/h. Measurements 
of blood-flow and capillary permeability were done before and 10 
days after completion of radiosurgery. 

Results 

All animals developed spherical blood-brain-barrier 
lesions as judged from the CT-scan after contrast en-
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hancement. Quantitation of blood-bra in-barrier trans
port of meglumine iothalamate revealed a more than 
10-fold increase in blood-to-brain transport immedi
ately after completion of the radiosurgery. Although 
the blood-brain-barrier breakdown was seen with both 
isotopes, there was a conspicuous difference concerning 
the extent of increased capillary permeability as well 
as its time course. The results concerning these two 
variables are presented in Table 1 and 2. Whereas 
I92-iridium did increase blood-brain-barrier perme
ability much earlier and more pronouncedly than 198-
gold we could observe a reclosure of the blood-brain
barrier with a slow decrease of capillary permeability 
up to 70 days after radiosurgery. This was not the case 
with the higher energy radiation source of gold-I98. 
Even up to 200 days after completion of the radio
surgery we could still measure an increase of capillary 
permeability measured as K\. The changes in per
meability were due to transport of the water soluble 
compound into the extracellular space of the 
irradiated brain as can also be seen from the vascular 
volume measured concomitantly. With both isotopes 
we did not get a significant or directional of V p over 
time. 

Table I. Time Course of Blood-co-Brain Transport (K I ). Brain-co
Blood Transport (K 2) and Vascular Volume (Vp) After I92-Iridium 
Radiosurgery in Normal Dog Brain. Dimensions are as rollows: KI = 

~I/g/min, K2 = m - I and V p = % or 100 ml tissue volume 

Days KI 

Iridium-l92 
IO 36.8 ± 17.2 
12 12.8 ± 4.8 
20 10.5 ± 3.9 
46 9.6 ± 3.7 
60 3.8 ± 1.1 
70 3.0 ± 1.2 

Normal brain 1.28 

K2 

0.08 
0.05 
0.04 
0.04 
0.03 
0.03 

1.37 
0.9 
1.5 
1.2 
1.42 

1.1 

Table 2. Time Course of K I , K2 and Vp After I 98-gold Radiosurgery 
in Normal Dog Brain. Dimensions are identical with those in Table I 

Days KI K2 Vp 

Gold-l92 
10 4.8 ±0.02 0.03 1.2 

18 5.2 ±0.2 0.04 O.S 
46 5.8 ± 0.2 0.03 0.4 

70 11.5 ± 1.1 0.05 2.2 

100 12.8 ± 0.7 0.06 1.7 

200 14.8 ± 1.2 0.06 1.9 

Normal brain 1.28 1.1 

P. C. Warnke et al. 

Blood flow in the radionecrosis itself was as low 
as 8.4 ± 2.7 ml/ IOO g/min reflecting tissue necrosis. In 
the surrounding area of vasogenic oedema caused by 
the spherical blood-brain-barrier breakdown adjacent 
to the radionecrosis we did find conspicuously lower 
blood flow values (medium 16.88 ± 9.4 ml/lOO g/min) 
than in contralateral and ipsilateral non-affected white 
matter. The spatial configuration of the blood flow 
changes is shown in Fig. 1. The results of the rCBF 
measurements are summarized in Table 3. 

Treatment with dexamethasone for four days led to 
a 40% decrease of capillary permeability as measured 
in the animals treated with gold-198 20 days after 
implantation (K\ = 6.06 ± 0.86 before, Kl = 3.71 
± 0.49 after). 

Fig. I. Stable Xenon blood flow images or normal dog brain 10 days 
after interstitial 192-iridium radiosurgery. Top: CT-image, Bottom: 
black and white coded flow image. Quantitative flow values in 
encircled regions (radionecrosis and contralateral identical region 
or interest) are given as F in ml/ IOO g/min. Note the widespread 
rCBF depression in the oedematous white matter adjacent to the 
radionecrosis 

Table 3. Effect of Intestitial Radiosurgery on Regional Cerebral 
Blood Flow After I92-Iridium Implantation in Normal Dog Brain. 
Oedema is defined as the region adjacent to the area or 
blood-brain-barrier breakdown with significantly decreased Houns
field units as compared to contralateral brain. Values are given as 
means ± standard deviation 

rCBF (ml/ IOOg/min) 
Oedema 
White matter 
Basal ganglia 
Cortex 

16.88 ± 9.41 
33.5 ± 10.7 
63.5 ± 10.7 
68.7 ± 17.3 
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Also blood-flow did increase significantly in the 
oedema to us brain area from 16.88 ± 9.4 to 26.15 
± 12.29 mljl 00 g/min after dexamethasone treatment 
(p < 0.05, t-test). 

Interstitial radiosurgery of avian sarcoma virus in
duced tumours led to a further increase of capillary 
permeability by a factor of 9.4. As in normal brain the 
area of increased permeability was spherical surround
ing the central radionecrosis. rCBF except for the 
radionecrosis induced was not lowered significantly 
within the tumour but in the surrounding vasogenic 
oedema (15.78 ± 5.5 versus 1O.l2 ± 4.8 ml/l00 g/min). 

Discussion 

Stereotactic interstitial radiosurgery does produce 
circumscribed alterations of capillary physiology in 
the tissue surrounding the definite radionecrosis. 
These alterations are reflected as changes in capillary 
permeability and regional cerebral blood flow. 
Although a qualitative description of blood-brain
barrier breakdown with temporary interstitial radio
surgery has been done 5

•
16, a quantitative measurement 

of blood-brain-barrier permeability has yet not been 
undertaken. Still quantitation is necessary to generate 
a dose effect relationship in radiosurgery. Furthermore 
as attempted in this paper quantitation is absolutely 
necessary to study the differential effects of isotopes 
of different energy on the cerebral vasculature. 

The only quantitative study employing quantitative 
autoradiography has been undertaken in permanent 
iodine-125 implants so far6. Due to the radiobiological 
characteristics of permanent implants these data can 
not be extrapolated onto temporary implants. Indeed 
our data show that temporary implants with various 
energies do behave conspicuously differently. 

Whereas iridium-192 does cause an immediate 
blood-brain-barrier breakdown with an enormous 
increase of capillary permeability which then within a 
time frame of about 100 days allows the endothelial 
cells to repair and to become functionally intact again, 
the opposite holds true for gold-198. Here we see a 
small but steady increase of impaired capillary 
function expressed as an increase of blood-to-brain 
transport of the water soluble molecule meglumine 
iothalamate. These data concerning capillary function 
correlate quite well with the velocity of the formation 
of the radionecrosis in temporary versus permanent 
implants as described by Ostertag1 2 as well as they 
take into consideration the different efficacy of 
iridium-192 and gold-198 in terms of creation of a 
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temporary radionecrosis and its resolution. Interesting
ly during the increase and following decrease and/or 
the long lasting increase in capillary permeability 
demonstrating an enormous impairment of capillary 
function we did not see a significant or directional 
change of the vascular volume. This correlates 
favourably with the histological description of the 
brain tissue surrounding the radionecrosis 1 1,12. 
There was no significant angiogenesis detectable nor 
an increased number of pathological vessels with in
creased capillary surface. The brain-to-blood transport 
rate described here by the dimension of reciprocal 
time changed concomitantly with the Kl value in our 
animals as expected for a compound which is not ac
tively transported but passes the blood-brain-barrier 
merely by passive diffusion as has been shown for 
meglumine iothalamate 7. 

Having both, the Kl and the K2 value at hand, it 
will be possible for future experiments to calculate the 
ratio of Kl divided by K2 to calculate the size of the 
compartment within which the marker distributes itself 
i.e. the extracellular space. The aforementioned altera
tions of capillary permeability result in widespread 
vasogenic oedema which leads to depression of regional 
cerebral blood flow as has been shown consistently in 
all our experimental animals. It is the combination of 
both the change in capillary permeability and the de
creased regional cerebral blood-flow which besides the 
size of the induced radionecrosis will limit the applica
tion of interstitial radiosurgery in the brain. But the 
methodology used in this experimental setting, applying 
in vivo methods, can also be used to establish the 
time course of changes in capillary physiology during 
interstitial radiosurgery of patients harbouring brain 
tumours. As the methods renders quantitative data, 
this can be correlated with the total dose, the effective 
dose rate and the energy range of the radionuclide 
employed. Thus the limitations of a given dosimetry in 
an individual patient can be defined much more ac
curately and a "biological dosimetry" which takes acute 
and delayed tissue reactions into consideration can be 
designed to refine radiosurgery even more into the 
direction of an accurate and reproducible neurosurgical 
tool. 
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Summary 

A survey is given of the actual possibilities and limitations of the 
use of linear accelerators (Linac radiosurgery systems) for intra = 

cranial radiosurgery. 
Depending on the collimator size, spherical fields from 5-54mm 

in diameter can be irradiated with dose gradients from 10% (large 
fields) to 20% (small fields) per millimeter distance between surface 
and treatment volume. This is comparable to the possibilities of 
Gamma-Knife and Proton-irradiation. 

Optimal mechanical adjustment of gantry and Iinac table are 
necessary for the required stability of the isocenter. Mechanical 
inaccuracy should be smaller than 0.8 mm. Advanced computerized 
3D-treatment planning systems are indispensable prerequisites for 
accurate treatment and use of the flexibility of the linac system. 
Future developements are outlined. 

Keywords: Radiosurgery; linear accelerator; Linac system. 

Introduction 

In the early fifties Lekse1l9 coined the term "radio
surgery" for stereotactically guided, extremely focussed 
convergent beam irradiation with high single doses. 
From the Swedish group an irradiation unit with mul
tiple isocentrically oriented Cobalt-60-sources has been 
developed. The "Gamma-Knife" enables single dose 
irradiation of small, more or less spherical fields with 
high precision and steep dose gradients. Although a 
few other centers developed facilities for stereotactic 
proton- and heavy ion irradiation4,6, "Gamma-Knife
Radiosurgery" has remained the "golden standard" for 
Radiosurgery for many years. Despite excellent clini
cal results, gained in the treatment of small arterio
venous malformations and various benign intracranial 
lesions10.12,14 its use has been confined to a few centers 
until recently, mainly because of the high costs of the 
equipment. 

In order to overcome the main physico-technical 

drawbacks of Gamma-Knife-Radiosurgery (limitation 
to small irradiation fields, with maximum diameters of 
25 mm) and to reduce the costs of the equipment, some 
groups developed systems enabling the use of Linear 
accelerators for radiosurgery in the early eighties 1-3, s. 
In recent years a steadily growing number of radio
logical and neurosurgical hospitals has been equipped 
with Linac-Radiosurgery systems. The present status 
of Linac-Radiosurgery (LRS), advantages and draw
backs as well as future prospects, will be discussed and 
described. 

Present Status 

Comparable to the Gamma-Knife, the basic principle 
of LRS is beam convergence. In our systemS beam
convergence is achieved by use of 10 arcs of Linac-table 
rotation in steps of 18° and rotation of the gantry from 
20-160°. Depending on the size of the collimator, 
spherical fields from 5-54 mm in diameter can be irra
diated with dose gradients from 10% (large fields) to 
20% (small fields) per millimeter distance from the 
surface of the treatment volume. In comparison, the 
dose gradients achievable with Gamma-Knife, LRS 
and Proton-irradiation do not differ significantly. 

Mechanical adjustment of both gantry and linac
table is absolutely necessary to achieve the required 
stability of the isocenter, i.e. the point, in which all 
converging collimated beams cross. It must be stressed, 
that no commercially available Linear-accelerator has 
an isocenter, which is sufficiently stable for radiosurgi
cal procedures and that time consuming and tedious 
mechanical work is necessary to achieve the required 
precision and stability. The same is true for the align
ment of the positioning lasers 11. 
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A mechanical overall accuracy has to be reached, 
which does not permit deviations of the calculated 
target point from the actual crossing point of all con
verging beams by more than 0.8 mm. Considering the 
pixel- and voxel-size of advanced CT and MR devices 
as well as the inaccuracy of X-ray systems, which limit 
the precision of target localisation to plus/minus 1-2 mm 
under optimal conditions, a mechanical inaccuracy 
equal to or smaller than 0.8 mm is tolerable. 

Advanced computerised 3D-treatment planning sys
tems, based on CT, MRI, PET and X-ray data have 
been developed13, which are an indispensible prere
quisite for accurate treatments. The planning-systems 
permit free use of the flexibility of Linac-systems to 
choose the proper collimators for irradiation of spherical 
fields from 5-54 mm in diameter. A limited modification 
of the shape of the irradiation fields is feasible by 
changing the angles of both gantry and table rotation. 
The shape of the isodose surface, covering the target 
volume, can be modified to a lesser degree than the 
steepness of the dose gradients in the directions to 
organs at risk. 

Proper 3D-treatment planning, the use of the flexibil
ity of Linear accelerators and a variety of easily chan
geable collimators make precise matching of the treat
ment volume to spherical target volumes with diameters 
between 5 and 54 mm possible. Multiple field-irradia
tion can be avoided in the majority of cases. Thus, 
treatment of larger target volumes with homogeneous 
dose distribution is easily feasible. Possibilities to "tailor
shape" the therapeutic isodose-surfaces are given to a 
minor degree. Dose-gradient conformation, enabling 
to better spare organs at risk is more easily achievable 
by changing the treatment parameters. 

Indications for LRS 

LRS has been shown to be adequately precise and 
to yield the same steepness of dose gradients as other 
modalities of radiosurgery. Thus, there is no principle 
difference with regard to indications: The possibility to 
treat larger target volumes enables the use of LRS for 
larger intracranial lesions than previously treated and 
additionally to treat selected cases of naso-pharyngeal 
tumours, which are localisable in the stereotactic coor
dinate system. 

Future Prospects 

Variation of the treatment parameters (choice of 
collimators of various sizes, modification of table and 
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gantry rotation) enables one to change the geometry 
of the treatment volume according to the individual 
requirements to a certain degree, but real conformation
therapy is still impossible. The development of tech
niques which would allow "tailor-shaped" irradiation 
of non spherical, irregularly shaped target-volumes 
homogeneously with one irradiation field is urgently 
required. Exact matching of target and treatment 
volume would reduce overdosage to organs at risk and 
underdosage in the target volume and eliminate the 
need to use multiple treatment-volumes with dose
overlapping and radiobiologically disadvantageous 
field-inhomogeneities. 

A promising solution is the development of multi
leaf collimators. The shape of their opening can be 
precisely matched to the very surface of the treatment
volume in the "beam's eye view" of the collimator, 
which changes with each angle of table-rotation. 

A small, extremely precise multi-leaf collimator with 
tungsten-lamellae of 1 mm thickness has been developed 
by our group (Pastyr et al., unpublished). It will be in 
use after completing the treatment-software and dosim
etry (Schlegel et al., unpublished). Linear accelerators 
excellently fulfill the requirements for conformation
therapy with multi-leaf collimators. 

The second main drawback of Radiosurgery is the 
radiobiological disadvantage of single dose-irradiation. 
The application of high single doses limits the use of 
all presently available RS-systems to the treatment 
of small fields. Except for arteriovenous malforma
tions2-4.8.14 and brain metas:tases15 single dose irra

diation is unfavourable because of its inherent risk of 
radionecrosis and damage to healthy tissue 7 and the 
inability to profit by the clearly established radiobio
logical advantages of fractionation. 

To enable the application of small numbers of frac
tion relocatable stereotactic frames, and different mask
system have been developed. A more promising, non
invasive method is the development of integrated 
computerised hard- and software systems enabling one 
to monitor movements of the patient during irradiation 
and to correct for them. Such a system is presently 
being developed by our group. 

Discussion 

LRS meets all requirements for radiosurgery, i.e. 
steepness of dose gradients and precision of dose-appli
cation. It optimally meets the requirements for the most 
important future treatment techniques, i.e. conformation 
therapy and fractionated radiosurgery. Compared 
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to Gamma-Knife Radiosurgery, the main draw
back of LRS is the necessity to mechanically stabilize 
the isocenter of the accelerator to a precision of less 
than 0.8 mm and to perform very accurate tests for 
quality assurance routinely throughout the period of 
use. Accurate performance of these tests and of the 
treatment procedures requires a highly specialised staff 
of dedicated physisists, neurosurgeons and radiothera
pists. LRS is dangerous and should only be performed 
in centers which do fulfill these requirements. 
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Summary 

The challenges associated with microsurgery of vascular mal
formations located in the midbrain, pons and medulla have promoted 
the development of alternative therapeutic techniques. To assess the 
efficacy and safety of radiosurgery in the management of brain 
stem vascular malformations we reviewed our 5-year experience in 
50 patients evaluated between 4 and 51 months (mean, 25 months) 
after radiosurgery. 

Twenty-eight patients (56%) underwent gamma unit radiosurgery 
for symptomatic arteriovenous malformations (A VMs), and 22 pati
ents (44%) for angiographically occult vascular malformations 
(AOVMs). Patients varied in age from 7 to 76 years (mean, 39 years). 
Forty-one patients (82%) had from 1 to 5 hemorrhages prior to 
gamma knife radiosurgery. Ten (20%) had one or two prior unsuccess
ful operations, and 37 (74%) presented with a neurological deficit. 
Of the patients with A VMs, 6 were considered Spetzler Grade III, 
and 22 (79%) Grade VI (inoperable: major component within the 
brain stem parenchyma). Forty-four malformations (88%) were ad
jacent to or within the midbrain and pons; the remainder involved 
the medulla. Average malformation diameters varied from 6 to 30.4 m 
(mean, 20.6; mean volume 4614mm3). The minimal radiation dose 
to the margin of the malformations ranged from 12 to 25.6 Gy (mean, 
18.9 Gy). 

Of the 28 patients with A VMs, 8 had follow-up angiograms at a 
minimum of 2 years after radiosurgery (or sooner if their MRls 
suggested obliteration). Of these patients, 7 (88%) showed complete 
obliteration of their malformations. No patients with AOVMs re
hemorrhaged if more than 15 months elapsed after radiosurgery. 
Four patients (8%; two with A VMs and two with AOVMs) sustained 
a symptomatic re-hemorrhage during the follow-up period. New 
neurologic deficits related to radiosurgery occurred in 10 patients. 
Three were temporary with return to baseline function at an average 
of 15 months post-radiosurgery. Of the remaining 7 patients with 
new deficits (14%), 3 were improving at last follow-up, and one 
patient died 35 months after radiosurgery of presumed radiation 
injury. 

Precise gamma unit radiosurgery provides a safe and effective 
management strategy for brain stem vascular malformations. Its use 
is particularly valuable for malformations considered unsuitable for 
microsurgical resection. 

Keywords: Radiosurgery; vascular malformations; brain stem; 
A VM; results. 

Introduction 

Surgical removal of vascular malformations of the 
brain stem can be hazardous. Their arterial supply is 
often contiguous with that ofthe parenchyma, and they 
lie within the most vital region of the brain16

. With 
improvements in brain stem microsurgical technique, 
successful obliteration of some arteriovenous malfor
mations (A VMs) in this location has been reported 
rarely. In such reports there is often a subgroup of 
A VMs which are incompletely resectable or "inoperable". 
Resection of angiographically occult vascular malfor
mations (AOVMs or cavernous type malformations) 
within the parenchyma ofthe brain stem is also treach
erous. AOVMs with normal brain intervening between 
the pial surface and the malformation may also be 
considered "inoperable" if the risks of removal are 
excessive 17

. 

Stereotactic radiosurgery offers a unique ability to 
obliterate AVMs within the brain stem without the 
risks inherent to microsurgery. We have also used the 
technique to manage AOVMs in this location - par
ticularly those considered "inoperable". In this report 
we present out 5-year results using gamma knife radio
surgery in 50 patients harboring brain stem vascular 
malformations, and we provide a new dose-volume 
guideline for minimizing radiation injury risk to this 
critical area of the brain. 

Clinical Material and Methods 

Patient Population 

Between August 1987 and August 1992,50 patients with vascular 
malformations of the brain stem (28 with AVMs, and 22 with AOVMs) 
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were managed using the 201-source cobalt-60 gamma knife. Most 
patients had vascular malformations deemed unsuitable for micro
surgical excision at our multidisciplinary conference attended by 
neurosurgeons, neuroradiologists, radiation oncologists and physi
cists. 

All patients with AVMs (10 females and 18 males) exhibited well
circumscribed lesions on high-resolution multiplane angiography. 
The patients' mean age was 37 years (range: 7 to 76 years). Treatment 
criteria for patients with AOVMs were a minimum of two clinically 
defined hemorrhages, angiographically invisible pathology and char
acteristic lesions on magnetic resonance imaging (MRI). The mean 
age was 42 years (range: 14 to 70 years). The clinical characteristics 
of the 50 patients in this series are presented in Table 1. 

Vascular Malformation Location and Grade 

Of the 28 A VMs, 26 were located within the midbrain and pons 
(Fig. I), and 2 involved the medulla. The Spetzler and Martin 1 7 

grading system was used for A VM classification. Twenty-two A VMs 
(79%) were considered Grade 6 (inoperable), and 6 were Grade 3. 
Three A VMs were in the medulla, 13 in the pons, and 6 in the 
midbrain. 

Radiosurgical Technique 

All adult patients had the application of the Leksell Model "G" 
stereotactic coordinate frame (Elekta Instruments, Georgia) and 
underwent cerebral angiography and/or MR imaging and radio
surgery under local anesthesia supplemented by intravenous sedation. 
General endotracheal anesthesia was used for children less than 14 
years of age. Biplane high-resolution magnification subtraction stere
otactic angiograms were obtained to define the nidus of the A VM 
and determine target coordinates. 

For patients with AOVMs MRI scans were performed and used 
for stereotactic coordinate planning in all patients using Tl, T2 and 
T1 with gadolinium-enhanced images; in some, computed tomo
graphic (CT) scans were used adjunctively. 

Table 1. Patient Characteristics (N = 50) 

AVM AOVM 

Females 10 13 
Males 18 9 
Mean age in years (range) 37(7-76) 42 (14-70) 
Mean time in years from 2(1-12) 3(1-15) 

diagnosis (range) 
Number of prior bleeds 20 21 
Mean no. bleeds per pt (range) 1 (1-4) 2(2-5) 

Signs and symptoms 
Headache 12(43%) 9(41%) 
Neurological deficit 18(64%) 19(86%) 

Prior embolization 2(7%) 0 
Prior operation 6(21%) 4(18%) 
Karnofsky performance 

score 
100 10 3 
90 7 6 
80 2 4 
70 5 7 
60 4 2 
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Fig. 1. Sagittal (top) and axial (bottom) magnetic resonance images 
of a midbrain/pontine A VM pre- (left images) and 24 months post
(right images) radiosurgery. This patient suffered no complications 
from radiosurgery 

Radiosurgical dosimetry was performed on a high-speed Micro 
Vax (Digital Equipment Corporation, Westminster, Massachusetts) 
computer system. The treatment isodose, central dose and dose to 
the margin were determined by the neurosurgeon, the radiation 
oncologist, and the radiation physicist. Selection of the dose was 
based on knowledge gained by the treatment of conventional A VMs 
and AOVMs, by the location of the lesions, and their size. Patients 
received a single intravenous dose of 40 mg. of methylprednisolone 
immediately after the radiosurgical dose was delivered. All patients 
were discharged from the hospital on the day after radiosurgery. 

Follow-up Evaluation 

Follow-up imaging studies (MRI) were scheduled at 6-month 
intervals for all 50 patients for the first 2 years after radiosurgery. A 
high-resolution angiogram was requested of all patients with A VMs 
2 years after radiosurgery (or sooner if their MRls suggested oblit
eration). 

Results 

Radiation Dosimetry for A VMs (Table 2) 

The treatment volumes ranged from 134 to 14,800 cu 
mm (mean: 5400 cu em). Average malformation diameters 
ranged from 6 to 30.4 mm (mean: 18 mm). Seventy-one 
percent of the AVMs treated were between 1,000 and 
10,000 cu mm. Only one patient had subtotal coverage 
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of the A VM at the desired isodose. Twelve patients 
(43%) were treated at the 50%, 5 at the 55%, 4 at the 
60%, 1 at the 70%, 4 at the 80% and 2 at the 90% isodose 
lines respectively. The minimum A VM margin dose 
ranged from 12 Gy to 25.6 Gy (mean: 20.6 Gy), and that 
to the center ranged from 22.2 to 50 Gy (mean: 35.7 Gy). 
The 18-mm collimator was used in 7 patients, the 14-
mm collimator in 16, and the 8-mm collimator in 10. 

Radiation Dosimetry for AOVMs (Table 2) 

The treatment volumes ranged from 373 to 11,000 cu 
mm (mean: 3615cumm). Average AOVM diameter 
ranged from 9 to 22 mm (mean: 15 mm). All 22 patients 
had complete coverage of the AOVM at the desired 
isodose. Nine patients (41%) were treated at the 50%, 
7 at the 60%, 4 at the 70% and 2 at the 90% isodose 
lines respectively. The minimum AOVM margin dose 
ranged from 13 Gy to 20Gy (mean: 16.8 Gy), and that 
to the center ranged from 20 Gy to 40 Gy (mean: 28.6 Gy). 
The 18-mm collimator was used in 2 patients, the 14-
mm collimator in 12, and the 8-mm collimator in 10. 

Clinical and Radiologic Evaluation 

No immediate postoperative complications occurred. 
Mild headache associated with the application of the 
stereotactic frame was managed with oral analgesics. 
All patients left the hospital within 24 hours of radio
surgery. 

The mean follow-up period for all 50 patients was 
25 months (range: to to 51 months). Headache was 

Table 2. Radiation Dosimetry ( N = 50) 

A VMs (N = 28) AOVMs (N = 22) 

Mean avg. diam in cm (range) 18 (6-30.4) 15 (9-22) 
Mean vol. in cu mm (range) 5400 3615 

(134-14,800) (373-11,000) 
Mean min margin dose (range) 20.6 (12-25.6) 16.8 (13-20) 
Mean dose to center (range) 35.7 (22.2-50) 28.6 (20-40) 
Pts treated at various isodose 

lines 
50% 12 9 
55% 5 0 
60% 4 7 
70% 1 4 
80% 4 0 
90% 2 2 

Number of various collimators 
used 

18mm 7 2 
14mm 16 12 
8mm 10 10 
4mm 0 0 
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improved in 6 patients, and neurologic deficits were 
improved in 7 patients. Of the 28 patients with AVMs, 
8 had follow-up angiograms at a minimum of 2 years 
after radiosurgery. Of these, 7 (88%) showed complete 
obliteration oftheir malformations. Nine of to patients 
with transient or permanent complications related 
to radiosurgery exhibited increased signal on T2 MR 
images consistent with edema. 

Rehemorrhage 

Two (7%) of the 28 patients with A VMs rehemor
haged in the follow-up period. One occurred 18 months 
after radiosurgery contributing to a mild increase in an 
oculomotor paresis. This patient's A VM was not obli
terated at a 37-month angiogram and he has been 
rescheduled for repeat radiosurgery. A second patient 
sustained a rehemorrhage 3 months after radiosurgery 
resulting in a left facial paresis and poor upward gaze. 

Two (9%) of the 22 patients with AOVMs rehemor
rhaged in the follow-up period. One occurred 12 months 
after radiosurgery resulting in an increased left hemi
paresis. This patient was evaluated at a 2-year office 
visit and was found to have his pre-radio surgical base
line examination. A second patient sustained a rehem
orrhage 6 months after radiosurgery resulting in a 
worsening of a hemiparesis and proprioceptive deficit. 
At a 40-month follow-up this patient had markedly 
improved from baseline. No patients with AOVMs 
rehemorrhaged if more than 15 months elapsed after 
radiosurgery. 

Transient Deficits Related to Radiosurgery 

One patient with a midbrain/pontine A VM de
veloped a new hypesthesia and ataxia 24 months after 
radiosurgery. An angiogram showed complete obliter
ation of the malformation, and at a follow-up exami
nation at 42 months the patient had no neurological 
deficits. A second patient with a pontine AOVM devel
oped an increased ataxia and a Vth and Vlth nerve 
paresis 6 months after radiosurgery. He had a normal 
neurological examination at 24 months. A third patient 
with a midbrain/pontine AOVM developed ataxia 4 
months after radiosurgery. At her 17 month follow-up 
examination she had no neurologic deficits. 

Persistent Deficits Related to Radiosurgery 

Seven patients (14%) developed persistent deficits 
related to radiosurgery. Three patients had A VMs and 
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Table 3. Permanent or Improving Complications Related to Radio-
surgery (N = 7, 14%) 

Type Avg. diam Margin Onset Complication 
dose 

AVM 14.3mm 25Gy 18mos ataxia, dysarthria 

AVM 19.3mm 20Gy 12mos INO 
AVM 11.6mm 25Gy 18mos bilat VI paresis 

downbeat nystagmus 
AOVM 14.3mm 16Gy 7mos bilat VI, LV, RIII, 

ataxia, nystagmus 
AOVM 15.3mm 16Gy 8mos dysarthria, ataxia 

AOVM 15.7mm 16Gy 19mos worsened diplopia 
increased ataxia 

AOVM 12.3mm 16Gy 9mos inc. ataxia, proprio-
ceptive deficit 

4 had AOVMs. Their symptoms and time of onset are 
listed in Table 3. Within 6 to 12 months of onset 4 
patients had gradual improvement in their deficits, but 
were left with deficits not present before radiosurgery. 
One of the seven patients with a midbrain A VM died 
35 months after radiosurgery (without new hemorrhage); 
histologic evaluation showed malformation obliteration 
but significant radiation effect at the target volume. 
The dose-volume prescription used was standard in 
that patient. 

Discussion 

Management of Brain Stem A VMs 

We have shown that "inoperable" AVMs of the brain 
stem can undergo successful gamma knife stereotactic 
radiosurgery. Spetzler and Martin's grading system 
defines inoperable A VMs as those that are "large, diffuse 
and are dispersed through critical or neurologically 
eloquent areas, or [which have] a diffuse nidus that 
encompass critical structures such as the hypothalamus 
or brain stem". They state that surgical resection of 
these lesions "would almost unavoidably be associated 
with a totally disabling deficit or death" 1 7. Seventy
nine percent of A VMs in the present series satisfied 
these criteria. 

The natural history of un operated A VMs has been 
scrutinized. Hemorrhage rates in unruptured malfor
mations vary from 2.1 to 4% per year; the risk of death 
from rupture varies from 13-29% and long-term mor
bidity in survivors varies from 23% to 27%1.2,21. 
Hemorrhage from posterior fossa A VMs may occur 
more frequently and more often prove fatal than he
morrhage from other intracranial AVMs 5

. In those 
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patients presenting with hemorrhage, the risk of rebleed 
in the first year ranges from 6 to 17% with a 1 to 4% 
per year risk of rehemorrhage thereafter. The mortality 
rate from hemorrhage is approximately 1 % per year6, 7, 15. 

In our series of 28 patients who underwent stereotactic 
radiosurgery, the rebleed rate was 2 of 28 (7%) over an 
average follow-up of 25 months (or approximately 3.5% 
per year). This appears to be consistent with the expected 
natural history of non-obliterated arteriovenous mal
formations. No hemorrhage has occurred after do
cumented obliteration. 

Surgical resection of brain stem A VMs has been 
reported infrequently. Drake et al. 3, in their series of 
66 posterior fossa AVMs, described 15 AVMs within 
the brain stem as "treacherous to treat". This subset of 
brain stem malformations had a 27% mortality. Nine 
of the 15 AVMs were unsuccessfully explored. Only 2 
were excised safely. Other successes with brain stem 
A VMs have been reported as case reports only. Sugi
ura 18 reported successful obliteration of an A VM within 
the middle cerebellar peduncle, embedded in the floor 
of the fourth ventricle. Yonekawa et al. 22 described 
staged obliteration of an AVM partially embedded in 
the midbrain. 

We have one of the largest reported series of brain 
stem A VMs. Our total obliteration rate was 88% in the 
eight patients who have reached the two-year post 
radiosurgery mark. This is similar to our experience in 
managing A VMs in all brain locations of similar size12

. 

We expect a similar trend in the remaining 20 patients 
in the series. Permanent morbidity was seen in 3 of the 
28 patients (11 %). One patient died 35 months after 
radiosurgery of presumed radiation injury. Since 79% 
of the A VMs in our series were considered Spetzler 
and Martin grade VI (inoperable) our results compare 
favorably with the reports of successful surgical oblitera
tion of those brain stem A VMs deemed "operable". 

Management of Brain Stem AOVMs 

Reports of successful excision of brain stem AOVMs 
are rare IO •11 ,14,19,23.24. It has been suggested that the 
only safely "operable" AOVMS of the brain stem are 
those which come in contact with the pial surface. This 
directed the approach for 16 successfully treated caver
nous malformations by Zimmerman et al. 24

, Kashiwagi 
et al. 8 reported 11 patients with brain stem AOVMs, 7 
of whom underwent successful surgery. Yoshimoto and 
Suzuki23 reported successful excision of cavernous an
giomas within the brain stem in 3 of 4 patients. The 
fourth patient died. 
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In a comparison of radiosurgery versus microsurgery 
for cavernous malformations of the brain stem Weil 
et al.20 reported a 50% morbidity in 6 patients managed 
with stereotactic radiosurgery, and a 33% rehemorrhage 
rate within a 2 year interval after radiosurgery. In 
contrast, all 7 patients managed microsurgically had 
total excision of their lesions with a 14% major morbidity 
rate. We have not had such an experience. Our results 
show a 9% rehemorrhage rate during a mean follow-up 
interval of 25 months (approximately 4.5% per year), 
and a persistent, but gradually improving complication 
incidence from delayed radiation effects of 18% (4 of 
22). None of our patients suffered rehemorrhage if 
more than 15 months elapsed after radiosurgery. 

The advantages of radiosurgery for brain stem 
AOVMs include: 1) a near zero risk of operative mor
bidity, 2) immediate return to full preoperative function 
after treatment, and 3) the ability to manage malfor
mations deep within the brain stem parenchyma9 ,13. 

Current concerns related to AOVM radiosurgery 
include: 1) patient selection is difficult due to a poorly
defined natural history and variable clinical presentation, 
2) the limits of the actual nidus are difficult to determine 
even with high-resolution MR imaging, 3) no current 
standardized imaging modality can confirm oblitera
tion of an AOVM, and 4) the minimum effective and 
safe stereotactically administered radiation dose is un
clear9. 
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Fig. 2. Scatterplot of dose versus average diameter for 50 patients 
with A VMs and AOVMs. Squares represent permanent or improv
ing neurologic deficits related to radiation injury. The upper solid 
line represents a relatively linear segment of the isoefTect curve for a 
3% risk of permanent symptomatic radiation necrosis of the brain 
predicted by the integrated logistic equation for radiosurgery of 
A VMs. No deare dose-volume relationship to complications was 
observed 
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Dose-Volume Considerations for Brain Stem 
Malformations 

The integrated logistic formula prediction for a 3% 
risk of permanent symptomatic radiation necrosis of 
the brain has been used by us in the past as a guideline 
for dose selection for radiosurgery of AVMs4 ,12. 

Figure 2 shows the relatively linear portion of the 3% 
risk line (upper solid line) superimposed on the scatter
gram plot of the dose-diameter relationships of our 50 
patients in this present series. The squares represent 
patients with A VMs or AOVMs in this series who 
suffered radiation injuries which appear persistent. We 
are unable to demonstrate a clear dose-volume relation
ship to complications with this data. 

Conclusions 

1) "Inoperable" brain stem vascular malformations 
may be successfully managed with gamma knife radio
surgery with an acceptably low morbidity. 2) The re
hemorrhage rate of un obliterated AVMs and AOVMs 
managed with radiosurgery is similar to their natural 
history (at least in the first 18 months). 3) Brain stem 
AVMs have an obliteration rate similar to AVMs else
where in the brain. 4) No hemorrhages have occurred 
in patients with AOVMs 15 months or more after 
radiosurgery. 5) The complication rate may be decreased 
by application of new dose prescription guidelines. 
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Summary 

Small sized A VMs respond well to stereotactic radiosurgery, while 
larger A VMs do poorly with stereotactic radiosurgery or stereotactic 
fractionated radiotherapy. A combination of both methods is pro
posed for the treatment of these larger lesions. 

Keywords: Cerebral arteriovenous malformations; stereotactic 
radiosurgery; radiotherapy. 

Introduction 

Stereotactic radiosurgery is generally effective for 
the treatment of small (less than 30 mm in diameter) 
cerebral arteriovenous malformations, attaining 80% 
closure in most series. On the contrary, larger A VMs 
are considered non treatable by stereotactic radiosur
gery3. 

One of the strategies for the treatment of these AVMs 
is to reduce both their size and blood flow before the 
definitive treatment, regardless of whether it is open 
surgery or radiosurgery. This has been attempted with 
several techniques, including intravascular emboliza
tion 5

. 

Large AVMs have been treated by stereotactic frac
tionated radiotherapy alone, with discouraging results l

. 

Nevertheless, in our experience with 42 patients, we 
have observed that some reduction in the size and the 
flow of these large A VMs can be achieved with this 
method, although not complete closure. 

Based on their results with fractionated radiotherapy 
on these large A VMs, the authors have applied a com
bination of both methods (radiotherapy followed by a 
radiosurgical boost) to treat 13 A VMs. 

Clinical Material and Methods 

A total of 42 patients harbouring cerebral A VMs greater than 
30mm in diameter underwent fractionated radiotherapy. Total 
doses varied between 50 to 60 Gy in sessions of 2 Gy each. Of these, 
17 A VMs showed a marked reduction to less than 30 mm. In 15 of 
these cases, a second single session of stereotactic radiosurgery was 
performed with doses ranging between 25 to 40Gy. Two patients 
were lost to follow-up. 

Results 

Of the 13 cases irradiated ahd studied, six (46.15%) 
closed angiographically during the first year. Nine 
(69.2%) A VMs had closed after the second year. Two 
(15.3%) A VMs had almost closed at the end of the 
second year, with only an early filling vein remaining. 
Three patients (23.07%) rebled during the first year 
after irradiation, and another three showed transient 
seizures during the early postoperative period, now 
being symptom free. Nine patients (69.2%) showed pre
operative neurological deficits (mainly contralateral 
spastic hemiparesia or hemianaesthesia); four of them 
improved postoperatively. No permanent worsening 
of the neurological status was recorded. 

Figure 1 shows the pre-operative angiogram in one 
case, Fig. 2 the angiograms 1 year after fractionated 
radiotheraphy with 60 Gy, and Fig. 3 the angiograms 2 
years after stereotactic radiosurgery with 40 Gy. 

Discussion 

Most of the reports on radiosurgery of A VMs state 
that its efficacy depends on the previous size of the 
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Fig. 1. Pre-operative angiograms in one of the cases 

Fig. 2. Angiograms 1 year after fractionated radiotherapy with 60 Gy in the same case as Fig. 1 
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Fig. 3. Angiograms 2 years after stereotactic radiosurgery with 40 Gy in the same case as Fig. 1 

AVM2. We have obtained the same results in our 
senes. 

The explanation for this fact may be the small size 
of irradiation volumes obtained by the collimators 
normally used in radiosurgery. Nevertheless, when 
larger collimators are used, there seems to be no relation
ship between the size of the A VMs and the results, 
within certain limits4. 

Kjellberg2 stated that fractionated therapy is of no 
value for the treatment oflarge A VMs. This result was 
confirmed by Greitz et al. 1. Nevertheless, we have found 
a significant reduction of the size and the flow of large 
AVMs in 17 of 42 cases (40.47%) who received fraction
ated radiotherapy. Of these, 84.5% of the cases were 
closed or almost closed by a further radiosurgical 
"boost". 

Intravascular embolization is probably more effective 
as a prior treatment for large A VMs, but it cannot be 
used when they are located at functionally important 
areas. On the other hand, closure by radiation therapy 
develops slowly and therefore does not cause haemo
dynamic alterations due to sudden obliteration. These 

considerations make prior fractionated radiotherapy 
a rational alternative for the treatment of large A VMs 
in combination with radiosurgery. 
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Summary 

Stereotactic radiosurgery was applied to concentrate high dose 
of photon irradiation to tumors enclosed in the cavernous sinus. 
We have treated 10 meningiomas, five pituitary tumors, and three 
metastatic lesions in the past two years. Follow-up time ranges from 
3 to 18 months with an average of 10 months. Tumor volume 
ranged from 0.92 to 53.31 cc with an average 10.79cc. CT scans and 
MRIs were used to demonstrate the tumor relationship to cranial 
nerves and structures of the brain. One to 6 isocenters were used. 
Collimator size varied from 7 to 28 mm, and the dose to the margin 
of the tumor ranged from 1400 to 2500cGy with an average of 
1650cGy. Maximal dose range of 1575 to 5000cGy. The margin of 
the tumor was encompassed within the 50 to 95% isodose volume 
with an average treatment prescribed to the 57% isodose volume. 
Symptomatic response was seen in 12 patients, and stabilization of 
symptoms in three patients with progression of symptoms observed 
in three patients. Radiographic imaging revealed response in eight 
patients, unchanged in three patients and progression in three patients. 
This report shows the feasibility of applying linear accelerator radio
surgery to the treatment of cavernous sinus tumors. This form of 
therapy promises to play an important role in complementing tumor 
resection. 

Keywords: Stereotactic radiosurgery; cavernous sinus; tumors. 

Introduction 

Since the studies of the cavernous sinus surgical 
anatomy and the description of the surgical approach 
to lesions enclosed in this tight compartment, the results 
of resections of meningiomas, pituitary adenomas, and 
malignancies infiltrating the cavernous sinus have im
proved considerably2,6,21. Recent reported series of 

cavernous sinus tumor resections showed that aggres
sive removal of these tumors is possible, however, the 
increased neurological dysfunction after the surgery 
may be unacceptable1,2,6,19. Therefore, partial removal 

of the cavernous sinus tumor requires completion with 
adjuvant therapy18. 

Historically, conventional fractionated schemes of 

radiation have been the adjuvant form oftherapy3.4·23. 
However, undue effects of radiation to the normal 
brain, and failure to control tumor recurrence have 
been the limitations of this therapy 1 0, 11. Radiosurgery 

is a natural candidate to complement microsurgical 
resections. Residual irregular tumors can be included 
in a high radiation volume with avoidance pfimportant 
structures in close proximity to the tumor9,12,13. This 

report describes manipUlation oflinear accelerator based 
radiosurgery parameters, for example, arc weight, col
limator size, and number of isocenters, to conform the 
radiation volume to the irregular residual tumors within 
the cavernous sinus. 

Materials and Methods 

Eighteen lesions and seventeen patients were included in this 
study. There were II females and six males. The ages range from 
25 to 75 years old with a mean of 56. One patient had 2 tumors. 
All patients had previous operation for tumor resection or histologic 
diagnosis. There were ten meningiomas, five pituitary adenomas, 
and three metastatic squamous cell carcinomas. Patients were not 
admitted to the hospital. The mean tumor volume was 10.79 cc with 
a range of 0.92 cc to 53.31 cc. The dose to the periphery of the 
tumors varied from 1400cGy to 2500cGy, with a mean prescribed 
dose of 1650cGy. The maximal dose to the tumor varied from 1575 
to 5000 cGy with an average of 3590 cGy. The number of isocenters 
varied from 1 to 6. The average isodose volume of dose prescription 
was 57%, ranging from 50% to 95%. The irradiation dose to the 
optic nerve was kept below 800cGy. The cranial nerves inside of 
the cavernous sinus, and fifth nerve usually received less than 2000 cGy. 

Patients were treated with a Varian Clinac-18* adapted to radio
surgery by a Philips SRS200 radiosurgery system**8. Radiation arcs 
were restricted to avoid the eyes and air cavities. Relative dose from 
each arc was changed to avoid maximal dose to critical structures 
within or in close relationship to the tumor. Arcs were also designed 

* Varian Associates, Palo Alto, CA, U.S.A. 
** Philips Medical Systems, Shelton, U.K. 
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to avoid crossing important structures such as the brainstem or optic 
pathways. Computed tomography (CT) and magnetic resonance 
images (MRI) were obtained the same day of the treatment with a 
BRW stereotactic frame* * * affixed to the patient's head. These scans 
underwent volumetric and multi planar reconstruction for detailed 
analysis of the tumor-structures relationship to permit optimal dosi
metry and target calculation. All patients returned to their usual 
activities the day after radiosurgery. 

Results 

Follow up ranged from 3 to 18 months with an 
average of 10 months. Improvement of the symptoms 
was observed in 12 patients, and the symptoms were 
unchanged in 2 patients, progression was observed in 
3 patients. Radiological regression of the tumors was 
observed in eight patients, the lesions were unchanged 
in 2 patients, and progressed in 4 patients. Three patients 
did not have imaging follow-up. Tumor progression 
was noted through the cranial nerves passing by the 
cavernous sinus in two patients who had metastatic 
squamous cell carcinoma. A Nelson's tumor progressed 
in the direction of the optic pathway one year after 
radiosurgery, the radio surgical dose was less than opti
mal close to the optic tract due to a history of previous 
radiation therapy. A patient with a left Meckel's cave 
meningioma invading the cavernous sinus presented 
persistent left trigeminal territory pain. An MRI per
formed 6 months after radiosurgery showed slight en
largement of the tumor. She underwent tumor resection , 
the tumor could be easily removed with the ultrasound 
aspirator. The histopathology disclosed areas of co
agulative necrosis and coloid material accumulation in 
the vascular wall ofthe tumor vessels. The two patients 
with metastatic squamous cell carcinoma underwent 
conventional radiation therapy after progression of the 
disease. 

Discussion 

This study demonstrates that radiosurgery can be 
performed to irregular intracavernous sinus tumors. 
This technique serves as an adjuvant therapy for partial 
resections which are common, and probably should be 
more frequent to avoid severe neurological dysfunction 
after aggressive surgery1 7,18,20. Radiosurgery has been 
previously applied in the treatment of benign tumors5,16. 
However, only recently, after the development of 
radiosurgery techniques that rely upon multiplanar 
and volumetric reconstructions of CT and MRI, as well 

*** Radionics, Inc., Burlington, MA, U.S.A. 
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as multiple isocenters, could irregular tumors or par
tially resected tumors be approached by radio sur-
gery5,7,10,12,14 Add't' I btl' fd . IlOna su e Improvement 0 ose 
distribution based on manipulation of arc weight and 
collimator size allows for avoidance of cranial nerves 
closely related to the tumor or even involved within 
the tumor9. 

Radiosurgery can be applied safely. Patients followed 
closely after radiosurgery can be promptly treated with 
surgical resection or additional conventional radiation 
therapy if necessary. Radiosurgery may in fact facilitate 
surgical resection of difficult tumors because of its abil
ity to cause central tumor necrosis without changes in 
the tumor surrounding tissues. The necrotic central 
core of the tumor can be easily aspirated, facilitating 
the microsurgical detachment of the tumor from the 
important structures in close proximity to or encom
passed by the tumor. This was demonstrated in one of 
our cases operated on after radiosurgery in which the 
tumor was within the cavernous sinus. 

In conclusion, CT and MRI volumetric and multi
planar reconstructions allow for development of radio
surgical plan with selected number of isocenters, col
limator size, arc restriction and selective arc weight 
that offer tailored dose distribution to irregularly shaped 
or partially resected tumors. Patients can have an effec
tive and non aggressive therapy returning promptly to 
their activities. 
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Summary 

Presentation of the experiences with 254 acoustic neurinomas, 
treated at the Karolinska Gamma Knife Center from 1969 to 1991, 
with a minimum follow-up of 12 months .• 

Early loss of contrast enhancement on CT or MRI was seen in 
70%. Unilateral tumours showed size decrease in 55%, no change in 
33%, and increase in 12%. NF 2 tumours had decrease in 33%, no 
change in 43%, and increase in 24%. Some degree of facial weakness 
was seen after 17% of treatments, but always with later improvement 
offunction. The incidence of trigeminal neuropathy was 19%. Preserva
tion of hearing was 77%. 

Gamma knife treatment is as efficient as microsurgery, but without 
risk of infection, bleeding or CSF leak. It requires no hospitalisation. 
The patient can go back to work after a few days. It therefore should 
be oITered as an alternative to every acoustic neurinoma patient. 

Keywords: Acoustic neurinoma; radiosurgery; gamma knife; 
results. 

Introduction 

If somebody had stated some twenty years ago that 
a technique involving irradiation would be used for the 
routine treatment of acoustic neurinomas that person 
would probably have been regarded as insane. Still 
Lars Leksell was successful in introducing Gamma 
Knife radiosurgery for the treatment of acoustic neuri
nomas in 19698

. In recent years a number of reports 
on this treatment has been published2

•
3

•
9

. This presen
tation is based on the experiences gained at the Karo
linska Gamma Knife Center in Stockholm, in the treat
ment of acoustic neurinoma patients during the period 
1969 to 1991. 

Clinical Material and Methods 

Since June 1969,254 acoustic neurinomas were treated and subse
quently followed for a minimum period of 12 months (range 12-206, 

mean 54). There were 193 procedures for unilateral tumours and 61 
for neurofibromatosis 2 (NF2) neurinomas. 

The target was located and defined by means of CT or MRI 
performed with a stereotactic frame attached to the patient's head. 
The planning of the treatment was supported by a computer pro
gramme. By this, the radiation dose to all parts of the tumour and 
the surrounding structures was defined with a high degree of accuracy. 

In the Gamma Knife treatment, the converging gamma beams 
from 201 60Co sources were collimated to a focus giving rise to a 
volume of sharply defined radiation. This volume was made to 
coincide exactly with the target by positioning the patient's head by 
means of the stereotactic frame in the Gamma Knife according to 
the precalculated co-ordinates. The whole radiation was delivered in 
one session usually taking 15 to 25 minutes. The dose delivered to 
the periphery of the tumour was previously usually 18 to 20 Gy 
but was reduced during the last three years of thiS study to 10 to 15 
Gy with a maximum of 15 to 25 Gy at the centre. The patient was 
usually discharged from the hospital a few hours after treatment. 

Aim of Treatment 

It is important to define the goal of the treatment with Gamma 
Knife radiosurgery as compared to microsurgery, since the tumour 
is clearly not removed. 

DiTullio and co-workers ha ve given the following definition of the 
"ideal" result of microsurgery: total tumor removal, normal facial 
nerve activity, and no complications 1. Depending on the approach, 
"preservation of hearing" could be added to this list. 

Our own proposed corresponding definition of the "ideal" result 
of radiosurgery is: no further growth, normal facial nerve activity, 
preservation of hearing, and no complications 1 0. 

Result 

Tumour Size 

An early finding on CT after Gamma Knife surgery, 
seen in 70% of the cases, was loss of contrast enhance
ment starting 6 to 12 months after the treatment (Fig. 1). 
A corresponding decrease of signal was seen on MRI 
with approximately the same frequency. 
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Fig. 1. Acoustic neurinoma with 2.3 cm maximum intracranial diameter at the time of radiosurgery (A), 6 months (8), 11 months (C), and 
30 months (D) after the treatment. Note the loss of contrast enhancement and the ensuing very evident shrinkage 

The unilateral tumours showed decrease of size in 
55%, no change in 33%, and increase in 12%. Half of 
the tumours in this latter group (6%) had a temporary 
swelling with increase followed by decrease at different 
stages offollow-up but usually during the period 12 to 
18 months after the radiosurgery. If adding the tumours 
with decrease to those with no change and temporary 
swelling the response rate could be defined as 94%. The 
situation concerning change of size of the NF2 tumours 
was somewhat different with decrease in 33%, no change 
in 43%, and increase in 24%. Of these latter, one third 
(8%) showed temporary swelling. The percentage of 
NF2 tumours showing response, defined similarly, was 
84%. 

The percentage of tumours showing shrinkage at 

different time intervals in the first 10 years is shown in 
Fig. 2. 

The six percent non-responding unilateral tumours, 
in the majority of cases, showed the signs of continued 
growth two to three and always within five years after 
the treatment. There were no recurrences beyond that 
point in this group. 

The situation for the non-responding 16% NF2 tu
mours was more complex with recurrences sometimes 
as late as ten years after the treatment or even later. 

Facial and Trigeminal Nerve Function 

Some degree of facial weakness was seen after 17% 
ofthe treatments. It was slight in 6% (House-Brackmann 

100,---------------------------------------, 80~------------------------, 

80+-------------------------------

60+---------------------
% 

40 

20 

o 

60 

% 
40 

20 

• DE REAS E 
NO CHA GE 

rn I CREA E 

o 
I YR 2 YR 4 YR 

Fig. 2. Change of tumour size at different time intervals after radiosurgery. The percentage of tumours with decrease, no change, and 
increase within each group is shown. The percentage of unilateral acoustic neurinomas (left) showing shrinkage increases gradually over 
the years. The response of the NF2 tumours (right) is less evident and also less permanent. The 10 years follow-up observations in this 
group were too few to be included 
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grade 2-3) and moderate in 7% (grade 4f It was always 
temporary but in 4% of severe loss of facial nerve 
function (grade 5 to 6), after recovery, the function in 
this group of patients returned to grade 2 or 3. In the 
patients with slight to moderate facial nerve dysfunction 
the final result was grade 1 or in some patients grade 
2 after recovery. 

The total incidence of trigeminal neuropathy was 
19%. It was slight in 12%, moderate in 3%, and severe 
in 4%. 

Most of the cases with trigeminal and/or facial neu
ropathy occurred in two periods, namely in 1975 and 
1988 in connection with new Gamma Knife installa
tions at the Karolinska Hospital. The new units had 
different radiophysical properties as compared to the 
old ones. The number of facial as well as trigeminal 
nerve involvements decreased when this was realised, 
further experience was gained, and measures were taken 
accordingl y. 

In 1990, one patient out of 39 had a slight facial 
weakness lasting for a few weeks giving a total incidence 
of facial nerve involvement of 2.5% in that year. In 
1991, again one case of slight temporary facial weakness 
occurred in 55 treated tumours, giving an incidence 
of 1.8%. No trigeminal neuropathy induced by the 
treatment occurred in these years. 

Hearing 

In patients (132 tumours) with a hearing loss ofless 
than 90 dB pure tone average before the radiosurgery, 
the hearing was unchanged within narrow limits in 
22%, slightly to moderately impaired in 55%, and se
verely impaired or lost in 23% one year after the treat
ment4

. This corresponded to a percentage of ears with 
preserved hearing of 77%. 

Oedema and CSF Circulation 

A reaction around the tumor usually as a thin zone 
of cerebellar peri tumoral oedema occurred in 8% of the 
cases. Clinically these patients usually complained of 
a slight to moderate temporary balance disturbance 
reaching a peak 6 to 12 months after the treatment. The 
oedema was in 4 patients or 1.5% so pronounced that 
it led to a CSF circulation disturbance necessitating a 
shunting procedure12

. 

A more important factor in producing CSF circula
tion problems was the sometimes very pronounced in
crease of the protein concentration caused by the neuri
noma itself. Because of this a shunt operation had to 
be performed in 6% before and 3% after the Gamma 

G. Noren et at. 

Knife procedure. The need of a CSF diversion pro
cedure in these patients was consequently not correlated 
to the radio surgical treatment. 

Discussion 

This study shows that acoustic neurinomas respond 
to single dose gamma irradiation and to a lower dose 
than that necessary to obliterate arterio-venous mal
formations, minimum 20-25 Gyll, and to eradicate 
cerebral metastases, at least 25-30 Gy6. Neurinomas 
may consequently be more radiosensitive than generally 
assumed. 

No growth over 1-2 years or even more may some
times reflect the spontaneous course of an acoustic 
neurinoma. A study by Laasonen and Troupp 7 shows 
that growth occurs in about 90% of untreated tumours 
if followed for a period of 12-24 months. No growth 
of a radiosurgically treated tumour 12 and even more 
so 24 months after the procedure would consequently 
with a high degree of probability reflect a response to 
the Gamma Knife treatment. 

An acoustic neurinoma that does not grow or is not 
extremely large is never a threat to the patient's health 
or life except on those rare occasions when the tumour 
has caused hydrocephalus, usually by increasing the 
CSF protein concentration. A permanent arrest of 
growth is consequently a fully sufficient goal of the 
Gamma Knife treatment. As shown in this study, a 
majority of the tumours, after some time, shows signs 
of shrinkage. 

Conclusions 

Gamma Knife surgery has, since the mid-seventies, 
gradually replaced microsurgery as the main modality 
for the treatment of acoustic neurinomas at our centre. 
It is offered to all patients with a tumour size of less 
than approximately 4 cm. 

The method is as efficient as microsurgery without 
the risks of infection, bleeding, CSF leak, or mental 
depression. The patient can leave the hospital a few 
hours after the treatment and go back to work within 
one or two days. Gamma Knife surgery should be 
offered every acoustic neurinoma patient as an alterna
tive to microsurgery. 
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Summary 

Ninetyseven consecutive patients with primarily inoperable or 
only partially resectable cerebral gliomas have been analysed retro
spectively. Mean tumour surface doses of 70 Gy (low grade gliomas) 
and 56 Gy (high grade gliomas) have been applied with stereotacti
cally implanted Iodine-125 seeds at low dose rates. Patients with a 
glioma grade III or grade IV and permanent seed implantation 
additionally received a fractionated external beam irradiation. With 
mean follow-up times of 55.8 months (glioma grade I), 51 months 
(glioma grade II) and 59.6 months (glioma grade III) the estimated 
mean survival probabilities are 105 months, 102 months and 65.7 
months respectively. In the glioma grade IV group the estimated 
mean survival time has been 15.6 months after continuous interstitial 
irradiation (response rate: 36%). Temporary interstitial irradiation 
in cases with a glioma grade IV (dose rate: 2.1 Gyjday) caused initial 
tumour shrinkage in 77%. Neurological deficits following radiation 
induced vasogenic oedema were reversible in 2 patients and irre
versible in another 2 patients. 6 years after the Iodine-I 25 implantation 
and continuous interstitial irradiation I patient developed a severe 
localised radiation necrosis. 

Keywords: GliDma; interstitial irradiation; radiotherapy; stereo
tactic techniq ue. 

Introduction 

The local cure of cerebral gliomas by surgery alone 
often is precluded by the invasion of tumour cells into 
surrounding, macroscopic healthy brain tissue. Con
sidering, that most gliomas do not metastasize within 
the central nervous system 2 and grow in a circumscribed 
area of the brain3

, alternative treatment modalities are 
logical. To achieve local control with optimal sparing 
of the peritumoural healthy tissue, interstitial irradia
tion with implanted isotopes was established during 
the past 30 years 7.14. 

On the base of a stereotactic device, originally de
scribed by Riechert and Mundinger10 our group has 

developed from 1979 onwards an integrated CT-guided 
and CT-based computerised stereotactic treatment 
planning system for interstitial irradiation with stereo
tactically implanted Iodine-125 seeds 1

•11 - 13 . 110 out 
of 220 patients with inoperable or partially extirpated 
cerebral gliomas, treated with this technique from 1981 
through 1992 were selected for a retrospective analysis. 

Methods and Material 

After fixation of the patient's head in a modified, CT-compatible 
Riechert-Mundinger stereotactic frame 13 and administration of con
trast medium (Solutrast 300R

) a CT-examination was performed. 
CT -data were transfered by magnetic tape into a computer (V AX 
111700 Computer, VAX station VS 3500, Digital Equip. Corp., USA) 
and the tumour borders were outlined manually at the computer 
screen. Determination of target points (tip of the Iodine-125 seeds) 
as well as the treatment planning for interstitial irradiation were 
carried out with a special software described elsewhere 1.1 1.12. 

110 consecutive patients with cerebral glioma, treated since October 
1981 with stereotactic Iodine-125 seed implantation and continuous 
or temporary interstitial irradiation, have been selected for a retro
spective analysis. At the end of the evaluation (March 1992) the 
follow-up times should be at least 2 years (glioma grade I-III) or 18 
months (glioma grade IV) respectively. The lesions of these patients 
were sufficiently demarcated in contrast enhanced CT scans, the 
maximum diameter not exceeding 5 cm. The histopathological diag
noses were established before seed implantation either by stereotactic 
biopsy or partial micro neurosurgical resection. From 1981 through 
1987 the material biopsied stereotactically in our department was 
graded according to the Kernohan ciassification6. Since 1988 the 
WHO grading system has been used l5

• 4 patients were lost to follow
up. 9 patients with a modified treatment schedule (glioma grade 
I-III: temporary seed implantation, glioma grade IjII: combined 
interstitial and external irradiation) were excluded. 

The treatment parameters are listed in Table 1. Patients with high 
grade gliomas and permanent seed implantation additionally received 
external fractionated beam irradiation (boost dose 10-40 Gy) during 
the first three weeks postoperatively in order to increase the dose 
rate to values, equivalent to those achieved with conventional radio-
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Table 1. Characteristics of 97 Patients Treated with Interstitial Irradiation 

Grade I Grade II Grade III Grade IV 

Localization (no. pat.) 
- Hemispheres 
- Dienceph./basal ganglia 
-Brain stem 
-Cerebellum 

Histology (no. pat.) 
-Astrocytoma 
-Oligoastrocytoma 
-Oligodendroglioma 
-Glioblastoma 

Treatment 
Permanent seed implant.: 
- Tumour dose 

-Mean dose rate 

Temporary seed implant.: 
- Mean tumour dose 
- Mean dose rate 

4 
10 

16 

60-110Gy 
(mean: 70 Gy) 
0.8 Gy/day 

23 
5 

22 
4 
2 

therapy. The tumours of 13 patients (grade IV gliomas located in the 
cerebral hemispheres) were treated with temporary interstitial irradi
ation (42-120 days) 

3, 6 and 9 months postoperatively and later on at yearly intervals, 
CT-scans without and with contrast-medium as well as neurological 
examinations have been carried out. Survival was defined as the time 
interval between seed implantation and the end of the retrospective 
analysis (March 1992) or the patient's death. 

Results 

97 evaluated patients (40 females and 57 males) ranged 
in age at the time of seed implantation from 1 to 76 
years with a mean age of 31 years. The tumour locations 
are listed in Table 1. 

The tumour volumes, measured at the day of seed 
implantation, ranged from 0.9 to 150 cc (mean value: 
24.8 cc). 3, 6 and 9 months postoperatively, the tumour 
volumes were reassesed on CT-scans. The patients were
classified into 3 groups: responders (volume reduction), 
stabilized disease (no volume reduction) and nonre
sponders (uninhibited tumour growth). The response 
rates according to this classification are summarized in 
Table 2. 

Figures 1 and 2 show survival curves estimated by 
the method of Kaplan-Meier4

• With a mean follow-up 
of 55.8 months and 51 months the estimated mean 
survival probability is 105 months for patients with a 
glioma grade I and 102 months for those with a glioma 
grade II respectively. Patients with a glioma grade III 
have an estimated mean survival probability of 65.7 
months (mean follow up: 59.6 months). After combined 
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11 
3 

23 
3 

40-70Gy 
(mean: 56Gy) 
0.6 Gy/day 

15 
11 

5 

22 

60Gy 
2.1 Gy/day 

Table 2. Response to Interstitial Irradiation 3-9 Months Postopera
tively 

Stabilized 
Responder disease Nonresponder 
(no. pat.) (no. pat.) (no. pat.) 

Grade I 16/16(100%) 
Grade II 24/28(86%) 1/28 (3%) 3/28(11%) 
Grade III 20/26(77%) 2/26(8%) 4/26(15%) 
Grade IV (perm.) 5/14(36%) 2/14(14%) 7/14(50%) 
Grade IV (temp.) 10/13(77%) 1/13 (8%) 2/13(15%) 

1.0h "'" '" 1_ '---------'-'-'LlL-'-----'-_--'"-----, 
I ___ u 

IlL......liU ___ ..JJJ...lIL_L __ __ ---.l _____ J 

0.8 
>. -.-
.0 

2 0.6 
0 
~ 

Q. 

cu 04 > 
i:: 
::J 

<!l 
0.2 

0
0 

I I I 

2 4 6 8 10 
Time/years 

Fig. 1. Kaplan-Meier representation of the probability of survival 
after Iodine-125 implantation. Solid line: Patients with a pilocytic 
astrocytoma grade I (16 cases). Broken line: Patients with a glioma 
grade II (28 cases). Ticks: Censored patients 
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Fig. 2. Kaplan-Meier representation of the probability of survival 
after lodine-125 implantation. Solid line: Patients with a glioma 
grade III (26 cases). Broken line: Patients with a glioma grade IV (14 
cases, continuous interstitial irradiation). Ticks: Censored patients 

continuous interstitial and fractionated external irra
diation of a glioma grade IV the mean survival time is 
15.6 months. The mean relapse free survival probabilities, 
estimated only for those patients, who responded to 
therapy, are 90.2 months (grade I), 89.9 months (grade II) 
and 79.7 months (grade III) respectively. 

There was neither operative or peri-operative mor
bidity nor mortality. Pre-operatively the Karnofsky 
performance status5 of all patients ranged from 50 to 
100% (mean: 84.4%). The Karnofsky scale was reassesed 
9 months postoperatively. No patient, who responded 
to therapy or had a stabilized disease as documented 
by CT-examinations showed clinical worsening at this 
time. 9 to 24 months after seed implantation in 17 
patients with lo~ grade gliomas and in 15 patients with 
a glioma grade III transient radiation induced vasogenic 
oedema was evident on CT-scans. Concomittantly in 
2 of these patients the Karnofsky performance status 
decreased reversibly. In another 2 patients the worsen
ing of the clinical status has been irreversible. 6 years 
after treatment one other patient (brain stem astro
cytoma, grade III) developed a severe radiation necrosis 
with a progressive midbrain syndrome. 

Discussion 

With mean follow-up times of 55.8 months and 51 
months in this study the mean estimated survival 
probability is 105 months for patients with an astrocy
toma grade I and 102 months for patients with a grade II 
glioma. These results are roughly comparable to the 

J. Voges et al. 

data of Ostertag et al., who reported a 5-years survival 
rate of95% for pilocytic astrocytomas (28 patient) and 
78% for patients with an astrocytoma grade II (69 
cases)9. Mundinger and Weigel estimated a 5-years 
survival rate of 55% for pilocytic astrocytomas and of 
23% for astrocytomas grade II, following stereotactic 
Iodine-125 implantation 8 . 

In our series in 85% of the patients with a glioma 
grade III and in 50% of the patients with a glioma grade 
IV, the combination of continuous interstitial and 
fractionated external irradiation caused local tumour 
control in cases, where cytoreductive surgery and con
ventional radiotherapy have not been feasible. Tumour 
control has been achieved in 85% of patients with a 
grade IV glioma, who had been treated with reduced 
implantation times and thus with higher dose rates. 
Seed implantation as well as interstitial irradiation 
have been well tolerated in our series (no operative or 
peri-operative mortality nor morbidity). Radiation 
induced tumour regression improved the Karnofsky 
performance status in the majority of the patients by 
5-15%. Severe radiation necrosis, which occured in 
one patient (malignant astrocytoma, midbrain) 6 years 
postoperatively, was most probably caused by the rela
tively high dose (Iodine-125: 70 Gy, boost dose: 20 Gy) 
given to this region. 

The following facts make the interpretation of our 
favourable results difficult: The study is retrospective 
without a control group. Most of the patients were 
young, i.e. in a good general condition and showed a 
relatively high Karnofsky score. The latter could have 
influenced our results positively. On the other hand, 
the location of the tumours in functionally important 
areas of the brain must be considered unfavourable 
with regard to prognosis. 

Despite the possible bias due to the above mentioned 
drawbacks of this study our data show the efficacy and 
benignity of low dose rate interstitial irradiation in 
circumscribed deep sited cerebral gliomas. An indis
pensable prerequisite is the use of modern stereotactic 
treatment-planning and implantation techniques, which 
enable the application of any radiation dose to 
an intracranial target volume with the highest pre
cision and an optimal sparing of the surrounding 
tissue 1,ll-13. 
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Interstitial Implant Radiosurgery for Cerebral Metastases 
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Summary 

The effectiveness of interstitial implant radiosurgery (IRS) as an 
alternative or adjuvant treatment to radiotherapy (WBRT) or surgery 
of cerebral metastases remains unclear. 

In a retrospective study (1982-1991) we analysed four therapeutic 
regimes after stereotactic biopsy: IRS with a tumour dose of 60 Gy 
in combination with WBRT (40Gy/5 x 2 Gy/week-38 patients), 
IRS only (tumour dose 60 Gy-22 patients), WBRT only (40 Gy/5 x 
2 Gy/week-49 patients), and IRS only for recurrent cerebral meta
stases (tumour dose 60 Gy-21 patients). Low-activity iodine-125 seeds 
were used exclusively. IRS was performed in the case of circumscribed, 
mostly solitary metastases ~ 4cm in diameter. 

Patients undergoing combined treatment had the best survival, 
with a median survival time of 17 months in comparison with 12 
months after IRS alone and 7.7 months after WBRT. The median 
survival of patients with recurrent metastases after IRS was 6 months. 
A comparison of treatments in the multivariate analysis showed that 
IRS + WBRT was not superior to IRS alone. The metastases could 
be locally controlled in every case. There were no radionecroses 
requiring treatment. Most favourable determinants after IRS or 
IRS + WBRT were a solitary metastasis and a long time interval 
between diagnosis of the primary and diagnosis of the cerebral 
metastases. 

Our results demonstrate the effectiveness of IRS. For a single 
cerebral metastasis, IRS as a minimally invasive method offers major 
advantages. 

Keywords: Cerebral metastases; interstitial implant radiosurgery; 
radiotherapy; radiosurgery. 

Introduction 

The value of radiosurgical methods (linear accelerator 

radiosurgery, interstitial implant radiosurgery) in the 

treatment of cerebral metastases alone or in combinat
ion with percutaneous radiotherapy (WBRT) has yet 
to be determined. In a retrospective study carried out 
between 1982 and 1991 the effectiveness of interstitial 
implant radiosurgery (IRS) and WBRT, either alone or 

in combination, was analysed. 

Material and Methods 

Between 1982 and 1991, the diagnosis of cerebral metastasis was 
confirmed by CT-guided biopsy in 410 patients. All patients after 
IRS or IRS + WBRT and all patients with available complete follow 
up after WBRT and an identical radiotherapeutic regime were included 
in this study. Patients with supportive therapy only were not analysed. 
The following treatment regimes were completed: 

1. IRS alone with a tumour dose of 60 Gy (22 patients); 
2. IRS and WBRTwith a local tumour dose of60Gy and subsequent 

radiotherapy with 40Gy (5 x 2 Gy/week) (38 patients); 
3. WBRT alone for multiple or poorly circumscribed metastases 

with a diameter of > 4 cm (49 patients) (40 Gy/5 x 2 Gy/week); 
4. IRS alone as treatment for recurrent disease confirmed by biopsy 

after previous operation and WBRT (tumour dose 6OGy) (21 
patients). IRS or IRS + WBRT were performed for patients with 
circumscribed mostly solitary metastases with a diameter ~ 4 cm. 
With the increase in clinical experience and the regular use of 
improved imaging techniques (MRI), since 1988 there has been a 
growing tendency to perform IRS alone. 

Sources and Dosimetry 

Low-activity iodine-125 seeds· were used exclusively. IRS was 
carried out using temporary implants. For clinical use the calculated 
dose ranged between 60Gy and lOOGy (Table I). This dose was 
calculated to accumulate at the outer rim of the tumour as defined 
by contrast enhancement of the CT scan and serial biopsy. In 18 
patients two seed implantations were carried out due to two confirmed 
cerebral metastases. 

Results 

The present series includes 130 patients with multiple 

or single metastases with a mean follow up period of 
17 months (Tables 2a and b). The median survival time 
was 17 months after IRS and WBRT (1 censored event), 

• Model 6702-Amersham Buchler GmbH. 
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Table 1. Distribution of Characteristic Parameters for IRS 

Tumour-radius (mm) 
mean (median) 
SD 

Tumour-volume (ml) 
mean (median) 
SD 

Dose-rate (cGy/h) 
mean (median) 
SD 

Total dose (GY) 
mean (median) 
SD 

15 (15) 
5.4 

16.5(13) 
15.6 

7.0(7.2) 
1.5 

65(60) 
13.2 

12 months after IRS (2 censored events), and 7.7 months 
after WBRT (4 censored events). The median survival 
after local treatment of recurrent disease was 6 months 
with a total median survival of 17 months (Fig. 1). 12 
patients with a metastasis from a malignant melanoma 
had a median survival of 16 months after IRS or IRS + 
WBRT, 15 patients with hypernephroma metastases 
survived 18.5 months. 

Prognostically favourable factors in the multivariate 
analysis after IRS and IRS + WBRT were a latency 
period ~ 1 year (time interval between diagnosis of 
primary tumour and cerebral metastasis) p < 0.001), a 
solitary cerebral metastasis (p < 0.001), a Karnofsky 
score (KS) of ~ 70 (p < 0.05) and absence of disse
minated disease (p < 0.05). The prognosis for lung cancer 
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Fig. 1. Survival plots after IRS + WBRT (series 1), IRS alone (series 2), 
WBRT alone (series 3) and after IRS as treatment for recurrence 
(series 4). Significant differences between plot 1 and 3 (p < 0.01) 
and between plot 1 and 2 (p < 0.05) (Kaplan-Meier Test-Lee-Desu
Statistic) 

Table 2b. Primary Tumours 

Primary 

Primary unknown 
Hypernehphroma 
Bronchial-carcinoma (non small cell) 
Melanoma 
Gastro-intestinal 
Uterus/ovary 
Breast 
Thyroid gland 
Total 

No. 

7(5.4%) 
26(20.0%) 
54(41.5%) 
16(12.3%) 
11(8.5%) 
2(1.5%) 

11(8.5%) 
3(2.3%) 

130(100%) 

Table 2a. Distribution of Important Clinical Variables in the Treatment Subgroups 

IRS+ WBRT IRS WBRT IRS Recurrence No. 
treatment 

Age (years) 
mean (median) 51 (55) 59(59) 57(59) 47(47) 57(57) 
SD 11 10 11 9 11 

KS 
mean (median) 72(80) 70(80) 68(70) 70(70) 70(70) 
SD 18 18 15 17 16.7 

Latency (months) 
mean (median) 34(17) 23(17) 13(1) 46(29) 26(9) 
SD 42 28 25 47 37 

Size (mm) 
mean (median) 32(30) 22(15) 30(25) 32(35) 29(30) 
SD 13 11 14 13 13 

Primary No. 
localized 12 13 24 15 64 
disseminated 26 9 25 6 66 

Metastases 
single 35 19 17 9 80 
multiple 3 3 32 12 50 

Localisation 
lobar 27 15 38 16 96 
non-lobar 11 7 11 5 34 
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was worse than for other primary tumours (p < 0.01). 
IRS + WBRT was not superior to IRS alone in the 
multivariate model. 

In the subgroup of patients receiving WBRT the 
presence of a solitary metastasis was the most favour
able factor. 

Follow-up 

75% of all the patients showed improvement or stabi
lisation of their KS three months after the end of treat
ment. This was observed more frequently after WBRT 
+ IRS than after WBR T (p < 0.05). There were no 
differences between IRS + WBRT and IRS alone with 
regard to the follow-up. No patient died from the locally 
irradiated metastasis. The treated metastasis could be 
locally controlled in every case (in eight patientsnot 
until re-implantation with a total tumour dose of 100 Gy.) 
No patients suffered radionecrosis requiring treatment. 
In 10 patients receiving IRS alone WBRT was performed 
after a latency period (median: 6 months) because of 
confirmed multiple cerebral metastases. 

Discussion 

The treatment of choice for patients with multiple 
or poorly circumscribed metastases is percutaneous 
radiotherapy. Sixty-seven percent of this subgroup 
showed an improvement or stabilization of the KS 
three months after completion of WBRT. This was 
in accordance with the results reported in the litera
ture2

-
5

. The results after IRS are not comparable 
with those after WBRT. With IRS a calculated radio
necrosis is induced with consecutive removal by macro
phage activity. This explains why IRS is considered 
a surgical rather than a radiotherapeutic procedure6

. 

The indications for surgery and IRS are similar. 
According to the results of regression analysis, the 

patients with brain metastases most likely to benefit 
from IRS are those with a single, well-circumscribed 
lesion, a latency period of ~ 1 year, absence of disse
minated disease and a KS ~ 70%. Median survival of 
~ 12 months after IRS was in agreement with the 
results after surgery and WBRT reported in the litera
ture7

,9. IRS + WBRT was not superior to IRS only in 

multivariate analysis. This finding was remarkable since 
most studies found an important influence of WBRT 
on survival after surgeryl0. Therefore, it would seem 
that local control of the metastasis is more likely to be 
achieved using IRS than surgical extirpation. In the 
present study low-activity IRS controlled the growth 
of brain metastases regardless of tumour histology, 
prior treatment, or resistance to WBRT without any 
radionecrotic complications. This was in contrast to 
other studies using high-activity IRS1,8. IRS alone as 
a minimally invasive method has strong advantages. 
Whether surgery or IRS is indicated for surgically 
accessible metastases is a controversial issue. 
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Summary 

This study evaluates the treatment of intracerebral brain metas
tases with single dose stereotactic radiosurgery in comparison to 
stereotactic fractionated radiotherapy (SFR). Twenty six patients 
with 41 lesions were evaluated. Thirty four lesions in 19 patients were 
treated with radiosurgery, and 7 lesions in 7 patients were treated 
with SFR. The radiosurgery group was treated with an average 
number of isocenters of 1.4, and an average of 9 arcs. The average 
dose was 2140cGy delivered to the 70% isodose line. The average 
volume of the lesions was 5.22 cc. The SFR group lesions received a 
mean dose to the indicated area delivered by 4 to 6 coplanar fields. 
The dose was 600 cGy per fraction, 2 to 3 fractions were given. The 
average volume of the treated lesions was 21.2 cc. 

Follow-up extended from 2-18 months. Twenty five lesions of the 
radiosurgery group had image follow-up. The overall local control 
was seen in 92% of the patients. Six lesions of the SFR group had 
image follow-up, the local control was 83%. The small number in 
each group, the non-randomized nature of the study, and the rela
tively short follow-up preclude a definitive conclusion. 

SFR may be the method of choice for large lesions surrounded by 
significant edema. The delivery of the dose in large fractions may 
obviate the transient acute reactions seen when radiosurgical dose 
is delivered to large lesions surrounded by edema. However, both 
forms of therapy have proven to be effective in the control of brain 
metastases. 

Keywords: Stereotactic radiosurgery; radiation therapy; metas
tases. 

Introduction 

The natural history of a brain metastases gives a 
median survival of 1.2 months 11. The addition of con
ventional whole brain radiation therapy can extend 
patients life to a median of six months2

•
5

,6. Recurrence 
in the brain was the cause of death in 30-50% of the 
patients8. The surgical resection of a solitary brain 
metastasis followed by partial or whole brain radiation 

therapy has increased the patients survival to 9 months4
, 

and decreased the brain relapse rate from 85% to 
21%10. These conclusions were further validated with 
a randomized trial in which surgery and radiation 
therapy were compared to radiation therapy alone9

, 

This study revealed a significant increased survival in 
the group that received surgery and radiation therapy, 
The combined modality group also had an increase in 
the time spent in good functional condition9

, However, 
many patients with brain metastatic disease do not 
undergo surgery because of medical infirmity, tumor 
location or tumor multiplicity, Therefore, radiosurgery 
has been applied for brain metastases 1,3, Adler et ai, 
showed 50% of the lesions to be reduced, 29% of the 
lesions to disappear, and 12% of the lesions to be 
stabilized in a mean follow-up of 5,5 months 1

, Coffey 
et al. also revealed good radio surgical local control, 
53% of the lesions disappeared or became smaller, and 
29% of the lesions remained unchanged3, These encour
aging results led to this cooperative study which reviews 
results of single dose radiosurgery in comparison to 
results of radiation therapy followed by fractionated 
stereotactic radiation boost. 

Materials and Methods 

Stereotactic radiosurgery was performed at the University of Cali
fornia, Los Angeles, U.S.A., and stereotactic fractionated radiation 
(SFR) was performed at the University of Umea, Sweden. Twenty 
six patients were studied. There were 12 females and 14 males. Forty 
one lesions were treated, 34 with radiosurgery and 7 with SFR. There 
were 24 adenocarcinoma, 7 melanomas, 7 renal cell carcinomas, 2 
squamous cell carcinomas, and one retinoblastoma. Both treatment 
groups underwent stereotactic CT-scan localization and sometimes 
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MRI was also obtained to further define the lesions. A Philips SRS from 80 to 90%. All patients in the SFR group received stereotactic 
200 system and the BRW frame were used for the radiosurgery radiation as a boost to conventional whole brain radiation therapy. 
group. The SFR group was treated using the Laitinen stereo adapter This group of patients had a follow-up CT scan at two to six months 
guidance and a BBC Dynaray linear accelerator. The volume of the (Table 2). 
lesions in the radiosurgery group ranged from 0.09 cc to SI.84 cc with 
an average ofS.2cc. Each lesion received an average of2140cGy with 
a range of ISOOGy to 3000cGy. This dose was delivered to the 

Results margin of the lesion at a mean isodose line of70%, ranging from SO% 
to 9S%. An average of 1.4 isocenters, (range 1-4),9 arcs (range 6-20), 

The follow-up extended from 2 to 18 months. Radio-and a 20mm diameter collimator (range 7 - 32) were applied (Table 1). 
The procedure was completed in one day and the patients went home surgery controlled 92% of the lesions, i.e., 72% decreased 
following removal of the stereotactic frame. The patients were seen in size and 20% remained unchanged. Lesion progres-
in follow-up in 2-4 weeks and every two months thereafter. Scans 

sion was seen in 8% of the patients. Four patients pre-were obtained at three month intervals or when there was a question 
of recurrence, at which time positron emission tomography or a sen ted with metastases to other areas ofthe brain during 
thallium scan was also obtained. the follow-up. Temporary side effects were headache in 

The SFR group lesions volume ranged from II.S cc to 42.3 cc with one patient, and nausea and vomiting in another. One 
a mean of 21.2 cc. The dose to the target was defined as the mean 
dose to the indicated target area. Table 2 shows the characteristics patient with a prior history of seizures had one seizure 
of the patients. The patients were irradiated in 2 to 3 sessions. At episode following radiosurgery. One patient had enlarge-
each session the Laitinen stereoadaptor with lateral target plates was ment of his lesion with central necrosis, a thallium scan 
mounted to the patient's head and locked to the linear accelerator 

was negative, his lesion was not scored as progression. table. The target dose was 600 cGy delivered by 4 to 6 coplanar fields. 
The marginal dose was delivered to the 8S% isodose line, ranging Four patients had distant failure. Three of the patients 

Table I. Treatment Characteristics of Radiosurgery Patients 

Patient Age Sex Diagnosis Location of lesion Irradiation Status Maximum Prescribed Prescribed 
number history dose dose isodose line 

S8 F renal temporal 3000cGy alive 210ScGy 2000cGy 9S% 
basal ganglia 4000cGy 2000cGy SO% 

2 SO F lung temp./parietal SI40cGy dead 2S00cGy ISOOcGy 60% 
3 4S F melanoma hippocampus 4000cGy dead 2100cGy 2000cGy 9S% 
4 4S M melanoma parietal 37S0cGy dead 2778cGy 2S00cGy 90% 

frontal temporal 6000cGy 3000cGy SO% 
temporal 6000cGy 3000cGy SO% 

S 60 M lung frontal no alive 2778cGy 2S00cGy 90% 
temporal 2778cGy 2S00cGy 90% 
frontal 2778cGy 2500cGy 90% 
occipital 4000cGy 2000cGy 50% 
temporal 4000cGy 2000cGy 50% 
temporal 5000cGy 3000cGy 60% 
temporal 4000cGy 2000cGy 50% 

6 34 M melanoma frontal 4000cGy alive 2353cGy 2000cGy 60% 
frontal 2353 cGy 2000cGy 60% 
temporal 2353cGy 2000cGy 60% 

7 58 F breast frontal 4500cGy dead 2222cGy 2000cGy 90% 
8 57 M lung occipital 7800cGy dead 2727cGy 1500cGy 55% 
9 44 F lung post. fossa 3000cGy alive 2727cGy ISOOcGy 55% 

10 75 M base of tongue cavernous sinus no alive 3600cGy 1800cGy SO% 
II 65 M lung cavernous sinus 4000cGy alive 4400cGy 2200cGy 50% 
12 51 F breast frontal 4400cGy dead 3600cGy 1800cGy SO% 

frontal 3600cGy 1800cGy 50% 
cerebellar 3600cGy 1800cGy 50% 

13 71 F lung basalganglia 4400cGy dead 5000cGy 2S00cGy 50% 
14 50 M renal frontal no alive 6000cGy 3000cGy 50% 
15 73 M prostate petrous apex no alive 3600cGy 1800cGy 50% 
16 79 M lung cerebellar 4000cGy dead 4000cGy 2000cGy SO% 
17 60 M parotid cavernous sinus neutrons alive 4000cGy 2000cGy 50% 
18 49 F renal occipital 5000cGy alive 2667cGy 2000cGy 75% 

cerebellum 2667cGy 2000cGy 75% 
temporal 2667cGy 2000cGy 75% 

19 60 M lung posterior fossa no dead 4000cGy 2000cGy SO% 
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Table 2. Treatment Characteristics of Stereotactic Fractionated Radiation Patients 

Patient Age Sex Diagnosis Location of lesion Irradiation Status Dose IDL* 
number 

1 68 M lung parietal 
2 62 F lung temp-par 
3 68 F breast parietal 
4 39 M renal caudatus 
5 63 F retinoblastoma parietal 
6 61 F breast frontal 
7 60 M esophageal putamen 

* Isodose line. 

had previous whole brain radiation therapy. One patient 
was referred for conventional whole brain radiation 
therapy following his failure. The survival to date in 
the radiosurgery group is eight months, ranging from 
2 to 18 months. Eleven patients are alive and eight have 
died. Three of the patients died secondary to central 
nervous system (CNS) disease and five died of systemic 
disease. 

Total regression was seen in three of the six patients 
who had imaging studies in the SFR group, one lesion 
decreased in size, one lesion had central necrosis, one 
lesion progressed. Two of the patients died secondary 
to their CNS disease and five died secondary to systemic 
disease. The average survival from time of treatment 
was seven months. Summary of the results is shown in 
Table 3. 

Discussion 

Radiosurgery and stereotactic fractionated radiation 
play an important role in the treatment of brain metas
tases, either as a boost after whole brain conventional 
radiation therapy or at the relapse after surgical resec
tion followed by whole brain irradiation. Patients that 
cannot benefit from surgical resection due to medical 
infirmity, multiplicity of lesions or lesions located in 
areas of difficult surgical approach can be helped with 

Table 3. Imaging Follow-up 

Radiosurgery· SFR b 

Decreased 
Unchanged 
Progression 

18(72%) 
5(20%) 
2(8%) 

5(83%) 
1(17%) 
o 

• In the radiosurgery group 25/34 lesions had post radiosurgery 
imaging. 

b In the stereotactic fractionated radiation group 6/7 lesions had 
post SFR imaging. 

history (Gy) (%) 

3400cGy dead 3 x 6 80 
3300cGy dead 2x6 90 
2700cGy dead 3x6 90 
2700cGy dead 2x6 80 
2900cGy dead 2x6 80 
1800cGy dead 3x6 80 
2700cGy dead 3 x 6 80 

radiosurgery of SFR. Radiosurgery has been shown to 
prolong patient's survival with a good quality of life 7 . 

This study shows that radiosurgery compares favor
ably to SFR. The survival in the radiosurgery group is 
longer than that of the SFR group, this may be second
ary to the larger size of the lesions in the SFR group. 
The nature of the study and the number of patients 
preclude definitive conclusions. The two failures in the 
radiosurgery group occurred in patients with metas
tases of squamous cell carcinoma to the cavernous 
sinus: Prior to treatment, the lesions were tracking 
along the cranial nerves, and continued to track along 
the cranial nerves outside of the treatment area after 
radiosurgery. Therefore, radiosurgery may not be indi
cated in the treatment of metastatic disease to the 
cavernous sinus, unless there is no other medical option 
available. This preliminary study suggests that it may 
be beneficial to treat the large lesions with surrounding 
edema with SFR to avoid transient acute reactions 
frequently seen when radiosurgery is performed to a 
large volume. 
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Summary 

The preliminary results obtained in 19 patients treated with inter
stitial irradiation for malignant gliomas are reported. Three different 
groups are included in the study: I Newly diagnosed tumours not 
suitable for surgery: 13 cases (10 anaplastic astrocytomas (AA) and 3 
glioblastomas (GBM), mean volume 46.56cc, source Ir 192) were 
implanted permanently (n = 11, mean peripheral dose 93.54Gy) or 
temporarily (n = 2, 50 Gy = 0.5 Gy /hr). External beam irradiation 
was additionally applied in all cases. II Residual or recurrent tumours: 
5 patients (2 AA and 3 GBM, mean volume 7.2 cc, source Ir 192) 
received temporary implants (150Gy peripheral dose = 1.5 Gy/hr) 
after surgery and conventional radiotherapy. III Newly diagnosed 
surgically removable tumours: only one patient with AA (15 cc 
volume, source Ir 192) received temporary implantation with the 
same dose regimen used in Group II before surgery and external 
beam irradiation. 

A median survival time of 26.75 mos (34.62 mos for AA, with 3 
long-term survivors) was observed in the patients of Group 1. Three 
patients of Group II are still alive after 8, 12 and 12 mos after 
brachytherapy, the other 2 (GBM) survived 7 and 12 mos. The single 
patient so far included in Group III is still alive after 6 mos. 

Although the study is still in progress, these preliminary data seem 
to indicate that interstitial radiotherapy can be effective in prolong
ing survival of patients with malignant gliomas. 

Keywords: Malignant gliomas; interstitial irradiation; brachy
therapy. 

Introduction 

The advantage of interstitial irradiation for malig
nant gliomas is that a high radiation dose is delivered 
to the hypoxic as well as to the infiltrating peripheral 
cells, i.e. to the elements which lead to fatally local 
recurrence or progression1.2. Accordingly, it has been 
proposed either as an alternative to surgery in nonresec
table tumours 7 - 10 ,12,15, as irradiation of residual/ 
recurrent neoplasms3 - 5,8,16 or, more recently, as a 
neo-adjuvant "up-front" procedure6 ,14. 

We report here the preliminary results obtained in 
a series of 19 patients harbouring cerebral malignant 
gliomas who have been treated with brachytherapy. 

Clinical Material and Methods 

Brachytherapy as Alternative Treatment to Surgery 
(Group J) 

Thirteen patients with malignant brain tumours which, because 
of their location, were not considered for surgical removal, received 
interstitial irradiation followed with external beam irradiation. The 
main characteristics of the treated patients are outlined in Table 1. 
In all cases the histological diagnosis was obtained by means of serial 
stereotactic biopsies, also aimed at verifying the tumour borders 13. 

The sources were implanted permanently in 11 patients and tempo
rarily in the other two. Multiple evenly spaced implants were used 
whenever possible. The Talairach stereotactic system, upgraded with 
personal accessories for polar and orthogonal approaches 11, was 
used for both biopsy and implant. Minimum peripheral dose ranged 
from 70 to 110 Gy (m = 93.54) in the permanent implants and was 
50 Gy (0.5 Gy/hr) in the two patients treated with temporary irradia
tion. External beam irradiation (35-50Gy, 1.8 Gyjfr) was applied to 
a second target volume extending 2 cm beyond the tumour borders 

Table I. Group I (n = 13) 

Histology 
Anap\. astrocyt. 
Glioblastoma 

Sites 
Hemisphere 
Thalamus/basal ganglia 

Target volume (cc) 

Age (yrs) 

Karnofsky score 

10 
3 

8 
5 

14.1-113 
(m =46.56) 
26-68 
(m =43.35) 
0.70-0.80 

(m =0.77) 
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treated with brachytherapy: it was begun 60-90 days after permanent 
implants and 2-3 weeks after the removal of temporary implants. 
Position of the implanted isotopes and isodose curves was tridimen
sionally checked both intraoperatively (stereotactic radiograms) and 
postoperatively (CT scan) to obtain the final dosimetry. 

Brachytherapy for Residual or Recurrent Tumours 
(Group II) 

Five patients previously subjected to surgical removal and external 
beam irradiation for malignant gliomas (2 anaplastic astrocytomas 
and 3 glioblastomas) underwent interstitial radiotherapy for residual 
or recurrent disease. All tumours were well outlined on CT or MRI, 
their volume ranged from 4.2 to 14 cc (m = 7.2 cc). All patients received 
temporary irradiation with multiple, parallel and evenly spaced 
implants (Iridium-l92 wires). A tumour dose of 150Gy (1.5 Gyjhr) 
was applied to the peripherally enhanced zone, corresponding to 
50 Gy (0.5 Gy jhr) at 1 cm distance from it. 

Neo-Adjuvant ("Up-Front") Brachytherapy 
(Group III) 

A new protocol has recently been developed for the treatment of 
malignant cerebral tumours, in which brachytherapy is scheduled 
before surgical removal and external beam irradiation. The aim of 
this protocol is to deliver high levels of radiation dose to the tumour 
and to the infiltrated periphery (BAT). Only one patient with ana
plastic astrocytoma (volume 15 cc) has been entered so far in this new 
protocol. Brachytherapy was given with the same dose regimen and 
methodology used for Group II. Subsequent surgery was aimed at 
the removal of the entire volume included by the 50 Gy isodose 
delivered with brachytherapy and was followed by external beam 
irradiation (50Gy, 1.8 Gyjfr) on an additional area extending 2cm 
from the resected borders. 

Results 

Group I 

The follow-up of the 13 cases of this group ranged 
from 7 to 80 months (m = 35.40). Three patients with 
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anaplastic astrocytomas are still alive 81, 84 and 92 
months after brachytherapy. The survival estimates for 
the entire group show a survival probability of 72.73% 
(± 13.43) at 11.5 months, of 54.55% (± 15.01) at 22.75 
months and of 27.27% (± 13.43) at 35.25 months. The 
median survival time is 26.75 months (Fig. la). If only 
the 10 anaplastic astrocytomas are considered, the sur
vival probability rises to 75.00% (± 15.31) at 22.75 
months and to 37.50% (± 17.12) at 35.25 months. The 
median survival time of this subgroup is 34.62 months 
(Fig. Ib). The mean score of Karnofsky performance 
status before the treatment was 0.77, it increased to 0.86 
during the first year, ranging thereafter from a maximum 
of 0.73 at 24 and 36 months from treatment to a mini
mum of 0.63 in the patients still alive at 48 and 60 
months (Fig. 2). Six patients of this group developed 
radionecrosis within 1 year of treatment: four of them 
required surgical decompression, while the other two 
were well controlled with steroids. 
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Fig. 2. Group I: Trend ofthe KPS (mean value) after brachytherapy 
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Fig. I. Group I: Actuarial survival curve of the whole series (a), and of anaplastic astrocytomas (b) after brachytherapy. (a) Median survival 
time 26.75 months, (b) 34.625 
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Group II 

The few cases so far included in this group do not 
allow any actuarial estimate of survival. Two patients, 
both with glioblastomas, survived 7 and 12 months 
after brachytherapy (12 and 24 months after surgical 
removal); the other three (1 glioblastoma and 2 anapla
stic astrocytomas) are still alive 12, 8 and 12 months 
after interstitial irradiation (18, 28 and 40 months after 
surgical resection). Clinicoradiological signs of radio
necrosis did not appear in any patient, all of them 
maintained a Karnofsy score between 0.70 and 0.80. 

Group III 

The single patient treated so far is still surviving after 
6 months and is in excellent clinical condition. 

Discussion 

The use of interstitial radiotherapy for malignant 
cerebral tumours was first proposed by European neu
rosurgical groups as alternative treatment to surgery in 
nonresectable tumours 7 -1 0.12.15. In the series reported 

by Mundinger 7 the mean survival was 248 (± 205) days 
for glioblastomas (n = 62), 724 (± 502) days for anapla
stic astrocytomas (n = 43) and 904 (± 554) days for 
anaplastic oligodendrogliomas (n = 25). Survival rates 
reported by Szikla 15 indicate a 5-year probability of 
55% in 7 grade III and 19% in 9 grade IV gliomas. 
These data are consistent with those of Rougier9

, who 
quotes 5-year median survival time in 12 anaplastic 
astrocytomas. However, the personal classification cri
teria followed by the French school make their results 
hardly comparable with those of the other groups, 
including ours. A survival probability of 37.5% at 3 
years (m.s.t. 34.6 mos) for anaplastic astrocytomas with 
three long survivals seems noteworthy, despite the small 
number of patients so far included in our series. 

Much attention has to be paid, however, to the risk 
of radionecrosis, which developed in the 46% of our 
cases. Smaller volumes should be considered for brachy
therapy ( < 15 cc), especially when surgical removal is 
problematic. 

A median survival time of 18 mos has been reported 
by Mundinger8 in 42 recurrent malignant gliomas, with 
78% of patients alive after 2 years. The use of interstitial 
radiotherapy in the treatment of recurrences has recently 
gained remarkable consideration, particularly in the 
United States. In the 41 recurrent malignant gliomas 
treated by Gutin4

,5 a median survival time of 35 weeks 

for glioblastomas and 153 weeks for anaplastic astro
cytomas was observed; survival longer than 3 and 4 
years was reached in 10 and 4 anaplastic astrocytomas 
respectively. More recently, a survival rate of 60% at 
12 months and of 25% at 24 months postimplantation 
was reported by Willis 16 in 17 cases, and a median 
survival time of 44 weeks in the 18 patients treated by 
Bernstein3

. Our experience in the treatment of recur
rences with brachytherapy is only in its beginning stage: 
a cumulative survival of 18 and 24 months and of 28 
and 41 months has been achieved in 2 glioblastomas 
and 2 anaplastic astrocytomas, respectively, with three 
patients still surviving. Radionecrosis was not observed 
in any case, probably due to the small volumes treated 
(m = 7.2cc). 

No comments are possible at the present time on the 
use of brachytherapy as neoadjuvant (up-front) treat
ment, due to the scarcity of data in the literature6

,14 

and to the single case to date included in our protocol. 
In conclusion, the results so far reported, though 

from single series, seem to indicate that interstitial 
radiotherapy can playa useful role in prolonging sur
vival of patients harbouring malignant gliomas. How
ever, a rigid selection of patients entering the different 
protocols together with the development of randomized 
and multicenter studies are still required to validate its 
efficacy. 
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Input and Abnormal Central Processing 
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Summary 

A review is given on the pathogenesis of peripheral neuropathic 
pain. Central neuropathic pain resulting from damage of the spinal 
cord or brain is not covered. 

The following conclusions are proposed. At the time of peripheral 
injury, an abnormal injury discharge may be sufficient to produce 
long term changes in the excitability of the spinal cord and/or an 
excitoxic death of dorsal horn neurons. These acute changes might 
set the scene for the maintenance of sensory disorders both as a result 
of an ongoing ectopic input, which might persistently induce a state 
of central sensitization and for a structural reorganization of the 
synaptic connections of the dorsal horn. The implications of these 
findings is that it may be possible to prevent some of the long term 
consequences of nerve damage, that the treatment at the time of 
injury may need to be quite dilTerent for that required later, and 
finally that treatment directed only at the periphery may be insuffi
cient to eliminate the sensory disturbance of chronic neuropathic 
pain. 

Keywords: Peripheral nerve lesion; neuropathic pain; pathophys
iology; prevention. 

Neuropathic or neurogenic pain is that pain deriving 
from a lesion to or disorder of the nervous system. 
Although patients with neuropathic pain typically pre
sent with a characteristic set of sensory disorders inde
pendent of the cause; a constant scalding or burning 
pain, a partial loss of sensitivity, tactile or cold allodynia 
and hyperpathia to repeated stimulation, it is necessary 
from a pathophysiological perspective to classify the 
pain anatomically. This article will review the patho
genesis of peripheral neuropathic pain. Central neuro
pathic pain resulting from damage to the spinal cord 
or brain will not be dealt with. 

Peripheral neuropathic pain includes a number of 
diverse conditions, the commonest of which are; 
trigeminal neuralgia, postherpetic neuralgia, painful 
diabetic neuropathy, the reflex sympathetic dystrophies 

including causalgia, mononeuropathies and peripheral 
nerve injury. Dorsal root avulsion injuries represent a 
transitional condition between peripheral and central 
neuropathic pain. The time course, pattern and nature 
of the sensory disorders differ between the different 
conditions, but even within a single condition, the pre
sentation varies from patient to patient. Although pro
gress is being made in understanding the pathophysio
logical processes involved, there remain problems with 
laboratory investigations into a syndrome, the suscepti
bility of which in individual patients is low. Only an 
extremely small number of patients with soft tissue 
injury develop a full-blown reflex sympathetic dystro
phy, the number of patients who have causalgia after 
traumatic peripheral nerve injury is also very low and 
there are no accurate predictors for establishing which 
patients with herpes zoster are likely to develop intract
able postherpetic neuralgia. 

It is widely accepted that the treatment for peripheral 
neuropathic pain is generally inadequate5

,6. For those 
patients with a demonstrable sympathetic component, 
i.e. sympathetic maintain pain9

, interruption of the 
sympathetic nervous system, surgically, with a local 
anaesthetic or pharmacologically, remains the major 
approach. However, in some patients at least, sympa
thetic involvement may be transient 5

. Non-surgical 
treatment including anticonvulsants, antidepressants, 
calcium channel blockers, steroids, topical aspirin or 
capsaicin, physiotherapy and transcutaneous nerve 
stimulation, have potential benefit for a period6

. Surgical 
intervention in the periphery is more controversial, in 
many cases it is ineffective or may worsen the situa
tion2 1.35,36. Dorsal root entry zone lesions, anterolat
eral cordotomy and central stimulation have been con-
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sidered, but seem to be appropriate only for patients 
with a disabling pain, refractory to all other treatments 
and usually associated with a terminal disease or limited 
life expectancy. 

Improvements in our understanding of the patho
genesis of peripheral neuropathic pain may lead to im
provements in its management. Unfortunately multiple 
mechanisms may operate with different time courses 
and treatment might have to be directed at different 
sites at different times. Two general mechanisms appear 
to operate to produce neuropathic pain; abnormal 
peripheral input and abnormal sensory processing, 
although the latter may in some situations be contin
gent on the former. The two mechanisms are likely to 
co-exist. 

Abnormal Peripheral Input 

1) Acute Injury Discharge 

Damage to a peripheral nerve initiates an acute injury 
discharge in the axotomized afferent fibres 33. This acute 
injury discharge lasts for tens of seconds and is due to 
a sudden depolarization of the peripheral membrane 
consequent on ionic shifts. Because the discharge will 
involve many, if not all of the axotomized afferents, an 
enormous and highly abnormal input will enter the 
CNS. Apart from producing intense and excruciating 
pain, such input appears to produce long-lasting changes 
in the dorsal horn. The evidence for this is that animal 
models of neuropathic pain are prevented if a local 
anaesthetic is administered topically prior to damage 
to a nerve 18,24. 

Brief afferent inputs now have the capacity to produce 
relatively long lasting changes in excitability34,37 as 
a result of the summation of C-fibre mediated slow 
synaptic potentials in the spinal cord36. The summation 
operates via glutamate acting on the N-methyl-D
aspartate and (NMDA) receptors36 although neuro
peptides may also be involved. Activation of the NMDA 
receptor results in calcium entry into the cell which can 
directly activate protein kinases, although substance 
P and other neuropeptides can also activate kinases 
through other second messenger systems. The activated 
protein kinases produce a number of changes in the 
neurone, including phosphorylating ion channels, such 
as the NMDA receptor ion channel 11

. Blocking the 
NMDA receptor with specific antagonists eliminates 
the summation of slow potentials36, the excitability 
increase produced by afferent input40 and neuropathic 
pain14,25. The excitability increases produced by brief 
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electrical stimulation of a peripheral nerve, however34 

only lasts for an hour or so. How could such changes 
contribute to persistent neuropathic pain. One possi
bility is that the NMDA receptor mediated change in 
second messengers may have consequences other than 
just the short-lived phosphorylation of receptors orion 
channels. Nerve injury results, for example in the per
sistent increase in the expression of the immediate
early proto-oncogene C_fOS 12,26, which may control 
the expression of a variety of late effector genes. This 
could result in a maintained increase in excitability way 
beyond the initiating input, in a manner analogous to 
the synaptic plasticity in the hippocampus that is thought 
to determine memory and learning. Alternatively 
NMDA receptor activation might lead to an excitotoxic 
effect on dorsal horn neurones leading to cell death4. 
If a selective death of inhibitory interneurones occurred, 
this would result in a permanent disinhibition, or ex
citability increase. Indirect evidence from this idea has 
been produced29 but whether actual degeneration of 
specific subpopulations of neurons occurs has not been 
established yet. 

What is clear though, is that sensory input produced 
at the time of a nerve injury may be sufficient to establish 
a modifiability in the CNS which may contribute to 
the persistance of neuropathic pain. The clinical impli
cation of this relates to any elective surgery on periph
eral nerves where, preventing the injury discharge, may 
influence the pain outcome. Such a claim has been 
made for phantom limb pain3 but further prospective, 
randomized trials are required. Figure 1 summarizes 
the long term consequence of an acute nerve injury. 

INJURY DISCHARGE 

~ 
RELEASE OF TRANSMITTERS 

~ 
NMDA RECEPTOR ACTIVATION 

RISE IN CALCIUM LEVELS 

~~ 
PROTEIN KINASE ACTIVATION CELL DEATH 

UPREGULATION OF GENE PRODUCTS (DISINHIBITION) 

~~ 
INCREASED EXCITABILITY 

Fig.!. Acute nerve injury. The injury discharge produced at the 
time of a nerve injury may lead to long term alteration in the 
excitability of the spinal cord as a result either of changes in gene 
expression in dorsal horn neurones or as a result of a selective loss 
of inhibitory interneurones. In both cases an NMDA receptor 
mediated changes seems to be involved 
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2) Chronic Ectopic Discharge 

Several days after the acute injury discharge, an 
ectopic afferent input begins to be generated, first in 
myelinated and later in unmyelinated injured axons, at 
the proximal stump (neuroma) along the axon and also 
from cell bodies in the dorsal root ganglion 15,20,32, 

Ectopic activity appears to be the consequence of the 
development of abnormal pacemaker properties, which 
have been explained on the basis of the accumulation 
of sodium channels in the injured neuron 7, While the 
pacemaker may become autonomous, running as a 
rhythmic oscillator, a feature of injured neurons is the 
development of abnormal sensitivity to mechanical, 
thermal and chemical stimuli7, Sensitivity to circulating 
and locally released catecholamines in axotomized32 

and unaxotomized fibres following nerve injury23 is of 
particular importance because of its possible role in the 
aetiology of sympathetic maintained pains, 

One further aspect of the chronic ectopic activity is 
of interest. That is the development of cross-excitation, 
This may occur between sensory fibres, so that abnormal 
activity in one fibre might initiate firing in other fibres 
due to abnormal proximity of the fibres, loss ofSchwann 
cells, accumulation of potassium or the formation of 
junctions between adjacent membranes, It also might 
develop between postganglionic sympathetic neurons 
and primary sensory neurons so that normal sympa
thetic reflex output might generate an input in sensory 
fibres, 

A fundamental issue concerning the ectopic input 
resulting from peripheral. nerve injury is whether it is 
an epiphenomenon or whether it represents the actual 
mechanism responsible for the generation of neuro
pathic pain. This has considerable bearing on treatment 
strategies, The ectopic input is, for example, susceptible 
to blockade by systemic local anaesthetics at doses well 
below those that produce conduction block 16 and this 
could explain the effectiveness of such drugs in treating 
neuropathic pain, although central actions41 have to 
be considered. The simplest explanation for how ectopic 
afferent input produced neuropathic pain would be 
that such activity in nociceptive A delta and C fibres 
would initiate sensory signals in the neural pathways 
in the central nervous system that ultimately lead to 
the sensation of pain (Fig. 2). In other words the CNS 
remains normal, it's just an ongoing input in "pain" 
fibres that produces the chronic pain. That this is 
definitely not the case for the tactile hyperalgesia or 
mechanical allodynia associated with neurogenic pain 
has now been clearly established8

,22. Such pain is in-
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ECTOPIC ACTIVITY IN A and C FIBRES 
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& 
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Fig. 2. Chronic nerve injury. The simplest model of neuropathic 
pain is that ectopic input in axotomized primary atTerents activate 
normal transmission pathways in the central nervous system leading 
to the sensation of pain. This model cannot explain however, how 
mechanical allodynia is mediated by low threshold mechanorecep
tors, fibres which never normally produce pain 

itiated by activity in low threshold mechanoreceptor 
primary afferents. Blockade of conduction in large 
myelinated fibres eliminates the touch evoked allodynia, 
while leaving C-fibre mediated thermal and pain sensi
tivity intact. How does this occur?-The answer lies 
in abnormal central processing. 

Abnormal Central Processing 

Two general categories of abnormal central processing 
can occur; an increase in excitability (central sensitiza
tion, a form of functional plasticity) or a re-wiring of 
synaptic connections (structural reorganization). Both 
may occur together. 

1) Central Sensitization 

This is the phenomenon whereby the response of 
dorsal horn neurons to normal afferent input is aug
mented or facilitated. The hypersensitivity state can be 
produced by brief bursts of activity in C afferents38 as 
a result of an NMDA and tachykinin mediated action 
on spinal neurons40,45. Experimentally 20 second 
stimulation of cutaneous C-fibres produce an excitability 
increase that lasts up to 10 minutes while muscle af
ferents produce an effect that lasts up to an hour34,42. 

Recently this 'phenomenon has been demonstrated di
rectly in human subjects31 . Central sensitization results 
from the modification of the receptive field proper
ties of dorsal horn neurons including a reduction in 
threshold, an increase in responsiveness, recruitment of 
novel inputs and an increase in size of the receptive 
field 13,27,39. 
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Any ongoing input in C-fibres would be expected to 
produce an ongoing but afferent-dependent state of 
central sensitization. The maintenance of an altered 
central processing by an abnormal peripheral input 
has recently been demonstrated both for experimental 
allodynia in human subjects19 and in a small group of 
patients with painful neuropathy 1 

7. In this respect some 
component of the pain of peripheral neuropathy in 
certain patients may be similar to the pain resulting 
from acute tissue injury which also depends on induc
tion of central sensitization 38. The difference being that 
the inducing stimulus is transient, as opposed to the 
persistent ectopic C input. 

The pain of reflex sympathetic dystrophy can also 
be explained by this model. Reflex activity in postgan
glionic sympathetic neurons may begin to drive C
afferents, which have developed an adrenergic sensitivity 
as a result ofaxotomy9. This C-afferent input would 
then produce central sensitization. Once central sensi
tization is present, either as a result of ectopic pacemaker 
activity in C-fibres or secondary to sympathetic drive, 
it will result in abnormal responses to all other inputs 
including A beta afferents (Fig. 3). 

Whether a state of central sensitization can be in
duced that becomes independent of any afferent input 
is not known. If this were so then ectopic input would 
not necessarily produce the pain but provide the pe
ripheral input that is interpreted as being painful. Clini
cally there are many examples where local anaesthetic 

SYMPATHETIC DRIVE ECTOPIC INPUT NATURAL INPUT 

,~,/ 
C-FIBRES A-FIBRES 

1 
CENTRAL SENSITIZATION 

1 
PAIN +======mll 

Fig. 3. Chronic nerve injury. C-fibre input has the capacity to 
produce increased excitability in dorsal horn neurons, the 
phenomenon of central sensitization. Ongoing abnormal C-fibre 
input could be generated either by the development of abnormal 
pacemaker properties in these afTerents leading to an ectopic input 
or by the development of a sensitivity to catecholamines such that 
sympathetic activity leads to C-fibre input. Once central 
sensitization was established A-fibre input would begin to produce 
pain 
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block results in prolonged relief of pain2 but this 
could be because the input that produces central sensi
tization is removed, or because the input that generates 
pain as a result of an autonomous state of central 
sensitization, is no longer present. Experimentally at 
least, central sensitization only lasts for relatively short 
periods (up to several hours after a C-fibre input) so 
that eliminating an ongoing peripheral C-fibre drive 
would be expected to produce prolonged pain relief. 
The reason why this may not be so relates to the second 
type of central change that occurs after nerve injury
structural reorganization. 

a) Structural reorganization. Peripheral nerve injury 
results in a complex series of changes in the cell bodies 
of the axotomized neurons in the dorsal root ganglion. 
The changes include alterations in morphology (the 
chromatylytic reaction), reductions in the levels of trans
mitters and changes that enable regeneration to occur. 
The latter includes decreases in the levels of cytoskeletal 
proteins and the upregulation of growth-associated 
proteins that are normally expressed only during devel
opment28

. 

Although regeneration of the injured axon in the pe
riphery has been extensively investigated and thought 
to contribute to post nerve-injury sensory disorders by 
either a failure of regeneration or the inappropriate 
peripheral innervation, recently it has become clear 
that structured changes also occur in the central ter
minals of primary sensory neurons after damage to 
the peripheral axon. Two major alterations have been 
detected. The first is an apparent degeneration, atrophy 
or withdrawal of central terminals from their normal 
synaptic connections on dorsal horn neurons1

,lO. This 
would leave a large number of evoked or vacant syn
aptic sites. The second is that the growth-associated 
proteins that seem necessary for peripheral regeneration 
are also transported to the central terminals of the 
injured neurons, in the spinal cord43

. The combination 
of central terminals with the molecular machinery for 
growth and vacant synapses provides the mechanism 
and opportunity for growth to occur. There is now 
evidence that this in fact happens44

. In terms of the 
production of pain, what is of particular interest is that 
the growth involves low threshold mechanoreceptive 
fibres growing from lamina III into lamina II, the site 
oftermination of C-fibres. If these sprouting fibres form 
new synaptic connections, then a re-wiring of the dorsal 
horn might contribute to mechanical allodynia. Acti
vation oflow threshold mechanoreceptors would drive 
cells that normally receive nociceptive inputs (Fig. 4). 
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Fig. 4. Chronic nerve injury. Structured activation in the dorsal 
horn resulting from peripheral nerve injury results in the central 
terminal of large myelinated, low threshold mechanoreceptor fibres 
sprouting from lamina III, their normal site of termination into 
lamina II, the normal site ofC-fibre terminals. Iffunctional synaptic 
contacts were established this might lead to pain as a result of A
fibre input, whether ectopic or as a result of natural stimulus 

Conclusion 

At the time of peripheral injury, an abnormal injury 
discharge may be sufficient to produce long term changes 
in the excitability of the spinal cord and/or an excitoxic 
death of dorsal horn neurons. These acute changes 
might set the scene for the maintenance of sensory 
disorders both as a result of an ongoing ectopic input, 
which might persistently induce a state of central sensi
tization and for a structural reorganization of the syn
aptic connections of the dorsal horn. The implications 
of these findings is that it may be possible to prevent 
some of the long term consequences of nerve damage, 
that the treatment at the time of injury may need to be 
quite different for that required later, and finally that 
treatment directed only at the periphery may be insuffi
cient to eliminate the sensory disturbance of chronic 
neuropathic pain. 
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Painful Nerve Injuries: Bridging the Gap Between Basic Neuroscience and 
Neurosurgical Treatment 
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Division of Neurosurgery, Oregon Health Sciences University, and 1 Department of Neurology, Neuromuscular Division, Good Samaritan 
Hospital, Portland, Oregon, U.S.A. 

Summary 

Pain which followed suspected nerve injury was comprehensively 
evaluated with detailed examination including history, neurologic 
exam, electrodiagnostic studies, quantitative sensory testing, ther
mography, anesthetic and sympathetic nerve blocks. Forty two patients 
treated surgically fell into four discrete groups: I) Distal sensory 
neuromas treated by excision of the neuroma and reimplantation of 
the proximal nerve into muscle or bone marrow, 2) Suspected distal 
sensory neuromas in which the involved nerve was sectioned proxi
mal to the injury site and reimplanted, 3) Proximal neuromas
incontinuity of major sensorimotor nerves treated by external neuro
lysis, and 4) Proximal major sensorimotor nerve injuries at points 
of anatomic entrapment treated by external neurolysis and trans
position, if possible. Patient follow up was possible in 40/42 patients 
(95%) from 2-32 months (average F /U = II mo.). Surgical success 
was defined as: ;, 50% improvement in pain (VAS) or pain relief 
subjectively rated as good or excellent, and no postoperative narcotic 
usage. Overall, 40% (16/40) of patients met those criteria. Success 
rates varied as follows: Group I (n = 18) 44%, Group 2 (n = 10) 40%, 
Group 3 (n = 5) 0%, and Group 4 (n = 7) 57%. A total of 12 of 40 
patients (30%) were employed both pre- and postoperatively. 

We conclude that: 1) Neuroma excision, neurectomy and nerve 
release for injury-related pain of peripheral nerve origin yields sub
stantial subjective improvement in a minority of patients, 2) External 
neurolysis of proximal mixed nerves is ineffective in relieving pain, 
3) Surgically proving the existence of a neuroma, with confirmed 
excision may be preferable, 4) Traumatic neuroma pain is only 
partly due to a peripheral source, 5) Demographic and neurologic 
variables do not predict success, 6) The presence of a discrete nerve 
syndrome and mechanical hyperalgesia do modestly predict pain 
relief, 7) Ongoing litigation is the strongest predictor of failure, 8) 
Change in work status is not a likely outcome. 

Keywords: Peripheral nerve lesion; neuropathic pain; surgical treat
ment; outcome. 

Introduction 

Neuropathic pain can be defined as pain secondary 
to a change in the normal function of the peripheral 

or central nervous system, such that pain is perceived 
in the absence of any noxious stimulus. Numerous 
converging lines of evidence indicate that there are at 
least five potential mechanisms to explain neuropathic 
pain after nerve injury: 1) Sensitization of nociceptors, 
2) Spontaneous ectopic impulse generation in nocicep
tive and non-nociceptive axons, 3) Abnormal chemo
and mechanosensitivity ofaxons within the neuroma, 
4) A breakdown of the normal isolation between noci
ceptive and non-nociceptive axons (ephapses), and 
5) Changes in the responsiveness of CNS neurons to 
inputs that are otherwise innocuous ("centralization"). 

Four of these mechanisms invoke the role of peri
pheral nervous system abnormalities which might be 
alleviated by removal of the offending structure, the 
"neuroma", i.e., incontinuity nerve lesions, true end
bulb neuromas or a combination. Our thesis has been 
that after a thorough evaluation in the neuromuscular 
laboratory, patients may be logically grouped, and that 
some patients may improve after peripheral nerve sur
gery intended to eliminate the abnormal nerve segment. 

Methods and Materials 

Preoperative Assessment 

An extensive preoperative evaluation (Table 1) provided a large 
base of information for post-operative outcome measures on 42 
patients. One would expect that poorly localized pain and ill defined 
signs and symptoms would be poor prognostic factors. To study 
this in a more scientific fashion, the concept of a discrete nerve 
syndrome was developed. A discrete nerve syndrome (DNS) was 
considered to be a condition in which a single nerve could account 
for all the neurological findings and pain distribution. The presence 
and distribution of mechanical and thermal hyperalgesia were con
sidered very important in the determination of a discrete nerve 
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Table 1. Assessment of Paitiful Nerve Injuries 

History (videotaped) 
Physical/neurologic examination 
Sympathetic function tests 
Quantitati\<e sensory testing 

Mechanical algometry 
Thermal stimuli (cold, warm, and pain) 

Electrodiagnosis (routine) 
EMG/NCV 

Thermography (baseline/provocative) 
Video telethermography 
Contact thermography 

Nerve block (with placebo block) 
Peripheral nerve block 
Sympathetic block 

Microneurography (elective) 

EMG electromyography; NCV nerve conduction 
velocity. 

syndrome. Symptoms of "reflex sympathetic dystrophy" (RSD), were 
determined by assessing for trophic changes, vasomotor, color, tem
perature changes, bone scan, and the results of sympathetic blocks. 

Intraoperative Methods 

Operations were performed under local anesthesia with intra
venous sedation and analgesia. The presence of Tinet's sign can be 
taken as a reliable sign of the location of the neuroma. Prior scars 
or incisions are also helpful indicators of the region for exploration. 
Dissection was carried out using loupe or microscopic magnification. 
Mechanosensitivity of the injured nerve segment with production of 
Tinet's sign was often an important guide to the dissection. Once the 
nerve with the suspected neuroma were isolated electrical stimulation 
of the nerve (0.5-1.5mA, tOO microsecond pulse width, 50-100HZ, 
balanced biphasic constant current square wave impulses) was carried 
out using electrified nerve hooks. This method was very useful for 
identify the neural structure in surrounding scar, and in replicating 
the patients pain distribution with stimulation-induced paresthesias. 

K. J. Burchiel et al. 

In groups 1 and 2, once mapping of the neuroma was completed, 
the proximal nerve was locally anesthetized and sharply divided. 
The nerve was then implanted retrograde into an intramuscular 
pocket using 6-0 prolene suture, or into bone marrow if no muscle 
was available, e.g., in digital neuromas. In group 3 an external 
neurolysis was performed, i.e., dissection in the plane of the external 
epineurium, with translocation of the injured segment into a virgin 
tissue bed, if possible. In group 4, external neurolysis was performed 
and the nerve transposed using standard techniques appropriate to 
the site of entrapment. 

Postoperative Follow-up 

Patients were assessed both by clinical evaluation and phone 
conversation with a mean follow up of 11 months (2-32 mo.) (Table 2). 
The Visual Analog Scale (V AS) for pain was determined preoperatively 
and at each subsequent contact. The VAS is the patient's subjective 
pain rating from 0 (no pain) to 10 (maximum pain). Narcotic use 
was also serially determined. The patients were also asked to give 
an overall assessment of the results of surgery, (excellent, good, poor 
or failure). The surgical outcome was considered successful if there 
was a 50% improvement based on the VAS (0-10 point scale), or 
a subjective rating of good to excellent, and the patient was 01T of 
narcotics. 

Results 

Of the initial 42 patients evaluated and surgically 
treated, adequate information was available on 40 pati
ents (95% follow-up). The surgical treatment rendered 
varied according to the nerve involved, providing four 
discrete subgroups; 1) distal sensory neuromas treated 
by excision of the neuroma and reimplantation of the 
proximal nerve into muscle or bone marrow, 2) sus
pected distal sensory neuromas in which the involved 
nerve was sectioned proximal to the injury site and 
re-implanted, 3) proximal neuromas incontinuity of 

Table 2. Pre- and Post-Operative Variables Analyzed for Neurectomy/Neurolysis Patients 

History 
Nerve involved 
Pre-operative narcotic use (NARP) 
Post-operative narcotic use (NRPO) 
Pre-operative employment status (EMPP) 

Physical 
Tinet's sign (TIN) 
Reflex sympathetic dystrophy (RSD) 
Mechanical hyperalgesia (MECH) 

Patient assessment 
Pre-operative visual analog scale (V ASP) 
Post-operative visual analog scale (VA PO) 
Subjective overall result (E, G, P, F) 

Calculated 

Post-operative employment status (EM PO) 
Litigation (LIT) 
Workman's compensation (WC) 
Prior surgical procedures (PP) 

Thermal hyperalgesia (THER) 
Discrete nerve syndrome (DNS) 

Percent improvement (change in visual analog scale) 

VASP- VAPO 
-----xlOO 

VASP 
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Fig.!. Relationship of treatment groups to outcome. Graph showing 
the successful outcomes by groups. There were no successful out
comes in group 3, proximal incontinuity neuromas treated by exter
nal neurolysis only 

major sensorimotor nerves treated by external neuro
lysis, 4) proximal major sensorimotor nerve injuries at 
points of anatomic entrapment treated by external 
neurolysis and nerve transposition if possible. 

Figure 1 depicts the relationship of successful out
come for these four subgroups. Those patients with 
proximal incontinuity neuromas of major sensorimotor 
nerves (group 3) had the worst surgical outcomes, since 
there were no successes in this small subgroup of five 
patients. In contrast, those patients with traumatic 
neuromas-incontinuity at areas of anatomic entrap
ment did quite well, as four of seven (57%) of the 
patients had successful surgical outcomes. The most 
common neuroma treated involved distal sensory nerves, 
either proven at surgery (group 1) or strongly suspected 
by physical examination (group 2). These subgroups 
had a 44% (8/18) and 40% (4/10) success rate, respec
tively. 

Ten potential predictors obtained through history 
and physical examinations were correlated with suc
cessful surgical outcome, and the results and incidence 
of each are listed in Table 3. Although none of the 
predictive factors reached statistical significance by 
chi-square analysis, litigation, discrete nerve syndrome, 
preoperative employment and the presence of Tinel's 
sign approached statistical significance. The presence 
of a discrete nerve syndrome was moderately correlated 
to pain improvement on the VAS. Patients with a DNS 
had an average reduction of 3.0 points on the post
operative VAS for pain, compared to the 1.7 point drop 
for those patients without DNS (Pearson's R analysis, 
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Table 3. Relationship of Potential Predictors and Outcome 

Success P-Value 
Predictor Incidence rate (X z ) 

Tinel sign 77.5% 45% 0.22 
R.S.D 27.5% 27% 0.31 
Mechanical hyperalgesia 79% 37% 0.96 
Thermal hyperalgesia 52% 41% 0.83 
Discrete nerve syndrome 57.5% 48% 0.23 
Narcotic use, pre-op. 50% 50% 0.5 
Litigation 17.5% 14% 0.12 
Workman's compensation 53% 38% 0.8 
Employment, pre-op. 33% 54% 0.2 
Prior procedures 43% 41% 0.9 
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Fig. 2. Relationship of discrete nerve syndrome to outcomes pre
and postoperative pain ratings by VAS in patients with (n = 16, avg. 
drop in VAS = 17) and without (n = 24, avg. drop in VAS = 30) a 
discrete nerve syndrome (DNS). Of the 14 potential variables analyzed, 
DNS was the most correlated to pain improvement, but this was not 
statistically significant (Pearson's R analysis, r = - 0.27, p = 0.10). 
Numbers in parentheses are average VAS scores 

Fig. 2). Mechanical hyperalgesia (allodynia), either dy
namic or static, as an independent variable, was not 
significantly related to success as assessed by chi-square 
analysis. When both DNS and mechanical hyperalgesia 
were considered together, there was a moderate correl
ation with pain improvement (Fig. 3). The group of 
patients with both DNS and mechanical hyperalgesia 
had an average pain score reduction of 4.4 points, 
which was greater than the patients with either factor 
alone. Many of the patients in this group had dramatic 
reductions of their preoperative pain scores (Fig. 4). 
Overall, among the four subgroups, the average pain 
level drop was 30%, while the overall success rate 
was 40%. 
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Fig. 3. The relationship of discrete nerve syndrome (DNS) and 
mechanical hyperalgesia (M ECH). Pre- and postoperative pain ratings 
in patients with a discrete nerve syndrome (DNS) or mechanical 
hyperalgesia (MECH), both or neither. The 15 patients with both 
DNS and MECH had greater reduction in pain than did the 21 
patients with only DNS. only MECH, or neither (ANOV A interaction 
p = 0.08). Numbers in parentheses are average VAS scores 
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Fig. 4. The relationship of discrete nerve syndrome/mechanical 
hyperalgesia and pain improvement. Both DNS and mechanical 
hyperalgesia. Pre- and postoperative V AS data on individual patients 
with both a discrete nerve syndrome (DNS) and mechanical hyper
algesia (MECH). Note that a number of patients had dramatic 
resolution in pain complaints. Numbers in parentheses are average 
VAS scores 

Discussion 

Central nervous system effects of peripheral nerve 
injury are profound and their relevance to painful nerve 
injuries cannot be ignored. Nevertheless, we have 
adopted, the thesis that in many patients the majority 
of the pathophysiological abnormalities are peripheral, 
rather than central. The physiologic consequences of 
nerve injury have been extensively studied in the labo
ratory in recent years. The basic properties ofaxons 
are altered by injury such that rather than high-fidelity 
conductors of neuronal signals, they become generators 
of abnormal activity. The pathophysiology of injured 

K. J. Burchiel et al. 

axons has been extensively reviewed 2. Suffice it to say 
that injured axons develop several properties: 1) Ecto
pic discharge, 2) mechanosensitivity, and 3) chemo
sensitivity, particularly to alpha-adrenergic agents or 
neurotransmitter. These properties would logically lead 
to the conclusion that removal of the generator of 
abnormal neuronal activity, or transposition of the 
injured nerve segment to a less mechanically stimulated 
area should be beneficial. It is on this basis that an 
algorithm for the management of these patients has 
been described 1,3 • 

Treatment Recommendations 

It is disappointing, after such a thorough investiga
tion, to be unable to identify prognostic factors to help 
influence future surgical outcomes for neuroma patients. 
However, these results are promising and do tend to 
question widespread pessimism that is associated with 
the treatment of these patients. For example, patients 
who were on workman's compensation did no worse 
than the group as a whole. Neither preoperative nar
cotic use nor employment status were predictive of 
outcome. Of particular note, no patient unemployed 
preoperatively became employed post-operatively, even 
if the surgery was a success by our criteria. All patients 
employed preoperatively, remained employed post
operatively, even if the surgery was a failure. The physi
cal findings sometimes associated with "reflex sympa
thetic dystrophy", findings of mechanical or thermal 
hyperalgesia, or the presence of Tinel's sign did not 
independently reach predictive significance. However, 
when combined into the collective term of "discrete 
nerve syndrome", these factors were moderately corre
lated with pain improvement. Finally, patients with 
discrete nerve syndrome in combination with mechanical 
hyperalgesia had greater reduction of pain than with 
either factor alone. 

Although painful nerve injuries are fairly common, 
suprisingly little recent clinical investigative work on 
neuromas has been produced. The numerous non-sur
gical treatment options for neuroma reflect that no one 
approach has shown uniformly superior or effectie re
sults. As in other chronic pain syndrome the use of 
chronic narcotics should be avoided. Furthermore, 
preoperative evaluation by a psychologist with parti
cular experience in treating patients with chronic pain 
should be completed to screen out patients with major 
psychopathology or functional overlay. Finally, we feel 
that it is imperative that treating specialists avoid the 
tendency to lump patients with painful nerve injuries 
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into vague and possibly pejorative diagnostic categories, 
such as "reflex sympathetic dystrophy", "causalgia", 
and "neuroma pain". Only by careful clinical study can 
we differentiate patients that we may palliate by surgi
cal means. 
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What Can the Neurosurgeon Offer in Peripheral Neuropathic Pain? 

J. Gybels, R. Kupers, and B. Nuttin 

Department of Neurology and Neurosurgery, University of Leuven, Leuven, Belgium 

Summary 

Neurosurgery has much to olTer in the treatment of peripheral 
neuropathic pain but selection of the best procedure for a given 
patient remains problematic: planning of the treatment must be 
based on an analysis of the pathophysiological mechanism in the 
given case but the identification of this mechanism is often difficult. 
Available procedures are: 1) Nerve repair, neurolysis and nerve 
relocation; 2) Interventions on the sympathetic nervous system; 
3) Neurostimulation; 4) Intraspinal morphine; 5) Ablative lesions. 

Neurosurgeons have, or should have, the necessary neuroscience 
background and microsurgical skills to be important partners of 
the team caring for patients with peripheral neuropathic pain. 

Keywords: Neurosurgery; peripheral neuropathic pain; man; rat. 

Introduction 

When discussing neurosurgical treatment of neuro
pathic pain one can choose different approaches. 

A first and most logical possibility is to treat the 
subject according to the mechanisms for the genesis 
of pain in peripheral nerve pathology. Although much 
has been learned about mechanisms of peripheral 
neuropathic pain in the last few years (see Woolf, this 
volume, pp. ) it remains difficult for the clinician to 
take this approach, because in a given patient, several 
of these mechanisms may be acting in varying degrees 
and their identification on a routine clinical basis 
remains somewhat problematic. 

A second possibility is to develop surgical treatment 
according to disease: entrapment neuropathy, neuroma, 
plexus avulsion, post-herpetic neuralgia, and so on. 
But a syndrome oriented classification is inadequate, 
because for the planning of the treatment analysing 
the pathophysiological mechanism is mandatory 7, 

although on the basis of the clinical reports it can 
easily be understood how complex the physiopathology 
may be. 

We are then left to use the classical and straight 
forward but rather artificial framework of developing 
the subject according to techniques. Nerve repair and 
nerve relocation, interventions on the sympathetic 
nervous system, stimulation at different sites of the 
nervous system, drugs injected into the spinal fluid. 

Nerve Repair, Neurolysis and Nerve Relocation 

This is a vast subject, and space allows only for a 
few general remarks. Much useful up-to-date informa
tion can be found in a textbook by Mackinnon and 
Dellon6 and a review by Burchiel and Ochoa 1. 

After appropriate conservative treatment and expert 
psychological evaluation, nerve block is an important 
step towards a potential surgical approach to a painful 
neuroma. This clinical test has its scientific logic since 
it has been experimentally shown that both in the 
animal and humans there is in the presence of a 
neuroma spontaneous ongoing and mechanically 
evoked activity in both A and C fibre afferents. Testing 
for placebo response is an important step in a 
diagnostic block, but the interpretation of the block 
may remain difficult, since a placebo response does 
not necessarily mean psychopathology or malingering. 
The clinical syndrome of neuroma may be due to an 
anatomical neuroma, but is also observed when there 
is pain in a region of a scar with altered sensation in 
the distribution of the nerve when the region of the 
scar is palpated. Nerve repair is probably one of the 
most important means of preventing a neuroma. If 
there is no hope of restoring continuity, two main 
surgical strategies have been proposed. One is to 
remove the neuroma and prevent the formation of a 
new neuroma. This has been an elusive goal and many 
ingenious methods of restricting regeneration ofaxons 
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have been studied and used ranging from the 
placement of mechanical barriers, to expose in 
experiments the painful nerve to ricin, an agent that 
is transported back in the nerve body where it initiates 
cell death, to placing the cut end of the nerve in a new 
environment such as innervated muscle. A second 
surgical strategy is to move the cut nerve or the 
neuroma into a position where mechanical stimulation 
is less likely such as for instance the bone marrow. 
According to a recent review by Burchiel and Ochoa 1, 

whether the nerve is burried in muscle or bone or the 
neuroma is removed or simply relocated, success with 
surgical manipulation of the painful neuroma now 
ranges from 65% to 82% and in many instances, 
patients who have persistent pain after excision of a 
neuroma can still be operated upon successfully. 

For a neuroma in continuity, the surgical strategy 
is different. In the larger mixed nerves of the ex
tremities, resection of the site of the nerve injury 
may not be feasable. Here a choice may have to be 
made between external neurolysis and nerve relocation 
and internal neurolysis with intra-operative neurophysi
ological testing, neurolysis of the functional fascicles 
and nerve graft and muscle or bone implant or the 
non-functional fascicles. Burchiel et al. (this volume, 
pp. 131) in theirfollow-up ofthe outcome after surgical 
treatment of post-traumatic pain of peripheral nerve 
origin in 42 surgically treated patients concluded that: 
1) neuroma excision, neurectomy and nerve release for 
injury-related pain of peripheral nerve origin yielded 
substantial functional relief in a minority of patients; 
2) external neurolysis of proximal mixed nerves was 
ineffective in relieving pain; 3) demographic and 
neurological variables did not predict success and 4) 
return to work was not a likely outcome in these 
patients. 

Surgery of traumatized nerves for painful sequelae 
is an extra-ordinarily difficult field asking for 
particular expertise; it seems to me that the conclusions 
of an influential paper by Noordenbos and Wa1l8 have 
perhaps led in the neurosurgical community to a too 
negative view of the possibilities of surgery. 

Interventions on the Sympathetic Nervous System 

Although the pathogenesis of disorders like caus
algia, algoneurodystrophy, reflex sympathetic dys
trophy (R.S.D.) etc... remains little understood, 
much has been learned about the chemosensitivity of 
injured nerve fibres to norepinephrine and the role of 
the sympathetic nerve system in these disorders. 
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R.S.D., in contrast to causalgia, includes those patients 
whose pain is initiated by soft tissue or bone injury with
out direct nerve injury. Roberts 12 coined the term sym
pathetically maintained pain (S.M.P.). This syndrome 
requires that the pain responds to sympathetic 
blockade, and this criterion is particularly useful from 
a therapeutic point of view. The different clinical 
syndromes, which are grouped together under 
the label S.M.P. have in common that initially the 
pain may be confined to a nerve distribution as in 
neuralgia, but progressively will spread beyond this 
territory. Frequent symptoms and signs are persisting 
pain with a burning character, allodynia, dysaesthesia, 
hyperalgesia, hyperpathia and social and psychological 
distress. 

Sympathetic blockade requires some comment. An 
absence of proper placebo control destroys the 
meaning of the test. False positive and false negative 
results are possible as a result of over- or under
anaesthetizing the region, with a loss of somatic nerve 
function or inadequate sympathetic blockade respec
tively. Because of these difficulties, additional tests are 
used to diagnose S.M.P. These include systemic 
administration of L-adrenergic antagonists such as 
phentolamine and provocative tests with adrenergic 
agonists such as intradermal injection of phenylephrine. 
Moreover, the demonstration of hyperalgesia to 
cooling stimuli, such as placing gently a drop of 
acetone or ice water onto the area that is hyperalgesic 
to mechanical stimuli, may represent a simple and 
sensitive, but not specific test for S.M.P. Campbell 
et al. 2 have given a vivid account with the help of an 
illustrative case as to how S.M.P. can be diagnosed. 

In their review of the sympathetic nervous system 
in painful nerve injury, O'Neill and Burchiepo note 
that in S.M.P. success rate with chemical or surgical 
sympathetic block have ranged from 12 to 90% and 
go on to say that this most probably reflects the 
variance in diagnostic criteria, the effectiveness of 
sympathectomy and the natural history of S.M.P. 
Recurrence of pain may occur in as many as one-third 
of patients following sympathectomy in follow-up 
periods ranging from 3-8 years 11. Even full relief of 
pain after several technically successful sympathetic 
blocks is not necessarily an adequate basis for re
commending operation4

• An extreme position is taken 
by Ochoa9 when he said: "Regardless of conventional 
wisdom in current textbooks, the acknowledged reality 
by academic neurologists capable of evaluating 
patients with chronic neurological symptoms fully 
diagnosable as "Causalgia", "R.S.D.", or "S.M.P." 
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(since they do respond transiently to diagnostic 
sympathetic blocks) is that such patients are not cured 
by sympathectomy. They often respond for weeks or 
a few months, on bases that may be speculated upon. 
However, the painful syndrome regularly recurs". 

Neurostimulation 

Many patients with a peripheral neuropathy will 
not be well treated by nerve surgery and sympathec
tomy. Long-term follow-up studies of large series 
carefully analysed now allow the opportunity to 
evaluate the results of neurostimulation in these 
conditions. 

Stimulation of the peripheral nerves (PNS) for pain 
relief, using implanted devices, has been used for over 
20 years. In a review of the reference4 46% of the 299 
described cases can be considered as a success. In a 
personal series of 11 cases, mostly with traumatic 
lesions of small nerves of the hand there was total pain 
relief in 8. None of these patients needed analgesics, 
and all were able to perform their daily life and 
professional activities. As illustrated in Fig. 1, in which 
the duration of stimulation at latest follow-up 
compared to the initial duration is plotted logarithmi
cally against time, a most remarkable finding was that 
in all patients, except one, pain relief was obtained 
with diminishing frequency of use. This was usually 
described as an "after effect", a pain-free period 
stopping the stimulation, which increased with time. 
This resulted in some patients in a PNS use for less 
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Fig.!. Relative frequency of use of PNS plotted against time. On 
the axis, the follow-up period for the 10 patients with good or 
moderate results is shown. On the y-axis, a logarithmic scale is used 
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was performed with the 9 patients who reported diminishing 
frequency of use. The equation of this straight line is: y = - 0.022x 
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than half an hour every month, although at first they 
had to use it continuously. We conclude that in view 
of the rather favourable long-term results of peripheral 
nerve stimulation and the simple low-risk technique 
it is surprising that peripheral nerve implantation is 
rarely performed. 

On the contrary dorsal cord stimulation (DCS) and 
dorsal root stimulation (DRS) has been applied to 
many patients. In a recent review, Siegfried 14 reported 
his results of a series of 669 consecutive patients. In 
398 the stimulator was internalized. 127 of these 398 
suffered from a peripheral nerve lesion. Follow-up 
ranged from 1-16 years. A five-grade rating score 
including pain duration, pain intensity on a visual 
analogue scale, influence on mood and behaviour, and 
intake of drugs was used. Of the 127 implanted patients 
84 were scored as very good and 32 as good. This was 
by far the most successful score (90%) as compared to 
other pathological conditions and this is indeed very 
impressive taking into account the difficulty in treating 
post-traumatic neuropathic pain. 

In certain conditions, V.P.M.- v.P.L. stimulation 
(D.B.S.) may be indicated, f.i. in cranial nerve 
neuropathy or when DCS gives inconsistent paraes
thesiae due to movement at the level of the cervical 
spme. 

Although clinicians have for a long time performed 
V.P.M.-V.P.L. stimulation partly on theoretical con
siderations but mainly on empirical grounds, we have 
now preliminary data, which we think are the first 
experimental evidence showing that v.P.L. stimulation 
reduces allodynia. We used our own modified version 
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of the model of peripheral neuropathic pain proposed 
by Seltzer13 producing a high percent of rats with 
mechanical allodynia and to a lesser degree thermal 
allodynia and signs of spontaneous pain (paw 
elevation and scratching). Electrodes were implanted 
into the v.P.L. and their position verified electro
physiologically. Figure 2 shows how in an experimental 
rat V.P.L. stimulation antagonizes the observed 
mechanical allodynia. 

Intraspinal Infusion of Opioids 

The therapeutic efficacy of spinally administered 
opioids in the treatment of postoperative pain and 
cancer pain is well established now. However, there is 
much less consensus on its efficacy, and not many 
reports have documented experience in patients with 
chronic non-cancer pain. We have in "available 
therapy resistent" cases of failed back surgery (N 16) 
in whom about half had neuropathic "root" pain, 
peripheral deafferentation (N 4) and reflex sympathetic 
dystrophy (N 2), with median pain duration of 6 years, 
implanted a drug pump (Medtronic Synchromed 
system) delivering intrathecal morphine after epidural 
placebo and morphine test administration. During the 
screening procedure, patients received in a blind 
manner epidural morphine and placebo. About 50% 
of the patients tested showed a good analgesic 
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Fig. 3. Pain intensity ratings in a double blind prospective study 
of 8 patients during saline and morphine treatment. Pain intensity 
was assessed by means of the IOI-point rating scale, with "0" 
indicating no pain and "100" the worst imaginable pain. Morphine 
or saline was epidurally administered by means of a peA pump. 
The maximal dose was set at 0.3 mg/h (= 7.2 mg/day) 
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response to epidural morphine but not to placebo 
administration. At the moment of the evaluation of 
the treatment outcome measures, mean follow-up time 
was 11 ± 5 months. Pain relief, use of analgesic 
medication, change in sleep pattern, change in daily 
activities and therapy satisfaction were evaluated. 
Verbal descriptors were converted into a numerical 
score. Good to very good results were obtained in the 
majority of the patients; the median initial dose of 
morphine was OJ mg/24 h, complications were rare. 
Long-term side effects occurred in about half of the 
patients and mainly concerned body oedema, excessive 
transpiration and reduced libido. 

In a double blind prospective study (N 8) 5 patients 
suffered the failed back surgery syndrome, 2 with 
neuropathic "root" pain, 1 patient post-herpetic 
neuralgia pain (acute phase) and 1 surgical trauma to 
the root. The patients received courses of 4 weeks of 
morphine or a placebo (Fig. 3). Of the 8 patients tested, 
2 responded favourably, 1 patient with failed back 
surgery syndrome and root pain (patient 4 in Fig. 3), 
and the patient with post-herpetic neuralgia (patient 
2 in Fig. W. These data indicate that for some patients 
with peripheral neuropathic pain there may be room 
for this form of treatment, but much more work 
remains to be done, both from the experimental and 
clinical point of view before it can be recommended. 

Conclusion 

My leitmotiv in writing this lecture which I was 
invited to give was to show that contrary to what is 
often said, neurosurgery has much to offer in 
peripheral neuropathic pain. This is an extraordinarily 
difficult field in which physiopathological diagnosis, 
basic knowledge, clinical acumen and craftmanship 
are all of prime importance. Many of the papers on 
this subject state that "in carefully selected patients, 
etc ... " and a major issue now is how to select the right 
patient for the right procedure. It seems to me that 
neurosurgeons are those professionals who have, or 
should have, the necessary neuroscience background 
and microsurgical skills to be important partners of 
the team caring for patients with peripheral 
neuropathic pain. 
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The Possible Role of the Cerebral Cortex Adjacent to the Central Sulcus 
for the Genesis of Central (Thalamic) Pain-a Metabolic Study 

M. Hirato, s. Horikoshi, Y. Kawashima, K. Satake, T. Shibasaki, and C. Ohye 

Department of Neurosurgery, Gunma University, Gunma, Japan 

Summary 

In nine patients with central (thalamic) pain after stroke, X-CT, 
MRI, PET scan and intraoperative thalamic microrecordings were 
performed. The PET studies made use of Sokolotrs method with 
18FDG and a steady-state method with C1502-1502' CT scan and 
MRI revealed definite thalamic damage (Th) in 3 cases, putaminal 
damage (Put) in 3 cases, combined damage (Th + Put) in one case, 
and cortical (parietal) damage in 2 cases. 

In patients with a subcortical lesion, the greater the severity of 
superficial pain, the higher was the relative value of regional cerebral 
glucose metabolism (rCMRGlu) as compared to oxygen metabolism 
(rCMR02) in the cerebral cortex around the central sulcus on the 
damaged side. Also, in a case with combined (Th + Put) lesion, 
regional oxygen extraction ratio (rOEF) was increased in this area. 
Moreover, in another case, central pain disappeared after a small 
subcortical haemorrhage in the same structure. In all patients includ
ing those with a cortical lesion, rCMRGlu was decreased in the 
postero-Iateral (sensory) thalamus on the invalued side. The possible 
role of the cerebral cortex around the central sulcus for the genesis 
of central pain is discussed. 

Keywords: Central (thalamic) pain; cerebral cortex around central 
sulcus; PET scan; depth micro recording. 

Introduction 

We have previously presented results related to the 
thalamic pathophysiology of central pain based on 
the findings on X-CT, PET scan and intraoperative 
thalamic microrecordings. These results suggested that 
deep pain was associated with functional changes in 
the thalamic Vim (Ventralis intermedius) nucleus after 
a restricted damage of the VC (Ventralis Caudalis) 
nucleus. Superficial pain was associated with the main
tained or increased activity of thalamic intralaminar 
nuclei and medial thalamus after partial destruction of 
the VC nucleus3. In this paper we discussed the possible 
role of the cerebral cortex around the central sulcus for 
the genesis of central pain. 

Patients and Methods (Table 1) 

According to CT and MRI findings, patients were classified in four 
groups: thalamic lesion group, 3 cases; putaminal lesion group, 3 
cases; combined lesion (putaminal with thalamic lesion) group, 1 
case; and cortical (parietal) lesion group, 2 cases. Clinical features 
of central pain were referred to as superficial pain and deep pain. It 
is noted that superficial pain is more marked in cases in which the 
CT scan and MRI reveals a definite thalamic lesion (Table 1). 

1BFDG studies were performed in all cases of central pain with 
Sokoloff's method4

• Meanwhile, gas studies were performed in 6 
cases of central pain with subcortical lesions, using the steady-state 
method with C150r150/. In our PET laboratory, the X-CT and 
the PET scanner (Hitachi; PCT-HI, full width half maximum = 8 mm) 
are installed in parallel, and a single-patient bed slides between them. 
Thus, the centers of each slice in X-CT and PET are adjusted auto
matically, making precise comparisons possible. Regional CMRGlu 
and blood flow, rOEF and rCMR02 in central pain patients were 
determined in the thalamus, the caudate nucleus, putamen, globus 
pallid us, and the cerebral cortex. Oxygen-glucose molar utilization 
ratios (OGMUR) were also calculated. The cortical area was divided 
into three parts; anterior (premotor area), middle (primary sensori
motor area) and posterior portion (inferior parietal lobule) of the 
cerebral cortex on the basis of the medullary pattern of cerebral white 
matter. The central sulcus was included in the middle portion of the 
cerebral cortex. 

Stereotactic VIM-V cpc (Ventralis caudalis parvocellularis) thala
motomy was carried out in 4 cases, and VIM thalamotomy in 3 cases. 
Patients with cortical CVD lesion were not operated upon. During 
the course of stereotactic thalamotomy using Leksell's stereotactic 
apparatus microrecording was performed. We analyzed spontaneous 
thalamic unitary neural activities. Thalamic sensory responses to 
natural peripheral stimulation and to electrical thalamic stimulation 
were also studied. 

Results 

In the patient with a thalamic lesion (case O.H.), the 
electro physiological study showed that there were many 
irregular burst discharges in the Vop-VIM area and a 
kinesthetic response to stretch of contralateral flexor 
muscle (Fig. 1). In this case, rCMRGlu decreased in the 
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Table 1. A List of Patients 

Case Age 

A. Thalamic lesion 
1. K.Sa. 44 
2. K.Su. 48 
3. O.H. 53 

B. Putaminal lesion 
1. H.T. 54 
2. M.T. 53 
3. K.S. 43 

C. Combined (Th + Put) lesion 
1. K.y. 67 

D. Cortical lesion 
1. G.O. 60 
2. I.S. 68 

Sex Side Stroke 

F R inf 
F R hem 
M L hem 

F R hem 
M L hem 
F L hem 

M L hem 

M R inf 
F L inf 

Sensory disturbance 

S+ + +,D+,H',dst 
S+ + +,D+,H',pst, bp 
S+ + +,D+,H',dst 

S+,D+ + +,H',dst 
S+ +,D+ +,H', bp 
S+ +,D+ +,H',pst,bp 

S+ + +,D+ +,H',bp 

S+ +,D+,H',pst 
S++,H' 

M. Hirato et al. 

Operation 

Vim-Vcpc 
Vim-Vcpc 
Vim 

Vim-Vcpc 
Vim-Vcpc 
(Vim) 

Vim 

S superficial pain; D deep pain; H' hyperpathia; dst dysesthesia; pst paresthesia; bp burning sensation. 

O.H. 53K 

o response to peri pheral 
natural stimulation 

• burst discharge 

F:fleltor muscle 
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Fig. 1. Electrophysiological findings during the course of stereotactic thalamotomy (case O.H.). Right: Neural activity recorded along the 
trajectory shown in the figure at the left at several positions on the way toward the ventral thalamus from the prefrontal cortex. From 
top to bottom, sites of recording were located at 9000 micron (a), 6000 micron (b), 3400 micron, 1600 micron (c), 400 micron (d) and 0 
micron from the target point. Spike activity is shown below the original recording (c. 1600 micron). EMG (right flexor muscle) was 
recorded simultaneously with neural activity and is shown below the pulse recording. Left: Sequential change of the background neural 
activity along the trajectory, represented by electrically integrated value (arbitrary unit). Open circle shows the site at which responses 
to peripheral natural stimulation were recorded. Closed circle denotes point where irregular burst discharges were identified. Figure shows 
the sagittal plane in the thalamus 15 mm lateral to the midline. Vop N. Ventrooralis posterior; Vim N. Ventralis intermedius; VC N. 
Ventralis Caudalis; CP commissure posterior 
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Fig. 2. PET images of cerebral oxygen metabolism (rCMROz) and glucose 
metabolism (rCMRGlu) (case O.H.). Top: Images of rCMROz (0.8-3.0ml/ 
lOOg/min); Bottom: Images of rCMRGlu (8-41Ilmol/IOOg/min); Left: This 
cut is from 48 mm above the orbitomeatal (OM) line and includes the basal 
ganglia and thalamus. Right: This cut is from 96 mm above the OM line and 
includes the cerebral cortex. Intensity of white colour is proportional to the 
intensity of oxygen consumption or glucose accumulation. Note that in the 
cerebral cortex around central sulcus rCMRGlu was increased whereas 
rCMROz was unchanged, illustrating the dissociation between oxygen 
compared to glucose metabolism 

Fig. 3. Superposition of XCT and PET images of oxygen 
extraction ratio (rOEF) (case K.Y.). Top left: CT scan at 
the level of cerebral cortex. Central sulcus is easily identified 
in the left hemisphere. Top right: Images of regional oxygen 
extraction ratio (0.67-0.80); Bottom: Superposition of the 
XCT and rOEF images. Note that rOEF is increased in 
the cerebral cortex around the central sulcus 

lesioned thalamus, but increased in the cerebral cortex 
around central sulcus on the lesioned side. However, 
rCMR0 2 did not increase, resulting in the dissociation 
between the regional cerebral glucose compared to 
oxygen metabolism in the same area (Fig. 2). In patients 
in whom both the glucose and oxygen studies were 
performed, the value ofOGMUR on the involved side 
cerebral cortex around the central sulcus was compared: 
mean value was 3.15 (± 0.94) in the premotor area and 
3.45 (± 0.92) in the primary sensori-motor area of the 
cerebral cortex in cases with thalamic lesion, 4.50 and 
5.24, respectively in the case with putaminal lesion 
(case M.T.), and 6.63 and 7.15 in other case with puta
minallesion (case H.T.). In the patient with a combined 
lesion (case K.Y.), the corresponding figures 3.91 and 
4.16 were obtained. Therefore, OGMUR decreased 
more in the cases with a thalamic lesion than in those 
with a putaminallesion. 

In a patient with a combined putaminal and thalamic 
lesion (case K.Y.), neural activity was reduced in the 
VIM -VC area. Peripheral receptive fields to electrical 
thalamic stimulation (0.6-0.8 rnA, 100 Hz) were predo-

minant in the face, hand, and sometimes in the foot 
area. In this case, rOEF was markedly increased in the 
cerebral cortex around the central sulcus on the side 
with the lesion (side oflesion = 0.67-0.80, contralateral 
side = 0.52-0.53), despite the chronic stage of CVD 
(Fig. 3). Moreover, in the patient with a putaminal 
lesion, in whom many irregular burst discharges were 
encountered in the VIM-VC area, a small subcortical 
haemorrhage had accidentally occurred near the cere
bral cortex around the central sulcus during the opera
tion. Fortunately, however, central pain disappeared 
after the haemorrhage, probably due to the secondary 
cortical damage. 

In two patients with cortical lesions, who showed 
mild superficial pain with or without deep pain (Table 1), 
rCMRGlu was decreased in the lesioned cerebral cortex. 
Though no CVD lesion could be demonstrated by CT 
scan, rCMRGlu was reduced in the postero-Iateral (sen
sory) thalamus on the lesioned side (23.1llmoljl00 g/ 
min to 28.2 in case O.G., and 28.9 to 42.2 in case I.S.). 
In patients with a subcortical lesion, rCMRGlu comm
only decreased in this same area. Therefore, rCMRGlu 
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in this area was decreased in all cases with central pain 
including those who presented with cortical lesions. 

Discussion 

This study showed that OGMUR in the cerebral 
cortex around the central sulcus was markedly decreased 
on the damaged side in cases with thalamic lesions. 
However, in patients with a putaminal lesion, it was 
moderately decreased (more in the rostral part). Clinically, 
superficial pain is more marked in cases with definite 
thalamic damage. In patients with subcortical lesions, 
the more severe the superficial pain, the higher was the 
relative value of glucose metabolism compared to that 
of oxygen (which was a reciprocal value of OGMUR) 
in the cerebral cortex around central sulcus on the side 
involved. Also, in the patient with combined lesions, 
rOEF was increased in the same area. In an other 
patient, an accidental CVD lesion in this area sup
pressed the central pain. Therefore, it is suggested that 
the abnormal (increased) neural activity present in the 
cerebral cortex around the central sulcus is related to 
central (thalamic) pain, especially when associated with 
definite thalamic damage. The Primary sensory cortex 
plays an important role in pain processing, whereas 
the motor and premotor cortex may exert a facilitatory 
influence on neurons in the spinal dorsal horn, and the 
thalamic intralaminar nuclei, respectively1. If abnormal 
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(increased) activity develops in this area, it may affect 
pain processing. Furthermore, rCMRGlu is decreased 
in the sensory thalamus in all patients with central pain 
including those with a cortical lesion. Therefore, abnor
mal (increased) activity in the cerebral cortex around 
the central sulcus combined with a decreased activity 
in the sensory thalamus may be a distinctive feature 
related to central (thalamic) pain. 
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Trigeminal Neuropathic Pain 

K. J. Burchiel 

Division of Neurosurgery, Oregon Health Sciences University, Portland, Oregon, U.S.A. 

Summary 

Typical trigeminal neuralgia is characterized by episodic, unilat
eral, lancinating, triggerable, often shock-like facial pains, and pain
free intervals. Trigeminal neuropathic pain could be defined as con
stant unilateral facial pain of variable intensity, is non-triggerable, 
and unremitting. Atypical trigeminal neuralgia is an overlap syndrome 
with both episodic and constant pain. Patients with clear pathology 
of the trigeminal system often have sensory loss and atypical pains. 
The leading theory of causation of typical trigeminal neuralgia points 
to minimal compression and demyelination at the root entry zone 
(REZ) of the trigeminal nerve. In the experience of many neuro
surgeons, atypical pains result from lesions or injuries of the trigeminal 
nerve root distal to the REZ. 

In a review of 122 patients, distal trigeminal pathology correlated 
with a clinical syndrome of trigeminal neuropathic pain. 

An hypothesis is presented that peripheral lesions of the trigeminal 
nerve behave as do other peripheral nerve lesions in that they are 
associated with sensory loss, deafferentiation and non "tic-like" pains. 
This may be due to the asynchronous spatial temporal dispersion of 
abnormal centrally-propagating axonal activity in nociceptive and 
non-nociceptive fibers from the region of pathology. This is opposed 
to the putative synchronous multifiber volleys which may emanate 
from the proximal trigeminal REZ in patients with typical trigeminal 
neuralgia. It appears that classical trigeminal neuralgia may be an 
exception to the rule that nerve injuries typically produce symptoms 
like constant pain and allodynia. Trigeminal neuropathic pain is, in 
some ways, a more general syndrome in that it is a painful nerve 
injury of the distal trigeminal nerve. Only when patients with this 
defined syndrome are identified, we will be in position to determine 
the effectiveness of therapy. 

Keywords: Trigeminal neuralgia; trigeminal neuropathic pain; 
pathophysiology. 

Introduction 

Trigeminal neuralgia is a fascinating disorder that 

has tantalized theorists for many decades. What patho

physiologic mechanism can account for the classical 

paroxysmal lancinating pains which are triggerable 

by non-noxious tactile stimulation even well outside 
of the painful division, pain-free intervals, and other 

characteristic features of trigeminal neuralgia? Despite 

the fact that we do not yet understand the mechanism 

oftrigeminal neuralgia, it is probably the most tractable 
chronically painful condition known. Several drugs, 

and numerous types of surgical approaches, can pro

duce complete alleviation of the pain with little morbi

dity. 
The uniqueness of typical trigeminal neuralgia and 

its favorable response to therapy have tended to obscure 

the fact that the trigeminal nerve is commonly subject 

to trauma along its intra- and extracranial course from, 
for example, head injury, tumor, sinus disease, facial 

trauma, dental procedures, and other causes. Like other 

peripheral nerves, the trigeminal nerve must have a 

spectrum of associated syndromes of post-traumatic 

neuropathic pain. However, trigeminal neuropathic pain 
is given little attention in most textbook reviews of 

facial pain29
. Perhaps this is a consequence of the 

relative difficulty of both diagnosis and treatment of 

facial pains other than trigeminal neuralgia. 
Facial pain that is not classical trigeminal neuralgia 

is often lumped into a non-specific category of "a typical 
facial pain". While this may be useful from a therapeutic 
standpoint, it does not clarify the etiology of the pain. 
Furthermore, the term atypical facial pain is essentially 
synomomous with a functional or psychogenic pain 
disorder. My thesis herein is that between the realms of 

classical trigeminal neuralgia and clearly psychogenic 

facial pains, lies a group of patients that have discrete 

facial pain, minimal or no psychopathology, and clearcut 

structural pathology of the trigeminal nerve. The pur

pose of this report is to emphasize that trigeminal 

neuropathic pain exists as a distinct entity, and can be 

diagnosed by clinical and neurophysiological criteria. 

Furthermore, an hypothesis to explain trigeminal neuro
pathic pain is presented. 
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Materials and Methods 

The medical record library of Oregon Health Sciences University 
was searched for the years 1977-1987 for patients with a diagnosis 
of "facial pain". Patients fulfilling the following criteria were diag
nosed as having trigeminal neuropathic pain: 

1) Constant unilateral localized facial pain 
2) Abnormal or unpleasant dysesthesiae, e.g., described as burning, 

aching, or throbbing 
3) Delayed onset after a precipitating injury 
4) Pain in an area of a clinically detectable sensory deficit 
5) Presence of allodynia (mechanical hyperalgesia) 
6) No history or evidence of significant psychopathology. 

Results 

From this record review 122 patients were identified. 
Eighty-one ofthese patients were found to have typical 
trigeminal neuralgia by virtue of a typical history. Thirty
four patients of this group (28%) were diagnosed as 
having trigeminal neuropathic pain. 

The diagnoses associated with these 34 cases could 
be categorized as follows: 12 cases of dental or temporo
mandibular joint pathology, 10 cases of head and neck 
cancer, 4 cases of chronic sinus disease, 2 cases following 
facial trauma, and one case of a cerebellopontine angle 
tumor. In five cases no definite precipitating injury or 
pathology could be identified, but these cases were 
included in the analysis since they fulfilled the remainder 

of the above criteria. 

Discussion 

Typical Trigeminal Neuralgia 

It is not usually characterized by overt facial sensory 
loss. If "idiopathic" trigeminal neuralgia can be asso
ciated with subclinical, but demonstrable, hypesthesia 
in the affected region, this would be evidence of minor 
deafferentation'. Lewery and Grant28, and Dott9 found 
hypesthesia in 25% and 40% of cases, respectively. 
More recently Jannetta20 has indicated that sensory 

loss can be found in about 25% of patients with tri
geminal neuralgia. However, the data is not consistent. 
Hampf et al. 18 studied 18 "virgin" trigeminal neuralgia 
patients, and found no change in the quantitative sen

sory exam. This raises the question of patient selection 
for previous studies. That is, it is possible that prior 
results indicating the presence sensory loss in patients 
were contaminated by numbers of patients with more 
overt trigeminal neuropathy, or even structural lesions 
that were undetectable given the neuroimaging mod
alities available at the time of the study. Suffice it to 
say that classical trigeminal neuralgia is typified by 
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little or no clinical deafferentation. On the contrary, 
trigeminal neuralgia seems to be more of an "irritative" 
phenomenon, rather than a deafferentation pain. 

Despite the absence of obvious facial sensory loss, 
trigeminal root entry zone (REZ) demyelination may, 
in part, underlie the etiology of trigeminal neuralgia 17. 
Numerous neuropathological studies have, in fact, 
found evidence of demyelination in the region of the 
REZ1,22-25. Jannetta21 has hypothesized that focal 

injury and demyelination of the trigeminal root at the 
REZ both incites and maintains classical trigeminal 
neuralgia. A number of evoked potential studies now 
support the notion that there is an area of demyelination 
in the retrogasserian root. Leanori and Favale27 found 
somatosensory evoked potential (SSEP) evidence of 
damage at the root entry zone or slightly distal in 33 
of 68 cases of trigeminal neuralgia. Using trigeminal 
SSEPs, Cruccu and colleagues6 have concluded that 
the primary lesion in classical trigeminal neuralgia 
affects afferent fibers in the proximal portion of the root 
or the intrinsic portion of the pontine tract. Stohr 
et al. 35 and Bennett and Jannetta3 have documented 
SSEP delays in 41% and 83% of trigeminal neuralgia 
patients, respectively. 

Patients with mUltiple sclerosis, but otherwise clinical 
"symptomatic" trigeminal neuralgia, have also been 
studied by SSEPs. Iragui et al. 19 found that the evoked 

potential abnormality in these patients localized to the 
trigeminal sensory root and lateral lemniscus. Garcin 
et al. 16 found similar postmortem changes at the REZ 
in patients with both MS and trigeminal neuralgia, 
although the demyelination became more extensive 
as the disease progressed and the pain became more 
continuous and atypical. Demyelination has also been 
detected in biopsief of the trigeminal nerve in patients 
with trigeminal neuralgia. In the case presented by 
Lazar and Kirkp<Jtrick 26, the trigeminal root at the 
REZ was biopsied and a demyelinating plaque was 
found in the central portion of the root. Interestingly, 
the "peripheral nerve" portion of the biopsy was entirely 

normal. 
There have been numerous reports to substantiate 

the proposal by J annetta that trigeminal neuralgia is 
caused by microvascular compression of the trigeminal 
root at the REZ21. This area, the approximate location 

of the transition of peripheral and central myelin, or 
the Obersteiner-Redlich zone, may well be a site that 
is prone to ectopic impulse generation given the poten
tial impedance mismatch between differently myelinated 
axon segments30. It has also been shown that minimal 
experimental trigeminal denervation can also produce 
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hyperactivity in trigeminal WDR neurons33
,34, and 

the activity of these cells can be diminished by agents 
such as baclofen, phenytoin and carbamazepine which 
facilitate segmental inhibition as Fromm has pointed 
out11 - 1S , 

With the exception of two rare conditions, the pain 
of trigeminal neuralgia is virtually unique, Glosso
pharyngeal neuralgia and nervus intermedius neuralgia 
can produce similar pains in the tonsillar area and ear, 
respectively, Interestingly, both of these disorders are 
said to be associated with vascular compression of the 
nerve root 10,21, as is the motor equivalent oftrigeminal 
neuralgia, hemifacial spasm31

,32, Other nerves rarely, 
if ever, generate a syndrome akin to trigeminal neuralgia, 
The pains of tabes dorsalis are said to be "lighting like", 
but in the last decade ofthe twentieth century there are 
many neurologists and neurosurgeons who have never 
seen a patient with this disorder, In postherpetic neu
ralgia fleeting lancinating pains are seen but are essen
tially always superimposed on a background of constant 
pain described as "burning", "aching", "clawing", etc, 

What about the trigeminal nerve predisposes it to 
the development of the syndrome of trigeminal neu
ralgia? If we accept that the origin of the syndrome is, 
at least initially, related to vascular compression, the 
size and location of the nerve in the posterior fossa may 
be simple, but important, factors, Whatever the cause, 
a minimal and exquisitely localized demyelinating neuro
pathy seems to be among the requisite elements, 

One fascinating difference between trigeminal neu
ralgia and more typical neuropathic pains is that tri
geminal neuralgia can be alleviated, sometimes for years, 
by relatively minor damage to the peripheral nerve, 
ganglion, or retrogasserian root In contradistinction 
to trigeminal neuralgia, further neural injury is usually 
ineffective in alleviating neuropathic pain associated 
with clinical deafferentiation, In fact, ablative therapy 
often worsens neuropathic pain, and a destructive ap
proach is usually avoided by experienced clinicians, 

Neuropathic pain occurs in many areas of the body, 
and certainly there is a spectrum of injury severity, The 
failure to recognize such overlap syndromes in other 
nerves, even rarely, argues strongly that differences 
between trigeminal neuralgia and other neuropathic 
disorders are qualitative, rather than quantitative, 

Trigeminal Neuropathic Pain 

One fascinating aspect of the trigeminal sensory sys
tem is that it can produce a variety of pains, Several 
distinct syndromes are recognizable: Trigeminal neu-
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ralgia, postherpetic neuralgia, post-traumatic neuro
pathic pain, and anesthesia dolorosa. For this reason, 
the trigeminal nerve deserves much greater attention 
in the study of neuropathic pain. Although I would 
disagree with drawing a direct parallel between typical 
neuropathic pain and classical trigeminal neuralgia, I 
believe that we can learn much about neuropathic pain 
by studying the trigeminal system. 

Compression or injury to the trigeminal nerve distal 
to the root entry zone, most commonly due to a struc
turallesion like a tumor, aneurysm, or vascular mal
formation, produces "trigeminal neuropathy". This 
neuropathy is associated with a more constant pain 
highly reminiscent of the pain of peripheral nerve injury. 
These disorders are more comparable to other neuro
pathic pains, in that the pain is much more continuous, 
and that sensory loss is a prominent feature. This syn
drome could be termed appropriately "trigeminal neuro
pathic pain". 

Surgical observations indicate that trigeminal root 
compression distal to the REZ results in a more atypical 
facial neuralgia. For example, Bullitt and her associates4 

have made the following observation: 
"Peripherally placed tumors tend to produce atypical facial pain 

associated with sensory deficits. Tumors encoraching upon the gas
serian ganglion may produce either atypical facial pain or trigeminal 
neuralgia, and tumors located within the posterior fossa are usually 
associated with trigeminal neuralgia, although atypical facial pain 
may also occur". 

In this regard, Cusick8 has also observed that: 
"Increasing evidence, however, indicates that mass lesions affecting 

the trigeminal nerve proximal to ~he gasserian ganglion may be 
frequently associated with atypical trigeminal neuralgia and that a 
high degree of clinical curiosity should be maintained regarding such 
a relationship". 

Evoked potential studies also support the concept 
that, in comparison to trigeminal neuralgia, more 
atypical trigeminal neuralgia secondary to neuropathy 
is correlated with electrophysiologic evidence of more 
damage to the nerve 7,37. Finally, the treatment of tri
geminal neuropathic pain is, like the treatment of other 
peripheral neuropathic pains, much more difficult than 
the management oftrigeminal neuralgia. Szapiro et al. 36 

reported that in patients with purely paroxysmal tri
geminal neuralgia, 95% were relieved by trigeminal 
microvascular decompression, while in patients with 
baseline on-going pain and paroxysmal pain, only 58% 
were successfully treated by trigeminal decompression. 

Evaluation of trigeminal neuropathic pain: All pa
tients with a suspected diagnosis of trigeminal neuro
pathic pain must have a thorough historial review, 
general physical and detailed neurologic exam. Facial 
pain that is clearly not trigeminal neuralgia must also 
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be evaluated with psychological testing and interview. 
Oral surgery evaluation is also recommended to rule 
out treatable pathology. Neuroimaging using CT and/ 
or MRI scanning with contrast enhancement is essen
tial. To detect subtle sensory loss, quantitative sensory 
testing using Von Frey hairs and quantitative thermo
testing are very sensitive and specific techniques. The 
role of trigeminal evoked potentials in the diagnosis of 
this disorder has yet to be determined, but also may 
provide objective evidence and localization of nerve 
pathology. 

Pharmacological therapy of neuropathic pain: We 
can learn a great deal from the pharmacological and 
physiological properties of drugs that are effective in 
the treatment of trigeminal neuralgia and other more 
typical neuropathic pains. Carbamazepine, phenytoin 
and baclofen can all be highly effective for the treatment 
of trigeminal neuralgia. However, in a very real sense, 
all the agents which have been tried for neuropathic 
pains have been "borrowed" from other disorders, such 
as epilepsy, spasticity, and depression. The effectiveness 
of these agents for neuropathic pain is highly question
able. This is not surprising since neuropathic pain does 
not resemble these entities clinically. We should not 
suppose that they would necessarily be similar to neuro
pathic pain mechanistically. To develop more effective 
pharmacotherapy, we simply need further insights from 
laboratory models of neuropathic pain such as that 
developed in the rat by Bennett2. What the disparity 
between the medical treatment of trigeminal neuralgia 
and trigeminal neuropathic pain should tell us is that, 
at the very least, the mechanisms of these two disorders 
are quite different. 

Mechanism of Trigeminal Pain: a Theory 

The mechanism of classical trigeminal neuralgia is 
still a matter of considerable debate. Perhaps the best 
synthesis of the available data has been presented by 
Fromm 12. He postulates that bursts of impulses origi
nate from the region of nerve compression/demylein
ation at the trigeminal REZ. The mechanism of the 
synchronous generation of these REZ discharges may 
involve ectopic spike generation, ephapses, spike ref
lection, or other unknown mechanisms. This afferent 
barrage causes sensitization of wide dynamic range 
(WDR) neurons in the trigeminal subnucleus caudalis. 
These neurons are further sensitized by loss of descend
ing inhibition related to minimal deafferentation. By 
this hypothesis, abnormal trigeminal WDR excitability 
and activity leads to the central propagation of a noci-
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ceptive signal and the perception of a paroxysm of 
lancinating pain. 

Patients with trigeminal neuropathic pain describe 
ongoing burning, or aching pain, and little or no epi
sodic pain. It is reasonable to hypothesize that significant 
distal trigeminal nerve injury produces these atypical 
pain syndromes by a mechanism much like what has 
been posited for other painful incontinuity nerve inju
ries6 . An animal model of trigeminal neuropathic pain 
has been produced which mimicks both the structural 
pathology and clinical phenomena of trigeminal neu
ropathic painS. By this hypothesis, asynchronous sum
mation of on-going ectopic impulse generation, che
mosensitivity, mechanosensitivity, taken together with 
central reorganization in response to deafferentation 
leads to the constant but varying pains of which are 
the hallmark of this syndrome. Any generator of ab
normal neural activity in the periphery would be subject 
to substantial spatiotemporal dispersion due to the 
distance from the central terminals, the variety of nerve 
fibers involved in the area of injury, interruption of 
nerve continuity or myelination, and areas of nerve 
ischemia, to name a few possibilities. The asynchronous 
nature of the centrally propagating impulses would make 
it unlikely that critical summation at the WDR neuron 
would occur, resulting in brief, lancinating pain. On the 
other hand, if this theory is correct, synchronous dis
charge of an impulse generating mechanism in the 
periphery should be able to produce brief, lancinating 
pain. In fact, this can be demonstrated in the clinical 
ability to produce a Tinel's sign from mechanical stimu
lation of the area of nerve injury in patients with facial 
or dental trauma. A graphic schema of this theory is 
presented in Fig. 1. 

PERIPHERAL INJURY 

NE UROMATA 
D EMYELINATION 

DENERVATION 
COLLATERAL INNERVATION 

-
ASYNCHRONOUS APs 

CENTRAL INJURY 

ECTOPIC IMPULSES 
REFLECTED IMPULSES 

EPHAPSES 

SYNCHRONOUS APs 

Fig. 1. Schema of an hypothesis for the pathophysiology of trige
minal neuralgia and trigeminal neuropathic pain 



Trigeminal Neuropathic Pain 

In conclusion, I have presented an argument that 

trigeminal neuropathic pain is similar in origin and 
clinical presentation to other peripheral neuropathic 
pains. Typical trigeminal is unique to disorders of 
compression and/or demylelination of the proximal 
trigeminal REZ. In contrast, damage to the distal tri
geminal nerve is more associated with trigeminal neuro
pathic pain. A combination of REZ and more distal 
trigeminal injury produces an overlap syndrome, atypi
cal trigeminal neuralgia. Only when patients with the 
defined syndrome of trigeminal neuropathic pain are 
identified, will we be in position to determine the effec
tiveness of therapy for this disorder. 
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Summary 

A report is given on first experiences with motor cortex stimulation 
in \0 patients with different forms of neuropathic pain. 

Three of them had central pain as sequelae of cerebrovascular 
disease. In none of them did the stimulation provide pain relief. 

Two patients had pain from peripheral nerve injuries. One did not 
respond, but the other obtained about 50% pain relief. 

The remaining 5 patients with trigeminal neuropathy experienced 
definite pain relief varying between 60 and 90%. 

During test stimulation most patients had one or two short-lasting 
generalized seizures. But no one had any motor effects after perma
nent implantation. 

Motor cortex stimulation appears to be a new and promising 
possibility of pain treatment, especially in cases with trigeminal 
neuropathy, but many problems have yet to be solved, before a clear 
indication could be given. 

Keywords: Pain; neuropathic pain; trigeminal system; brain stimu
lation; cerebral cortex. 

Introduction 

In 1990 Tsubokawa first reported that electric stimu
lation of the motor cortex may be effective for neuro
pathic pain of central, supraspinal origin. The outcome 
appeared very promising in view of the fact that such 
pain is notoriously difficult to manage. Apart from 
pharmacological treatment, generally with tricyclic 
drugs, stimulation of the sensory thalamus or the sen
sory limb of the internal capsule has been tried. How
ever, only a limited number of patients will respond to 
such treatment and late failures are common (Meyerson 
1990). Although experimental data are available on 
motor cortex stimulation in cats subjected to deaffer
entation (Namba and Nishimoto 1988; Tsubokawa 
1991) as well as on corticofugal modulation of sensory 
processing in the spinal dorsal horn, the mechanisms 

behind the suppression of clinical pain with this form 
of stimulation are poorly understood. 

Our first experience with motor cortex stimulation 
was in June 1990 when we had a patient with severe 
trigeminal pain originating from surgery for a parotid 
tumour. Trigeminal ganglion stimulation via a per
cutaneously implanted electrode, high cervical stimu
lation of the spinal trigeminal tract as well as sensory 
thalamic stimulation had been tried but failed. As a last 
resort, treatment with motor cortex stimulation was 
initiated and proved to be effective. The patient still has 
good pain relief after two and a half years. 

Here we report our first experiences with motor 
cortex stimulation in ten patients with different forms 
of neuropathic pain. 

Patients 

Three of the patients had central pain as sequelae of cerebrovas
cular disease: two had had a haemorrhage in the thalamus and one 
a brain stem infarction. 

Two patients had pain due to peripheral nerve injury: one as a 
result of minor surgery in the shoulder region which had produced 
excruciating pain and extreme allodynia covering most of the upper 
quadrant of the trunk; the other patient had phantom pain in the 
right index finger combined with allodynia and hyperalgesia in the 
radial aspect of the hand. Both patients had failed to respond to 
spinal cord stimulation and the patient with the finger phantom had 
also been subjected to trial stimulation in the sensory thalamus 
(VPM). 

The remaining five patients, all females, had trigeminal neuropathy, 
four of them following surgery in the trigeminal territory but not 
for tic douloureux. It was a characteristic that they all presented 
with abnormalities offacial sensation, dominated by dysaesthesia or 
allodynia to mechanical stimuli and hyperalgesia to pin prick. In two 
of them the disturbance of cutaneous sensibility had spread outside 
the territory of the trigeminal nerve into the ipsilateral half of the 
head and neck where they also reported the presence of spontaneous 
pain. Four of these patients had previously been subjected to other 
forms of neurostimulation (Table 1). 
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Table 1. Results of Motor Cortex Stimulation. Pain relief refers to relief of ongoing pain assessed with VAS 

Diagnosis Prevo stim. History 
treatment years 

F/48 trigeminal Gasseri stim 
neuropathy VPM stim II 

F/44 Gasseri stim 5 

F/51 9 
F/46 cervical DCS 3 
F/46 Gasseri stim 4 

cervical DCS 
SM/71 peripheral 

posttraum DCS 
neuropathy VPM 4 

F/44 DCS 4 
M/61 post -stroke 2 
M/48 14 
F/53 cervical DCS 7 

Surgery 

In order to locate the central sulcus-primary motor cortex, 
somatosensory evoked responses to median nerve stimulation were 
recorded using an array of recording electrodes orientated anterio
posteriorly about 6cm from the vertex (cf. Tsubokawa 1991). 

The location where the so-called N20 component disappeared was 
marked on the skin as it conceivably represented the transitional 
zone between the sensory and motor cortex. Under local anaesthetic 
a burr hole was made just posteriorly to this skin marking and 
a 4-polar electrode strip (Resume@, Medtronic Inc.) was introduced 
epidurally. The electrode was positioned anteriorly or ventrally. 
Local muscle twitches in the contralateral hand or arm were induced 
by low frequency, high intensity stimulation to make sure that the 
electrode was located on the motor cortex. 

Test stimulation via a percutaneous extension lead was subse
quently performed. Great care was taken to try various coupling 
combinations of the stimulating poles. Ten different couplings, com
prising all 4 poles, are available, and in several patients it was found 
that the coupling configuration was critical. Therefore, the stimulation 
test period generally lasted for about four weeks. 

In a few patients a multipolar electrode grid, comprising 24 or 32 
stimulating poles, was instead applied via a small craniotomy. This 
method enabled a more detailed search for an electrode polar array 
which could provide stimulation-produced pain relief. In a subse
quent intervention, the row of stimulating poles providing the best 
result could be identified and the multipolar electrode grid was 
exchanged to a permanently implanted 4-polar electrode. 

Stimulation was applied with pulses of 0.3 ms duration at 50 Hz. 
The intensity was set about 20~30% less than that required to evoke 
local muscle twitches with 0.6~0.8 ms pulses at 1 ~ 2 Hz. Stimulation 
was not accompanied by any subjective sensations, and therefore, 
the condition of the battery had to be carefully controlled. In the test 
stimulation phase the patients were instructed to use the stimulator 
for 20~ 30 min, 3~5 times daily. Each day a new combination of polar 
couplings was tried. The effect on pain (Table I) was assessed by 
using visual analogue scaling (V AS), and besides, the patients were 
instructed to observe and make notes of any other effects. Effects 
on evoked pain (allodynia, dysaesthesia) were assessed by means of 
quantitative sensory testing (Lindblom 1985). 

Results 

In none of the patients with central pain did the 
stimulation provide relief in spite of the usage of a 

Sensibility Follow-up Pain 
disturb months relief 

allodynia 11 >50% 
allodynia 8 >50% 
hyperalgesia 
hyperalgesia 11 >75% 
d ysaethesia 14 >75% 
allodynia 28 >50% 

hyperalgesia 
allodynia 4 <50% 
allodynia 0 
hyperaesthesia 0 
hyperaesthesia 0 
hyperaesthesia 0 

multipolar electrode grid in one and relocation of the 
4-polar electrode in another patient. The outcome was 
equally negative in the patient with peripheral neuro
pathy in the shoulder region whereas the patient with 
a finger phantom experienced about 50% pain reduction. 
In contrast, all patients with trigeminal neuropathy had 
definite pain relief varying between 60 and 90%. Three of 
them had to stimulate 3~6 times daily and two patients 
1 ~2 times. In general, the stimulator had to be on for 
20~30 min to obtain maximal effect. The follow-up ranges 
from 4 to 28 months and in no case has there so far 
been any tendency to a decreasing effect of stimulation 
with regard to the degree of pain reduction and/or 
duration of post-stimulatory relief. One of the patients 
(case F /48) with trigeminal neuralgia had previously 
been treated first with Gasserian ganglion stimulation 
via an implanted electrode (Meyerson and Hakanson, 
1986) and subsequently with VPM-stimulation. She 
reported that cortical stimulation provided more effec
tive pain relief than any of the other treatments. 

In one patient an electrode was initially located on 
the motor cortex ipsilateral to the trigeminal pain but 
stimulation proved ineffective (cf. Parrent and Tasker 
1992). 

When different couplings of the stimulating poles 
were tested, it was often found that one or two of the 
ten available combinations were superior. Moreover, 
two of the patients with trigeminal neuropathy spont
aneously reported that different electrode couplings 
selectively influenced the pain in different parts of the 
face and neck. This unexpected finding was repeatedly 
controlled with the patient not knowing which coupling 
was used. The spatial specificity of the stimulation was 
also evident in the patient in whom a multipolar (24 
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Fig. 1. Motor cortex stimulation. Facial dysaesthesia and allodynia 
assessed by von Frey hairs (stiffness expressed in gms of bending 
pressure on the abscissa) before and after motor cortex stimulation. 
Note that the cortical stimulation per se did not evoke any sensations. 
Evoked pain: x dysaesthesia, • anodynia before stimulation; "
sensation after stimulation. Spontaneous pain: Before stimulation: 
VAS 80/l00; after stimulation: VAS 20/100 

Fig. 2. Composite representation oflocation of 4-polar stimulating 
electrodes in patients who had good (upper) and no (lower) pain relief 

B. A. Meyerson et at. 

poles) electrode grid was temporarily implanted. 
All the patients with allodynia, dysaesthesia and 

hyperalgesia in the territory of the painful trigeminal 
region, as well as on the ear and the neck, reported that 
as a result of stimulation the unpleasant or painful 
sensations from touching or stroking the skin were 
markedly reduced. This effect of stimulation was con
trolled in one patient with the internal controls of the 
stimulator in off-position without the patient's knowing. 
There was no reduction of dysaesthesia and allodynia 
following 20 min of "stimulation" as assessed by quanti
tative testing with von Frey hairs (Fig. I). 

In Fig. 2 the effective and non-effective electrode 
locations, respectively, are shown. It should be empha
sized that at all electrode sites but one, whether being' 
effective for pain relief or not, it was possible to induce 
muscle twitches with low frequency, high intensity sti
mulation. The figure does not include the location 
of the mUltipolar electrode grids. 

Complications 

During the test stimulation period most patients had 
one or two short-lasting generalized seizures but in no 
case have there been any motor effects after permanent 
implantation. In two patients stimulation produced 
painful local sensations at the site of the implanted 
electrode. This necessitated a small craniotomy and 
denervation of the dura which was cut and sutured 
around the electrode. In one of the patients this led 
to an epidural clot which was at first undetected. The 
patient gradually developed a marked expressive apha
sia which after evacuation of the clot persisted for 
several months. There is still a residual, slight degree 
of dysphasia. 

In two patients it was necessary to re-operate at the 
site of the electrode cable connection located behind 
the ear because of threatening ulceration. There have 
been no equipment failures. 

Discussion 

Our results differ from those reported by Tsubokawa 
(1990) in that none of our patients with central pain 
enjoyed pain relief. Moreover, Tsubokawa (personal 
communication) has one case with trigeminal neuro
pathy who has failed to respond. All our patients had 
a well established symptomatic diagnosis of neuro
pathic pain and in none was there any co-existent 
nociceptive pain component. One common character
istic of the patients with trigeminal neuropathic pain 
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was the disturbance of the facial sensibility, predomin
antly of a hypersensitive type with allodynia to touch 
and cold and hyperalgesia. In two cases this sensory 
disturbance extended outside the territory of the tri
geminal nerve. Tsubokawa has reported experiments 
performed on cats in which transection of the spin
othalamic tract resulted in hyperactivity of thalamic 
neurons. Spontaneous firing of such neurons could be 
inhibited by stimulation of the motor cortex whereas 
stimulation of the sensory cortex was ineffective. Namba 
and Nishimoto (1988) performed trigeminal denerva
tion in cats resulting in deafferentation hyperactivity 
in the spinal trigeminal nucleus. Here, hyperactive WDR 
neurons could be inhibited by stimulation both of the 
sensory and of the motor cerebral cortex. It was further 
found that the activated corticofugal pathways passed 
by the sensory limb of the internal capsule and the 
sensory thalamus. It is in this context of interest that 
stimulation at both these locations may block pain due 
to trigeminal neuropathy in patients. 

It is well known that electrical stimulation of the 
sensory-motor cortex in rats, cats and monkeys, not 
subjected to previous deafferentation, may produce 
presynaptic inhibition of spinal primary afferents (e.g. 
Lindblom and Ottosson 1957; Andersen et al. 1962; 
Carpenter 1963) and also of spinothalamic tract neu
rons (Coulter et al. 1974). 

In the monkey there exists a strict somatotopic 
organization of the corticofugal inhibition of spinal 
primary afferents (Abdelmoumene et al. 1970) and this 
finding is of interest with regard to the unexpected 
finding that in our patients particular couplings of the 
stimulating poles sometimes had a regionally selective 
effect both on spontaneous and evoked pain (allodynia, 
dysaesthesia) in different parts of the face. Moreover, 
the critical location of the stimulating electrode is il
lustrated by the finding that in one of the patients with 
trigeminal neuropathy and a multipolar electrode grid, 
only a few stimulating poles provided pain relief. This 
may explain why the composite locations of effective 
and non-effective electrode locations illustrated in Fig. 2 
show a considerable overlap. The possibility of inducing 
peripheral muscular activation is apparently not a reli
able predictor of a pain relieving effect. This conclusion 
is further substantiated by the fact that in one patient 
with central pain, stimulation via a multipolar electrode 
grid using a large variety of electrode couplings no pain 
relief was obtained in spite of the induction of motor 
responses. 

Although motor cortex stimulation appears to be a 

new, promising form of central nervous stimulation as 
pain treatment in selected patients, many problems 
have to be solved. As already discussed, there is no 
reliable method by which the ideal and effective electrode 
site can be defined; the optimal stimulus parameters 
have not been established; it is not known whether 
stimulation for long periods of time may induce kindling 
or have other harmful effects. As illustrated not least 
by this study and by the unexplicable discordance with 
Tsubokawa's results, indications are far from being 
established. A particular advantage over other forms 
of nervous system stimulation procedures is the lack of 
subjective sensations in this type of stimulation. This 
makes it possible for the first time to assess the effect 
of neurostimulation for pain, using a double-blind 
procedure. This advantage should be regularly explored 
in future studies with cortical stimulation. 
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Summary 

Chronic brain stimulation may be a useful method of treating 
chronic neurogenic pain. However, the knowledge about the basic 
mechanisms responsible for pain relief is still fragmentary, and the 
clinical results have often been inconsistent even contradictory. 

In an attempt to explore the possibility of stimulating other 
cerebral targets, stimulating electrodes have been implanted in the 
septal region in addition to stimulation in the sensory thalamus or 
the periventricular grey. In 19 patients subjected to septal stimulation, 
12 experienced satisfactory relief of their spontaneous pain together 
with abolition of allodynia. There were no untoward side effects. The 
follow-up ranged from 1 to 10 years. 

Our results suggest that the septal area may be a suitable alternative 
target for chronic brain stimulation. 

Keywords: Stereotactic surgery; pain; brain stimulation; septal 
area. 

Introduction 

The introduction of chronic brain stimulation has 
been a major advance in the neurosurgical management 
of chronic pain. However, the physiological mechanisms 
underlying the pain relief are insufficiently understood. 
Therefore, it is not surprising that the clinical results 
obtained with stimulation in the 'traditional' targets 
are inconsistent. In an attempt to explore the possibility 
of deploying alternative stimulation targets in the brain, 
electrodes were implanted in the septal area in addition 
to an electrode placed in the sensory thalamus or in 
the peri ventricular grey (PVG). 

Material and Methods 

In short, the patients were operated on under light sedation using 
a Hitchcock stereotactic apparatus. The ventricular system was out
lined by water-soluble positive contrast and a standard DBS electrode 
was placed in the pva or in the sensory thalamus. An additional 
bipolar or tetra polar electrode was placed in the septal area (Fig. 1). 
Its tip was aimed at 5 mm in front and 2.5 mm below the anterior 

commissure in the coronal and horizontal planes, at 5.5 mm from 
the midsagittal plane. ~oth electrodes were connected to percutane
ous leads to permit trial stimulation prior to interualization. 

Criteria for patient selection and methods of evaluating the results 
have previously been reported 13. 14. 

Nineteen patients presenting with a predominating neurogenic 
pain were subjected to septal stimulation. Six cases had pain due to 
neoplastic invasion of the brachial plexus, and 14 cases had pain 
associated with partial or total deafferentation. In all patients the 
pain was severe and incapacitating, and it was generally described 
as being of a deep burning character. In most cases there was also 
allodynia in the painful area. All had extensive analgesic medication 
but no narcotic drugs. The pain history ranged from I to 5 years. 

Results 

Stimulation of the septal region below the threshold 
for subjective sensations generally produced a reduction 
of pain which outlasted the period of stimulation. 
Stimulation with somewhat higher intensity produced 
a sensation of warmth and often also a feeling of well
being and relaxation. Six of the 19 patients reported 
significant pain relief, i.e. more than 75% pain reduction. 
In no patient was there complete suppression of pain. 
Six patients had moderate relief, i.e. 50-75% pain re
duction, and seven failed to obtain useful alleviation. 
The follow-up period ranged from 0.5 to 10 years. 
There were no untoward side-effects. 

In no case was there a clear-cut reversal of pain relief 
by naloxone. It was also observed that experimentally 
induced pain was unaffected by stimulation in the septal 

area. 

Discussion 

The aim of the present study has been to explore a 
new target site for intracerebral stimulation and to 
evaluate its efficacy in treating neurogenic pain in a 
long-term perspective8 ,12.13. Based on early neuropsy-



Long-Term Results of Stimulation of the Septal Area 

Fig. 1. Radiograph showing 'chronic' electrodes implanted in both 
the septal area and the peri ventricular grey region 

chological experiments, previous attempts to correlate 
the positive rewarding effect of septal area stimulation 
with chronic pain in man have been made by Heath 
and Mickle4

, Gol 3 and Obrador et al. 5. However, more 
recent research has shown that behavioural changes 
observed after stimulation of this region may be due to 
the activation of opioid mechanisms. Watson et alY 
have demonstrated that the anatomical distribution of 
immunoreactive fJ-lipotropin in the rat includes the 
septal area, anterior hypothalamus, periventricular and 
periaqueductal grey. Moreover, Roldan et al. ll found 
an increase in the plasma levels of immunoreactive 
fJ-endorphin after septal stimulation in the rat, and 
Cuello I and Pioro 7 have reviewed the enkephalinergic 
innervation of this same region in man. 

Richardson9 reported that acute stimulation of both 
the superior and inferior septal area produced signifi
cant relief of neurogenic pain in five patients. In a 
previous study, we gave preliminary data on chronic 
stimulation in the septal area in man13. In the present 
study, the early favourable results could be confirmed 
in that satisfactory pain relief could be produced on a 
long-term basis in 63% of our patients. 

It is generally believed that deafferentation pain does 
not respond to stimulation which activates opioid mech
anisms. This idea seems to be further substantiated 
by the finding in this study that naloxone did generally 
not counteract the pain relief obtained by septal stimu
lation. However, it can not be ignored that the stimu
lation certainly activates different neuronal circuits 
which may involve both opioid and non-opioid mech-
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anisms. This may also be the background why for exam
ple PVG-stimulation may be effective for particular 
cases of neurogenic pain 2, 5, 10, 14. Although our 
results in this series of patients appear quite promising, 
the septal area has still to be further explored as a 
suitable target for chronic stimulation. 
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Summary 

Electrical spinal cord stimulation (SCS) is an important method 
in the treatment of certain chronic pain syndromes which are difficult 
to manage with conventional techniques. The indications for this 
procedure have gradually narrowed to neuropathic pain states, espe
cially those of peripheral origin, ischaemic pain due to peripheral 
vascular disease, and treatment-resistant angina pectoris. In spite of 
the clinical use of this method for more than 20 years, the mechanisms 
underlying the pain alleviating effect remain largely unknown. 

For the effect on ischaemic pain, recent animal research indicates 
a mediation via autonomic pathways. Concerning the effect on 
neuropathic pain progress in knowledge has been scanty. Data from 
spinal microdialysis in decerebrated or anaesthetized animals indicate 
the possible importance of serotonin and substance P in the dorsal 
horn for pain inhibition by SCS. However, data from experiments 
on anaesthetized animals are, for several reasons, not likely to truely 
reflect the mechanisms active in conscious humans under treatment 
with SCS. To avoid the influence of anaesthesia and to approach the 
clinical situation, we have developed an animal model enabling 
simultaneous SCS and supraspinal microdialysis in awake, freely 
moving rats. 

The animal model is described and some preliminary data indicat
ing a release of gamma-amino butyric acid (GABA) induced by SCS 
in the periaqueductal grey matter (PAG), are presented. 

Keywords: Animal model; GABA; microdialysis; periaqueductal 
grey matter; rat; spinal cord stimulation. 

Introduction 

Electrical stimulation applied to the posterior surface 
of the spinal cord (spinal cord stimulation, SCS or 
dorsal column stimulation, DeS) is an established 
treatment in certain chronic pain syndromes resistant 
to conventional therapeutic procedures. The method 
has proved very valuable in neuropathic pain conditions 
(e.g. Gybels and Kupers 1987; Gybels and Sweet 1989), 
especially those of peripheral origin (Meyerson 1990). 
Nociceptive pain states have generally been found to 

be unresponsive to this treatment modality, but the 
ischaemic pain in patients suffering from peripheral 
vascular disease constitutes an exception to this (Augu
stinsson et al. 1985; Galley et al. 1988; Meglio et al. 
1989). 

In spite of the clinical value of ses, the mechanisms 
behind the efficacy of the method has been largely 
unknown to date. It seems probable that the mecha
nisms crucial for pain relief differ considerably between 
the application of ses for neuropathic and for ischae
mic pain (Linderoth et al. 1987a; Linderoth 1992). For 
the relief of ischaemic pain, induction of peripheral 
vasodilation by ses appears to be mandatory. Further
more, this vasodilatation seems to be the result of a 
stimulation-induced transitory inhibition of sympa
thetically maintained vasoconstriction (cf. Linderoth 
et al. 1991a, b). Regarding the mechanisms possibly 
involved in the alleviation of neuropathic pain, know
ledge is fragmentary (cf. Meyerson 1983, 1990; Linde
roth 1992). 

The prolonged pain relief commonly observed after 
a 20-40 min ses session has been interpreted to imply 
the activation oflong-Iasting neurochemical mechanisms 
in the eNS (cf. Meyerson 1983; Gybels and Sweet 
1989). Several neurotransmitters in the dorsal horn and 
supraspinally are considered to be involved in the pain
alleviating effect ofSeS (e.g. Bonica et al. 1990; Blumen
kopf 1991; Linderoth 1992). At present there is little 
evidence that endogenous opioides are important for 
the effect of ses (reviews cf. Meyerson 1983, 1990; 
Linderoth 1992), but recent data indicate a putative 
role for serotonin and substance P for the stimulation
induced pain inhibition (Broggi et al. 1985; Linderoth 
et al. 1987b, 1991c, 1992). 
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Inhibitory amino acids, especially gamma-amino 
butyric acid (GABA), have attracted some attention in 
relation to SCS. GABA appears to be involved in 
pre- and postsynaptic inhibition of primary afferent 
terminals within the dorsal hom, and the administration 
of GABA antagonists (bicucullin, strychnine) yields a 
behavioural reaction in experimental animals resembl
ing sensory dysaesthesia or allodynia (cf. Matthews 
et al. 1988; Yaksh 1989; Blumenkopf 1991). Further
more, Duggan and Foong (1985) reported that the 
GABAA-antagonist bicucullin decreased the inhibitory 
effect on pain transmission of SCS. Such observations 
have resulted in a wide-spread belief that GABA in the 
dorsal hom is involved in the effects of SCS on pain 
(e.g. Duggan and Foong 1985; Blumenkopf 1991), as 
well as in some instances of acupuncture analgesia (e.g. 
Zhu et al. 1990). 

In supraspinal regions GABA may also playa role 
for pain alleviation by SCS. GABA is found in abun
dance in the PAG, a structure considered to be involved 
in descending pain inhibition (cf. e.g. Basbaum and 
Fields 1984; Williams and Beitz 1990). Most of this 
GABA seems to be located in intemeurons possibly 
modulating the activity in descending projections via 
the rostral ventral medulla, including the nucleus raphe 
magnus (Behbehani et al. 1990; Reichling and Basbaum 
1990; Cho and Basbaum 1991). Furthermore, in the 
anterior pretectal nucleus a microinjection of GABA 
seems to decrease the inhibition on nociceptive trans
mission obtained by electrical spinal cord stimulation 
(Rees and Roberts 1989). Thus, there are several reasons 
to investigate whether GAB A is released both in sup
raspinal regions associated with pain modulation and 
in the dorsal hom. Here, a study exploring the possible 
release of the substance in the PAG is presented. 

A well known complicating factor in the interpreta
tion of animal experiments on transmitter release is the 
possible influence of anaesthesia. There are many re
ports on the differences in neurotransmitter levels be
tween animals under different types of anaesthesia and 
the awake preparation (cf. e.g. Osborne et al. 1990; 
Stahle et al. 1990; Kelland et al. 1990). However, for 
some years it has been possible to monitor extracellular 
neurotransmitter levels by microdialysis in various brain 
regions in awake freely moving laboratory animals (cf. 
Zetterstrom et al. 1984). 

In the present report we describe the combination of 
this technique with SCS via chronically implanted 
extradural electrodes. Some preliminary data on 
GABA release in the PAG induced by SCS are also pre
sented. 
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Materials and Methods 

Male Sprague-Dawley rats (weight 300-380 g; ALAB, Siidertiilje 
Sweden) with free access to food and water at all times were used. 

Surgery. With the animal fixed in a sterotaxic unit (David Kopf 
Instr., Tujunga, Ca., USA) and under halothane anaesthesia, a micro
dialysis guide cannula was inserted into the PAG using the coordi
nates 7.6 mm caudal and 2.5 mm lateral to the bregma, with a depth 
of 4.6 mm from the dura. A trajectory at 22° angle from the sagittal 
plane was used to avoid aqueductal interference. The guide was fixed 
to the skull with screws and dental cement. 

For SCS, a system consisting of an intraspinal silver cathode 
(diameter 2mm) and a subcutaneous silver anode (diameter 5mm) 
connected to a microcontact by 0.25 mm plaited stainless steel teflon
coated wires (Medtronic Inc., Minn, Mn USA) was used. The intras
pinal electrode was placed extradurally onto the dorsal aspect of the 
cord in the lower thoracic region (T12-T13) and the position checked 
by x-ray postoperatively. The contact was sutured to the skin between 
the scapulae. An x-ray overview of the entire microdialysis and SCS 
system is shown in Fig. I. 

During SCS with simultaneous microdialysis, the animal was 
kept in a special hemispheric cage (CMA Microdialysis Stockholm 
Sweden), permitting the animal to circle in the same direction for any 
number of turns or chose any irregular movement pattern. A balance 
arm, at the end of which a liquid swivel is mounted, follows the 
movements of the animal. An electric swivel, adapted to the CMA/ 
Microdialysis system and enabling simultaneous SCS, was designed 
for the present project. 

Microdialysis system. The dialysis probes used (CMA/12) have a 
membrane diameter of 0.5 mm, a membrane length of 2.0 mm and a 
molecular cut-off at 20.000 Daltons. In each experiment, following 
2-3 day of recovery from surgery, the sampling was started one hour 
after the insertion of the probe. The dialysis fluid consisted of modified 
Ringer solution (conc. in mM: NaCi 148.0; KCI 2.7; MgCI 2 0.85; 
CaCI2 4.0). The perfusion rate was 7.0 Ill/min and samples were 
collected every 15 minutes and kept cooled at + 4 °C throughout the 
experiment. Immediately after the experiments the samples were 
frozen to - 20°C until the time of assay. 

Spinal cord stimulation. Monopolar stimulation with a constant 
current system using 100Hz; 0.2 msec pulses and 2/3 of the current 
required to induce a hind limb flexor response in the lightly anaesthe
tized animal (average 0.24 + / - 0.3 rnA) was used. The stimulating 
current was generated by a Grass S88 stimulator (Grass Instr., 
Quincy, Mass., USA) connected to a Grass constant current unit 
(CCUI). SCS was applied twice for 30 min. during the collection of 
samples 5-6 and 13-14, respectively. In some experiments GABA
release was stimulated by increasing the potassium concentration in 

Fig. I. Lateral x-ray of a rat with a chronically implanted 
microdialysis cannula in the PAG and a SCS system with the 
intraspinal cathode at level T12-T13 
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Fig. 2. Schematic drawing of experimental set-up with the rat in 
the CMA observation cage, the balance arm with the liquid and 
electrical swivels following the movements of the animal. The 
dialysis catheters and the electric wires follow a string connecting 
the balance arm to a collar. Infusion pump and Grass stimulator 
to the right (redrawn after Microdialysis users guide, 4th Ed, 
Carnegie Medicin Stockholm, Sweden) 

the dialysis fluid to 100 mM during 15 min. The total dialysis time 
exceeded five hours. The entire set-up is schematically illustrated in 
Fig. 2. 

Assay system. Several substances were analyzed but only some 
data on GABA will be given here. A full report will appear later 
(Stiller, Linderoth, O'Connor, Franck, Brodin, in preparation). 

GABA was assayed as previously described by Kehr and Unger
stedt (1988). Briefly, the procedure is based on precolumn derivatiza
tion with an o-phthaldialdehydejt-butylthiol reagent and separation 
by a reverse phase HPLC on a Nucleosil 3, C-t8 column with 
electrochemical detection under isocratic conditions. The detection 
limit for GABA was approx. 0.5 nM at the injection volume of 10 III 
as used here. 

Histological control. The brain was dissected out after the experi
ments and immediately frozen to - 80 °C. It was later cut in a 
microtome for probe tract verification. 

The studies reported here were examined and approved by the 
Local Ethical Committe for Animal Research. 

Results 

Technical Aspects 

The stimulation system including the electrical swivel 
functioned in a satisfactory way. Initial problems with 
wire breakages were eliminated after changing to the 
above-mentioned plaited and teflon-coated wires. 

Behavioural Response 

The animals seemed to tolerate the stimulation well. 
At the onset of an SCS period they displayed a freezing 
reaction, possibly getting aware of the paraesthesiae, 
usually standing or sitting without moving for some 
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Fig. 4. GABA release in the PAG during the perfusion with different 
types of dialysis fluids as indicated in the figure. Data given is in 
per cent of fraction four. Elevation of the K + concentration induced 
an intense release (black bars), from 5.3 nM in fraction four to 88 nM 
in fraction five. In the absence of calcium and with 12mM Mg in 
the perfusion medium, the GABA release induced by lOOmM 
potassium was only 20.8 nM (cross-hatched bar). After changing 
to the standard calcium-containing solution, lOOmM potassium 
again induced a marked GABA release to 128nM (mean + j 
SEM; n = 3) 

minutes. After a while they behaved as prior to the SCS, 
investigating the environment or sometimes sleeping. 
During the perfusion with the lOOmM potassium solu
tion the animals appeared aroused and on the alert. 

GABA Assay 

Data from nine animals have been analyzed to date. 
These preliminary results are illustrated in Fig. 3. The 
basal GABA level recorded before the first SCS period 
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was 11.6 + / - 2.6 nM (SEM; n = 9). During the first 
stimulation period only a slight tendency to increase 
of the extracellular GABA level could be observed. 
After the cessation of SCS the GABA concentration 
continued to increase to 19.6 + / - 7.9 nM (fraction 7). 
During the second stimulation the GABA concentration 
increased from 8.2 + / - 1.4 nM (fraction 12) to 13.4 
+ / - 3.7 nM (fraction 14). Using the Wilcoxon non
parametrical test for related observations the GABA 
increase in fractions 13 and 14 compared to the pre
ceeding basal value, was found to be significant 
(P < 0.05). 

In Fig. 4 it is seen that increasing the K + concentra
tion in the perfusion medium to 100mM induced a 
marked elevation of the average GABA release. This 
potassium-induced release was markedly reduced in 
the absence of calcium and in the presence of 12 mM 
magnesium (acting as a calcium channel blocker) in the 
perfusion fluid. 

Discussion 

Thus, it is demonstrated that supraspinal micro
dialysis and electrical spinal cord stimulation may be 
combined in the awake unrestraind rat without major 
problems. This model may be more comparable to the 
situation in man during the clinical use of SCS than 
the experimental procedures on anaesthetized animals 
used earlier (e.g. Linderoth et al. 1987b, 1992). 

As already mentioned GABA is presently considered 
as one of the most interesting neurotransmitter candi
dates for the mediation of the pain-alleviating effect of 
SCS (cf. Duggan and Foong 1985; Blumenkopf 1991). 
The preliminary results reported here suggest a release 
of GABA in the PAG induced by SCS. Furthermore 
the calcium-dependent release resulting from potassium 
stimulation indicates that the GABA originates from 
neuronal vesicular stores. However, the number of ani
mals analyzed so far is too small to permit any further 
conclusions about the possible role of GABA in these 
circumstances. 

It may be pointed out that in another on-going study 
(Linderoth, Gunasekera, Stiller, O'Connor and Brodin, 
in preparation) GABA release with SCS was also ob
served in the dorsal horn of halothane-anaesthetized 
rats. Such studies are difficult to perform in a mobile 
preparation because of the large movement artifacts 
that would result from the use of a stiff microdialysis 
system at the spinal level. Although spinal cord micro
dialysis using "soft" dialysis catheters has been des
cribed (e.g. Sorkin et al. 1988), there are, to the best of 
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our knowledge, no reports of spinal microdialysis with 
soft catheters in an awake, freely moving animal as yet. 
However, some trials with stiff standard probes have 
been performed by Privat and collaborators (personal 
communication, 1992). 

Thus, there are now some more observations sup
porting the view that GABA may playa role in pain 
inhibition induced by SCS. However, it must be kept 
in mind that GABA represents only one neurotransmitter 
in the bouquet of substances possibly released by the 
stimulation-and where only a few as yet may be 
known to us. 

Further studies utilizing different experimental models 
are called for. The animal models of neuropathic pain 
recently developed by Bennett and Seltzer may prove 
to be valuable for the future investigation of the neuro
chemical mechanisms underlying the effects of SCS on 
pain. 

Conclusions 

Combined SCS and supraspinal microdialysis may 
be adequately performed in the awake, unrestrained 
rat. Preliminary observation, obtained with the model 
described here, suggest that GABA release is induced 
in the PAG by concomitant low thoracic SCS. 
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Summary 

For the last 6 years Spinal Cord Stimulation (SCS) has been 
advocated for patients with therapeutic refractory angina pectoris2 -4. 

We studied the efficacy of spinal cord stimulation on the relief of 
otherwise intractable angina pectoris in a 2 months' randomized 
study with 1 year follow-up by quality of life parameters, cardiac 
parameters and complications. Twenty four patients were randomized 
to either an actively treated group A (12 patients received the device 
within a 2 weeks' period) or a control group B (10 patients had an 
implantation after the study period). In both groups one patient 
dropped out before the implantation but after the randomization. 

It is concluded that spinal cord stimulation improves both quality 
of life and cardiac parameters. The latter included a trend towards 
reduction in ischaemia after implantation of the device in both tread
mill exercise and 24-hour ambulatory Holter recordings, with a 
concomitant better exercise capacity. 

Keywords: Spinal cord stimulation; SCS; angina pectoris; random
ized study; results. 

Introduction 

Since the introduction, by Shealy and Wall in 1970, 
of an implantable neurostimulator for electrical treat
ment of pain 1, an estimate of over 20.000 devices have 
been implanted worldwide for all varieties of pain. In 
1987. Mannheimer et al. were the first to publish on the 
improvement of symptoms of patients with severe 
angina pectoris treated with Spinal Cord Stimulation 
(SCSf, Similar results were independently realized by 
Murphy3 and Sanderson4 . 

For determination of the effects of SCS the patients 
have to become aware of the paraesthesias, which 
make blinding or cross-over design not feasible, while 
randomization is still conceivable. 

Patients and Methods 

This study was a randomized trial that attempted to determine 
whether patients with medically refractory angina pectoris can be 
effectively treated with spinal cord stimulation. Medically refractory 

encompasses those patients who are on pharmalogical optimal drug
treatment for at least 1 month, without any possibility for revascular
ization procedures such as coronary artery bypass surgery. Patients 
with angiographically documented coronary artery disease who have 
severe otherwise intractable angina pectoris with proven ischaemia 
(by either ST -T segment changes on the ECG, or in case of Bundle 
Branch Block by Thallium-201 scintigraphy or Positron Emission 
Tomography) were included in the study if they were between 18-76 
years of age. Exclusion criteria mainly referred to a short life expec
tancy and or the inability to perform an exercise test. All patients 
signed a written informed consent certified by the Hospital Ethical 
Commission. 

After selection and informed consent 24 patients (14 males, 10 
females mean age 61) were enrolled in the study of whom 22 were 
operated on. Patients were eligible for the study if they fulfilled the 
above mentioned inclusion criteria. 

In all patients a Medtronic Itrell* was percutaneously implanted 
under local anaesthesia and fluoroscopy. In 8 patients an Itrell 1* 
with a monopolar lead and in 14 patients an Itrell 11* with a quadri
polar electrode was used. Stimulation was standardized to 3 hours 
three times per day and therapeutically. 

After selection the patients were randomly divided into either 
group A (active treatment) or B (control) (see Fig. 1). 

In group A (N = 12) the device was implanted and 'set' to active 
stimulation within 2 weeks after the randomization. In group B 
(N = 10) the stimulator was implanted after the study period. 

Repeated treadmill exercise tests (TET) and 24-hour ECG record
ings (24h ECG) were studied as cardiac parameters in relation to 
baseline characteristics such as left ventricular ejection fraction and 
cardiac history. In addition, quality oflife parameters were evaluated 
by a standardized and validated activities of daily life (ADL) scoring 
and a diary. In the diary the number of anginal attacks (AA) and 
glyceryl trinitrate intake (GTN) were counted. 

During the 2 months' study period the same battery of tests was 
performed. After the study period the patients were their own controls. 
The follow-up was meant to evaluate the persistence of change in 
parameters. 

Surgical Procedure of the Implantation Technique 
Although the procedure is performed under local anesthesia we 
consider the attendance of an anesthetist as mandatory. Prophylactic 
antibiotics (cotrimoxazol t.i.d. 960 mg) are given in a 2 days' standard 
regime. With the patient in prone position, a small incision in the 

* Trademark of Medtronic Inc. Minneapolis, Minn., U.S.A. 
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Fig. 1. Flowchart study 

midline, at the T4-T5 level, is made. Then the epidural space is 
punctured with a Tuohy needle. Under fluoroscopic control an 
epidural electrode (either a unipolar Pisces Sigma* or a quadripolar 
Quad* electrode) is inserted through this needle in the dorsal 
epidural space, with the tip at the C71evel. With an external stimula
tion device paraesthesias are evoked. 

By withdrawing the stylet from the electrode, the final position 

Table 1. Baseline Characteristics 

CAD 
Randomization since Previous 
No. Group Age Sex (yrs) MI 

A 48 M 9 
2 B 66 F 6 + 
3 A 59 M 16 + 
4 B 64 M 10 + 
5 B 64 M 8 + 
6 B 60 M 25 + 
7 A 58 M 11 + 
8 A 59 F 4 
9 B 63 M 15 

10 A 58 M 3 + 
11 B 51 M 13 + 
12 A 48 M II + 
13 A 64 M 8 + 
14 B 53 M 11 + 
15 B 52 F 3 + 
16 A 73 F 15 
17 B 73 M 8 + 
18 A 49 M 5 
19 A 58 F 4 + 
20 B 60 M 9 + 
21 A 60 F 8 
22 A 66 F 17 + 
23 B 66 M 12 + 
24 A 75 M 17 + 

13 A 59.6±4.6 8M/5F 9.9 ± 5.1 0.7 
11 B 61.1 ± 5.6 9M/2F 1O.9±5.7 0.9 

M.1. L. de Jongste and M. J. Staal 

(mostly at T1 and slightly left from the midline) is determined by 
sensation of paraesthesias in the thoracic area, sometimes also includ
ing the left arm, according to the area of anginal pain as indicated 
individually by the patient. 

After that, a left subcostal retrofascial pocket is created. An Itrell 
1 * (in case of unipolar stimulation), or an Itrell 2* pulse generator 
(in patients with a quadripolar electrode), is placed in this pocket 
and connected to the epidural electrode with an extension lead. 

Results 

In group B fewer patients were enrolled with on 
average per patient a longer period of coronary heart 
disease (10.9 versus 9.9 years), more myocardial infarc
tions (0.9 versus 0.7) and a worse left ventricular ejection 
fraction (46.5 versus 50.2). On the other hand the pati
ents randomized to group A underwent more previous 
revascularization procedures (0.9 versus 0.8) and had 
more vessels involved (2.8 versus 2.5) (see Table 1). 

All the 22 patients who had had surgery reported an 
improvement in quality of life measured by ADL scoring 
and diary (see Table 2) after implantation. The ADL 

Previous 
CABS(+) LVEF 
PTCA (x) in % 

+ 48 

+ 63 
+x 28 

+ 35 
+x 51 

47 
+ 58 
+x 53 
+x 62 

57 
+ 57 
+ 49 
+ 35 
+ 62 

x 35 
+x 67 

47 
+ x 61 
+ 63 
+ 22 
+x 60 

x 34 

+ 31 

+ 40 

0.9 50.2± 12.5 
0.8 46.5± 14.8 

Age age at entry study; CAD coronary artery disease; CABS coronary artery bypass grafting; MI 
myocarial infarction; L VEF in % left ventricle ejection fraction in percentage. d.o. drop out; # 
diseased; Values are represented as means ± S.D. 
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Table 2. Outcome of the Quality of Life Parameters 

Group A 
Baseline Study 

ADL 1.3 ± 0.3 2.0 ±0.6 
GTN/wk 1303 ± 6.7 1.7 ± 1.7 
AA/wk 16.8 ± 7.8 6.3± 5.1 

Follow-up 

2.2 ±0.5 
1.8 ± 2.1 
3.5 ± 3.010 

Group B 
Baseline 

1.3 ± OJ 
13.0 ± 16.3 
1603 ± 7.9 

Study 

1.3±OJ 
12.0 ± 4.0" 
13.6 ± 7.1 
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Follow-up 

2.5 ± OJ 
7.2 ± 3.3 
7.2 ± 703 

" 1 patient spontaneously reduced his GTN-intake from 58 to 13 tablets per week. 
ADL activities of daily life, scored by questionnaire; GTN shortacting glyceryl trinitrate intake; AA anginal attacks. Values are represented 
as means ± S.D. 

Table 3. Outcome of the Treadmill Exercise Tests 

Group A Group B 
Baseline Study Follow-up Baseline Study Follow-up 

RPP x 100 125 ± 30 142±44 149 ± 45 144 ± 53 137 ± 34 158 ± 34 
l:ext(min) 9.7 ± 4.7 1O.8±4.1 9.9 ± 5.1 11.1 ± 5.2 10.8 ±4.0 14.6 ± 5.8 
AAt(min) 9.6±4.5 10.9 ± 3.9" 9.9 ± 2.6 11.0 ± 5.0 10.4 ± 4.0 13.8 ± 5.5 
l:ST t max 1.60 0.95 1.30 2.40 2.02 1.7 

" Stopcriterion for 2 patients became fatigue. RP P rate pressure product; l:ext total exercise time; AAt time to angina; l:ST t max total 
ST segment depression in mV for the entire group. 

score improved during the study in group A and after 
the study in group B patients. There was a concomitant 
dramatic fall in both anginal attacks and GTN intake 
after the implantation. 

According to the cardiac parameters an increase in 
rate pressure product was observed in the treated group 
empowered by a prolonged exercise capacity. In the 
control group there was a decrement in both rate pres
sure product and exercise capacity, possibly as a result 
of the natural history of the disease. In addition total 
ischaemic burden, expressed as ST -T segment depres
sion at maximal exercise tended to decrease after im
plantation (see Table 3). 

The 24-hour ambulatory Holter recordings demon
strated a clear but not yet significant trend in reduction 
of ischaemia. A total number of 135 Holters were per
formed (group A: 67 and group B: 68). 

Ischaemia was demonstrated in 12 out of the 22 
evaluated patients prior to SCS and in 6 patients with 
SCS. Before SCS in 23% of all 24-hour Holters ischaemia 
was demonstrated, after SCS in only 10%. 

The effects of SCS on the measured parameters lasted 
for an average follow-up of 13.8 months (total patients' 
months: 332) to a maximum of 3 years. 

Postoperative complications occurred in six patients 
mainly consisting of a dislocation of the lead requiring 
an operative reposition. 

Two patients dropped out before the study (one in 
group A because of a myocardial infarction before 

implantation and one due to a cerebrovascular accident 
before implantation). Two others died during follow
up, one as a consequence of worsening ischaemia and 
one because of heart failure. 

Discussion 

Patients with severe therapeutic refractory angina 
pectoris are somatically and socially disabled. For this 
group of intractable patients SCS might be an adjuvant 
therapy with hopeful perspectives. We evaluated in an 
open randomized study the efficacy of SCS in this 
subset of patients. 

In a pilot study5 we demonstrated that SCS improved 
the subjective parameters but did not influence the 
more objective cardiac parameters. These later find
ings of our pilot study were in conflict with the results 
reported by others2

-
4

• This difference might be due to 
other selection criteria and or to different protocols. 
F or instance Mannheimer et al. 2 exercised the patients 
with the stimulator "on". In the study discussed here 
all treadmill exercise tests after SCS implantation were 
performed during active stimulation. 

Baseline characteristics for both groups were not 
significantly different. After implantation of the device 
the patients had a better exercise capacity represented 
by an increase in both exercise time and time to angina 
with a concomitant higher Rate Pressure Product (RPP) 
and less (but not significant) ST-T segment depression. 



164 M. J. L. de Jongste and M. 1. Staal: Spinal Cord Stimulation for Intractable Angina 

The reason that we could not uncover a significant 
reduction in ischaemia could be either a too small 
sample size, or that exercise testing is not a good para
meter of ischaemia in this subset of patients. Eventually 
there may be no influence of SCS on ischaemia as 
suggested by Landsheere et al. 6

• The average, maximal 
and minimal heart rate appeared not to be influenced 
by SCS, but a decrease of 50% in total ischemic burden 
during 24-hour ambulatory ECG monitoring was 
observed. 

Another explanation for the results might still be the 
difference in selection criteria. We did include patients 
with Bundle Branch Blocks and proven ischaemia on 
Thallium-20l scintigraphy. As a consequence we were 
not able to evaluate in these patients' ST-T segment 
changes. In addition patients with significant 3 vessel 
disease might have no ST-T segment changes due to 
cancellation of the ST-T segments, as is observed during 
acute myocardial infarction. 

Quality of life parameters as expressed by the AD L 
score, the GTN intake and Anginal Attacks improved 
clearly. A placebo effect as an explanation for the lack 
of significance on exercise testing is unlikely since the 
improvement lasted for over one year. 

From the results of our study we cannot unambi
guously conclude that SCS is an effective treatment for 
otherwise intractable angina pectoris as far as ischaemia 
is concerned. However, although not all cardiac para
meters improved substantially, a clear increase in all of 
the quality of life parameters was demonstrated. The 
results might even be biased by the operation itself. To 
analyze a possible bias from the operation we have 
changed the protocol. All implantations will be shortly 
after randomization, but the device in group A is set to 
the 'active' mode while the device in group B is not 
activated. Since the results we presented here were 
preliminary we did not perform statistical analysis. 

Conclusions 

Based on both subjective (Quality of Life) and objec
tive cardiac improvement in group A (and after im
plantation in group B), SCS might be a valuable adju
vant therapy for patients with otherwise intractable 
angina pectoris. The question still remains valid if SCS 
has besides its electroanalgesic effect a more specific 
anti-ischaemic effect. An anti-ischemic influence of SCS 
on the heart will protect the patient from deleterious 
cardiac events. 
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Summary 

A series of 66 patients with trigeminal neuralgia (TN) treated by 
microvascular decompression (MVD) is analyzed in order to define 
the importance of various prognostic factors. A typical pattern of 
pain, presence of facial hypaesthesia and previous ablative trigeminal 
procedures showed an unfavourable influence on the results of MVD. 
Duration of symptoms was longer in patients who failed to benefit 
from MVD. Pain distribution and the type of vascular compression 
did not influence the outcome. 

Keywords: Microvascular decompression; trigeminal neuralgia; 
trigeminal nerve. 

Introduction 

Several effective surgical procedures are now available 
for the treatment of trigeminal neuralgia (TN). 

Microvascular decompression (MVD) of the tri
geminal nerve in the posterior fossa has been proposed 
as an etiological treatment of TN4 -7,lo. Nevertheless, 
controversies still exist about the rationale of MVD1

, 11. 

Because of the problem of pain recurrence requiring 
subsequent operations, there is a need for a reliable 
protocol for the treatment of TN. 

In order to evaluate the relevant prognostic factors 
in MVD and to design our protocol of treatment, we 
reviewed a series of 66 patients with TN, all operated 
on by MVD by the same surgeon (M.M.). 

Clinical Material and Methods 

Between 1986 and 1991,66 patients with TN were operated upon 
by MVD; there were 31 males and 35 females. Mean age was 60 years 
(range 39-78). All patients had been previously treated by drugs 
but were drug-resistant or intolerant. Pain affected the right side 
in 39 subjects and the left in 27. All three divisions were affected in 
11 patients, two in 27 and one division in 28. 

TN was defined as typical in 50 patients, i.e. it was characterized 
by episodes of paroxysmal pain, presence of trigger zones and of 

pain-free periods. An atypical pattern of pain was identified in 16 
subjects. Facial hypaesthesia was present in 34 patients. The mean 
duration of history of trigeminal symptoms was 7.9 years (range 
6 months-30 years). 

Previous percutaneous procedures had been performed in 33 pat
ients, generally radiofrequency thermocoagulation and microcom
pression of the Gasserian ganglion. 

All patients underwent a CT scan or MRI before surgery. 
MVD was performed in the supine position, with the head contra

laterally rotated and flexed, through a small retromastoid craniectomy 
of 16 mm and a supracerebellar approach to the cerebello-pontine 
angle. 

At surgery, a definite vascular compression of the trigeminal nerve 
was evident in 62 cases (93.4%); the superior cerebellar artery was 
the compressing vessel in 48 subjects. Venous compression was 
evident in 5 patients. MVD was achieved by interposing aTeflon 
felt prosthesis between the vessel and the nerve. 

Outcome was assessed at discharge and at the end of the follow-up 
period (mean follow-up 22.60 months). 

The outcome was correlated to: 1) pain distribution; 2) presence 
of hypaesthesia; 3) typical or atypical pattern of pain; 4) duration 
of symptoms; 5) previous percutaneous procedures; 6) operative 
findings. 

For statistical evaluation, contingency table analysis was used by 
means of chi square test with Yates correction. 

Results 

Immediate and complete pain relief was reported by 
50 subjects (75.7%), partial relief by 14 (21.2%), while 2 
patients reported no improvement. 

Pain distribution did not affect the operative results. 
In the group with facial hypaesthesia, pain relief was 
obtained in 67.7% of the patients. Among those without 
sensory deficit, 84.4% were relieved from their pain. 
80% of the subjects with typical TN were pain-free, 
while only 62.5% of patients with atypical pain bene
fitted. Mean duration of symptoms was 7.7 years in the 
group with complete pain relief and 10.6 years in the 
remaining patients. 

If we consider the group of 33 patients previously 
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treated by percutaneous procedures, one can note com
plete improvement in 66.6%; in the group without pre
vious surgery, 84.8% experienced complete relief. 

The outcome could not be correlated with the com
pressing vessel. However, among the four patients not 
having a definite compression, two were partially re
lieved and two did not benefit from surgery. 

Twenty-five out of 66 subjects were considered as a 
distinct group because they suffered from typical neu
ralgia, did not show any facial sensory impairment and 
had not been previously operated upon. This group 
had complete relief in 88% of the cases and partial in 
the remaining 12%. On the other hand, patients not 
included in this group (41 cases) showed complete 
improvement in 68.3%, partial in 26.8% and no relief 
in 4.9%. 

However, it should be emphazized that all differences 
reported, were not statistically significant. 

Postoperative complications include persistent head
ache (6 cases), persistent hypacusia (2 cases) and transi
tory fourth nerve palsy (1 patient). There was no opera
tive mortality. 

At the last evaluation permanent complete pain relief 
was achieved in 65.4% of patients and partial relief (in 
some cases pain was controlled by low doses of drugs) 
in 9.6%. 25.0% of the subjects never improved or suffered 
recurrence of their pain. Two of them underwent a 
second MVD. In the first case, the decompression from 
the previous operation remained intact, but the patient 
again did not benefit from surgery. In the second case, 
the trigeminal nerve was still compressed by an arterial 
loop and decompression was achieved by interposition 
of a new Teflon felt prosthesis. Post-operatively, the 
patient was pain free. 

The differences reported between the various groups 
in the early p~stoperative period were still present, but 
less marked, at the end of the follow-up period. 

Discussion 

Various prognostic factors in MVD for TN have 
been evaluated by several authors. The influence of 
sex4

, duration of symptoms2
-

4
, prior surgical ablative 

procedures on the trigeminal nerve3 .4,7,14, presence of 
facial hypaesthesia 14, pattern and distribution of pain 14 

and operative findings2 ,5,7,14 have been reported. Some 
authors, however, were not able to confirm the signifi
cance of pain duration 7, previous procedures5 and pain 
distribution4

. 

Our results suggest a less favourable outcome in 
patients with atypical pain, facial hypaesthesia and 
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previous surgical procedures. History of disease was 
longer in the group who failed to benefit. The different 
surgical procedures now available are highly effective 
in producing immediate pain relief in TN; how
ever, the recurrence rate is comparatively high fol
lowing any of these operations, either percutaneous or 
MVD2 ,4-6,9,12,13. A repeated posterior fossa explora-

tion for pain recurrence after MVD rarely reveals a 
persistent neurovascular compression4 ,7. Ablative pro
cedures on the nerve are complicated by a relatively 
high incidence oftrigeminal side effects, which are diffi
cult to treat 5,8,9, 13. The risk of postoperative complica

tions with the fifth nerve after MVD is increased in 
patients with prior ablative trigeminal procedures4

. 

MVD is our treatment of choice in patients with 
drug resistant TN. However, previous ablative proce
dures could decrease the chance of relieving pain. 

Pain recurrence requiring surgical treatment is best 
controlled by percutaneous procedures, such as radio
frequency thermocoagulation or microcompression of 
the Gasserian ganglion. The latter is particulary useful 
if the pain affects the first division. 
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Microsurgical Vascular Decompression (MVD) in Trigeminal 
and Glosso-V ago-Pharyngeal Neuralgias. A Twenty Year Experience 

M. Sindou and P. Mertens 

Department of Neurosurgery, University of Lyon, Hopital Neurologique, Lyon, France 

Summary 

Report of the results of treatment in 1380 cases with trigeminal 
neuralgia and 14 cases with glosso-vago-pharyngeal neuralgia. 

Trigeminal neuralgia was treated by percutaneous thermorhizo
tomy in 960 cases and by open micro-approach to the cere bello
pontine angle in 420 cases. In cases treated by microsurgical vascular 
decompression, cure rate was 91%, partial relief 5%, failure 4%. 
Recurrence occured in 6%. 

Glossopharyngial neuralgia was treated by percutaneous thermo
coagulation of the Andersch ganglion in 3 cases and by a direct 
approach to the jugular foramen in II cases, in 9 of them with 
micro-vascular decompression. With microsurgical vascular decom
pression, all cases had total pain relief without recurrence. 

Keywords: Trigeminal neuralgia; glosso-vago-pharyngeal neu
ralgia; microvascular decompression. 

Microsurgical Vascular Decompression (MVD) 
for Trigeminal Neuralgias 

Since 1973, 1380 trigeminal neuralgias were operated 
on by the senior author. 960 underwent a percutaneous 
thermorhizotomy 7, whilst in the 420 others an open 
microsurgical approach to the cere bello-pontine angle 
was preferred. In 24 of these, a tumour or a vascular 
malformation was found and successfully removed with 
suppression of pain in all cases. It should be noted that 
in one-third of these 24 patients the neuralgia was 
typical, with no sensory deficits. In another 17 patients 
with a huge atherosclerotic basilar artery, a selective 
juxta-pontine rhizotomy of the pars major was neces
sary since it was not possible to mobilize the com
pressive vessel. Among the remaining 379 patients, a 
compressing vessel was recognized in 97% of cases 
and dislodged (S.C.A 76%; A.LC.A 17%; embedded 
vein 7%)8. 

Cure was total in 91 %, partial in 5% and none in 4%. 

Recurrence occurred in 6%. Two patients died because 
of a cerebellar infarction due to severe vasospasm 
secondary to excessive arterial manipUlations. We later 
became more cautious when dissecting the arteries and 
started to use irrigation with papaverine whereby this 
complication could be avoided. 

Two patients had permanent and 8 transient hearing 
loss after surgery. Therefore, we undertook intra-op
erative BAEP monitoring to correlate the electrophy
siological changes with the surgical manoeuvres poten
tially responsible for hearing disturbances. This method 
demonstrated that auditory function was at risk during 
cerebellar retraction, especially ifthe cere bello-pontine 
angle was approached laterally with stretching of the 
VIIIth nerve2. These findings led us to modify the 
technique, i.e. to approach the trigeminal nerve via a 
superior retro-mastoid opening (Fig. 1) and a supra
cerebellar route below the tentorium with preservation 
of the superior petrosal veins (Fig. 2). Since this change 
was introduced, no more hearing loss, even transient, 
was observed, and BAEP monitoring has no longer 
been necessary. 

In order to know whether the MVC procedure is 
effective because of a true decompression or is the 
result of a traumatizing and/or a neocompressive mech
anism 1, the release of the nerve from its vascular 
compression has been performed with the utmost cau
tion, avoiding all mechanical contact with the nerve. 
In addition, the offending vessel was dislodged by pull
ing it with small tapes of Teflon (2 mm in width, 4 cm 
in length) passed around the artery(-ies) (Fig. 2)3, and 
maintained with a rectangular piece of Dacron (7 
x 10 mm) sustained by the superior petrosal vein(s), 
without any contact with the nerve (Fig. 2)5. 
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Fig. 1. Retromastoid approach (on right side) in the lateral position, 
Superior nuchal line (1), mastoid process (2). Skin incision (dotted 
line) for the trigeminal (TN) and the facial (H S) (or glosso-pharyngeal) 
nerve approaches. Triangular craniectomy (hatched area) for the 
trigeminal nerve and ovoid craniectomy (dotted area) for the facial 
or glosso-pharyngeal nerves. Skin incisions avoid injury to the greater 
occipital nerve (3) 

Fig. 2. Top: after retraction of the supero-lateral aspect of the right 
cerebellar hemisphere (with preservation of the superior petrosal 
vein) (5), the dorso-Iateral part or the peri peduncular cistern along 
the trochlear nerve (1) is opened, so as to release the superior 
cerebellar artery (2) which compresses the trigeminal nerve (3). Bottom: 
Decompression of the trigeminal nerve by transposition of the superior 
cerebellar artery (2) without interposition or material. The two bran
ches of the artery are maintained apart by two tapes of Teflon 
(arrows) flattened along the inferior wall of the tentorium cere belli 
and a piece of Dacron (4) supported by the superior petrosal vein (5) 
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Fig. 3. Right infero-lateral approach (3), posterior to the mastoid tip 
(1), along the nerves of jugular foramen (9,10,11). The retractor tip 
is located in between the flocculus (above) and the choroid plexus of 
the roramen or Luschka (below) 

In the latter p~rt of the series in which the micro
surgical decompression was performed using an "atrau
matic non-compressive" technique, better results and 
fewer recurrences were observed than in the former 
groups. This indicates that MVD does act through a 
true decompressive mechanism. 

Microsurgical Vascular Decompression 
for Glossopharyngeal Neuralgias 

Since 1973, 14 cases of glosso-vago-pharyngeal neu
ralgia have been surgically treated6

. Three had a percu
taneous thermocoagulation of the Andersch ganglion. 
In 11, a direct approach to the jugular foramen - brain 
stem region was preferred. A microsurgical vascular 
decompression was carried out 9 times (alone in 8, 
associated with a sensory rhizotomy in 1). Total pain 
relief was achieved in all the 11 cases without any 
side-effects, apart from the 3 patients with rhizotomy 
who suffered from a moderate hypaesthesia. To date 
there has been no recurrence. 

To avoid stretching the VIIIth nerve, while approa
ching the IXth, an inferior retromastoid opening (Fig. 1) 
and an infero-lateral cerebellar route has to be preferred 
(Fig. 3). With this technique there is no lateral retraction 
of the cerebellar hemisphere2. 

On the basis of the results reported above we are 
convinced that microsurgical decompression is the treat
ment of choice for neuralgias of the Vth and IXth 
nerves4

. 
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Trigeminal Neuralgia: New Surgical Strategies 
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Summary 

Presentation of the results of treatment in trigeminal neuralgia, 
using percutaneous radiofrequency coagulation in 712 cases, per
cutaneous microcompression in 206 cases, and microvascular de
compression in 22 cases. 

Based on the results the following management strategy is proposed: 

pts. 65 years or younger = percutaneous baloon compression or, if 
neuroradiological evidence of neurovas
cular compression) is given, microvascular 
decompression. 

Pts. elder than 65 years = thermorhizotomy. It may be repeated in 
case of recurrence. 

If the initial operation was percutaneous compression, the second 
one should be microvascular decompression or, depending on age 
or other clinical circumstances of the patient, thermorhizotomy. 

Keywords: Trigeminal neuralgia; thermorhizotomy; percutaneous 
microcompression; microvascular decompression; results; manage
ment strategy. 

Introduction 

Trigeminal neuralgia is a condition known to have 
aillicted humanity since ancient times, but, to this day, 
the pathophysiological basis of this disease remains 
poorly understood. Several techniques have been deve
loped over the last 50 years to treat the symptoms of 
this disease. Three techniques are currently used at the 
Neurosurgical Department of the Istituto Nazionale 
Neurologico "C Besta" of Milan. We strongly believe 
that both CT and MR examinations are mandatory 
prior to surgery in order to exclude the presence of 
tumours in the cerebellopontine angle or at the edge of 
the tentorium. Moreover, a demyelinating disease, that 
can provoke symptomatic trigeminal neuralgia, can 
often be demonstrated with these techniques. 

Since 1974, Sweet's technique 7 for percutaneous 
radiofrequency rhizotomy (thermorhizotomy, TRZ) has 
been employed, and to date, 1870 idiopathic cases have 

been operated on using this technique. In this report 
our experience with the first 1000 consecutive cases2 

will be discussed. 
More recently, two other operations have been in

troduced. The first is Mullan's technique of percut
aneous microcompression (PMC) of the Gasserian 
ganglion, performed via the foramen ovale5

• The second 
is microvascular decompression (MVD) in the pontine 
angle according to the technique described by lannetta4

• 

All idiopathic cases operated on had previously been 
treated medically for long periods of time. Carbamazepine 
and diphenylhydantoin were the most commonly used 
drugs; clonazepam and baclofen were used more rarely. 
The patients were considered for surgery only when 
medical treatment had failed and side effects had be
come a problem. 

Materials, Methods and Results 

Percutaneous Radiofrequency Coagulation 
(Thermorhizotomy) 

The technique we employ in 712 cases (Table 1) is 
that described by Sweet 7 with some modifications. On 

Table 1. Surgical Treatment of Idiopathic Trigeminal Neuralgia. 
Cases operated on at Istituto Neurologico "c. Besta" from 1986 to 
1992 

Operation 

TRZ 
PMC 
MVD 

No. of operations 

712 
206 
22 + 1 for IX nerve 
+ 5 for VII nerve 

Comment 

1870 since 1974 
since 1986 

since 1990 

TRZ Thermorhizotomy; PMC percutaneous microcompression; 
MVD microvascular decompression. 
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the basis of experimental data a coagulation temperature 
of 65-70 °C was chosen3• Careful intra-operative clini
cal and neurophysiological controls are necessary to 
obtain good results and to avoid undesired sequelae2, 

and these include the evaluation of the sensory response 
when the patient is conscious and, after barbiturate 
anaesthesia, the determination of the threshold for a 
motor response which must be at least 5 times greater 
than that for the paraesthesia2

. Once these conditions 
are obtained, one can be reasonably sure that the elec
trode probe is in the roots of the Gasserian ganglion 
and that lesions of the trigeminal motor root, or of the 
oculomotor nerves (III, IV and VI) which run nearby, 
will be avoided. 

In our series ofTRZ operations2 the follow-up varied 
from 2 to 14 years and in 95% the pain was relieved 
immediately. In the 5% of cases where pain did not 
disappear immediately or reappeared within 24 hours, 
re-operations were successful. The rate of relapse was 
18%, dysaesthesia occurred in 6.7% and masseter 
weakness was found in 10.5%. The lesion can be select
ively placed in the branches of the trigeminal nerve 
correlated with the pain during surgery. In these patients 
(abotM 2/3 of total) in whom there was a postoperative 
anaesthesia the relapse rate was 7.5%, while the cor
responding figure was 41% when hypalgesia was pre
sent. Thus, the amount of sensory damage is prognostic 
for the long-term result (see Table 2). 

Keratitis appeared in only 0.6% of cases, but a corneal 
reflex deficit occurred (without keratitis) in 19.7% of 
cases. The incidence of corneal sensory deficit was 
higher (31.4%) when the pain involved the first branch 
of the trigeminal nerve; in cases without involvement 
ofthe first ophthalmic division, the incidence of corneal 
deficit was 14.1%. 

Percutaneous Microcompression (PM C) 

This procedure has been used in 206 cases. It is not 
as selective as thermorhizotomy, but produced much 
less sensory damage. The technique of introducing the 

Table 2. Hypalgesia as a Prognostic Factor for Relapse in 1000 Cases 
Operated on by TRZ 

No. of No. of Percentage of 
cases relapses relapses 

Hypalgesia present 
at 24 h post-op. 175 71 41% 

Analgesia present 
at 24h post-op. 825 110 7.5% 

G. Broggi et al. 

needle is the same. Once the dura of Meckel's cavity 
has been perforated, a 3G Fogarty catheter is inserted 
and this is positioned in order to exert pressure on the 
root proximal to the Gasserian ganglion. The balloon 
is inflated by injecting 0.35-0.5 ml of fluid (lopamiro) 
and the pressure is maintained for 4-5 minutes, after 
which the balloon is deflated and withdrawn. 

Since 1986 we have operated on 206 patients using 
this technique, with immediate and beneficial result in 
79%. After two years, pain reappeared in 34% of the 
patients. In about 10% of the patients a distressing 
dysaesthesia similar to that after thermorhizotomy 
remained, and in about 50% there was some sensory 
deficit. Patients in whom the pain reappeared under
went thermal rhizotomy or repeated microcompression. 
A small number underwent the Jannetta operation. 
The advantage of percutaneous microcompression is 
that it is easy to perform and it usually spares sensation. 
When the first brach of the trigeminal nerve is involved 
the operation is considerably more successful than when 
the third is affected. Both TRZ and PMC are useful 
also in patients with demyelinating disease because 
they are simple to perform and generally relieve the 
pain, even though they may have to be repeated several 
times 1 (see Table 3). 

Microvascular Decompression (MVD) 

In our opinion, microvascular decompression fol
lowing Jannetta's technique3, should preferably be used 
as a first choice when neurophysiological and radio
logical evidence suggest the presence of pathology along 
the course of the nerve root or in patients under 65 
years. Since 1990, we employed the Jannetta and Sindou 
surgical techniqueS in 22 patients. In 20 of these the 
nerve was found to be in conflict with an artery, in 1 

Table 3. Trigeminal Neuralgia in Association with Demyelinating 
Disease 

121 cases 

Relapse rate 

31 with bilateral pain 
10 received TRZ 
21 received TRZ + PMC 

Strategy 

No indication for MVD 

Abbreviations see Table 1. 

54 pre-MRI 
76 post-MRI 
100% pre-M RI 
68% post-MRI 

TRZ or PMC as first operation 
PMC in bilateral cases 
Consider glycerol? 
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Table 4. Findings in MVD Operations 

Total MVD operations: 
Findings: 

arterial conflict 
venous conflict 
no conflict 
arachnoiditis 

"microangiomatosis" 

Abbreviations see Table 1. 

after TRZ 
after glycerol 
after TRZ 

22 

20 
3 

2 
1 
2 

the nerve was in conflict only with a vein and in 2 both 
a vein and an artery were involved (Table 4). In all cases 
but one the pain disappeared immediately and in the 
short follow-up time (3 months-2 years) there has been 
no relapse. The main problem has been leakage of 
cerebrospinal fluid, which accumulates extradurally or 
even may occur as rhinorrhea. The appearance of this 
complication in our series is probably explained by the 
lack of postoperative drainage of spinal CSF. 
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Summary 

In the treatment of trigeminal neuralgia, the possibility of 
obtaining a selective effect on different trigeminal branches by 
glycerol rhizotomy was studied. Transcutaneous electrical stimula
tion was used to quantify sensory impairment. An attempt was 
made to obtain a localized neurotoxic effect of the glycerol on the 
different trigeminal branches by keeping the patient's head in 
different positions during and for one hour after glycerol injection. 
The amount of glycerol injected varied according to the estimated 
size of the trigeminal cistern and/or to which branch that was 
involved. The study demonstrated a highly selective effect on the 
ophthalmic branch, less selective on the maxillary, and a low 
selective effect on the mandibular branch. However, the clinical 
results were equal regardless of the affected trigeminal division. 

Keywords: Trigeminal neuralgia; glycerol; rhizotomy. 

Introduction 

In the treatment of trigeminal neuralgia retrogasse
rian glycerol rhizotomy is a widely used method. In 
an attempt to selectively affect only the painful 
trigeminal division several techniques have been 
developed 1,8,12. We have used a modification of 
methods which originally were described by Hakansson8 

and later developed by Arias 1. These methods relied 
on variations in the tilting of the patient's head, 
depending on the trigeminal branch involved, during 
and for one hour following the glycerol injection, The 
injected amount of glycerol varied according to which 
branch was affected and to the size of the trigeminal 
cistern. 

It is well known that retrogasserian glycerol 
rhizotomy often provokes a facial sensory disturbance 
as an undue effect 1,2,4,15. This glycerol-induced 
sensory impairment was assessed, quantitatively, using 
transcutaneous electrical stimulation, in order to 
evaluate the distribution and the degree of the 

neurotoxic glycerol ((ffect. We have earlier reported on 
this issue and the present paper is an expanded report 
from a substantially larger group of patients3, 

Patients and Methods 

One hundred six consecutive patients with trigeminal neuralgia 
treated by retrogasserian glycerol rhizotomy were included in the 
study. The mean age was 67.6 (38-85) years and the male/female 
ratio was 50/56. Ten patients suffered from multiple sclerosis. Six 
patients had pain in the first branch, 73 patients in the second 
branch, and 27 patients in the third division. 

The free-hand technique using cisternography as described by 
HakanssonB was used in 88 patients. Eighteen patients were 
operated with stereotactic technique using the Laitinen Trigeminal 
Stereoguide without cisternography9. The amount of glycerol 
injected varied depending on the estimated size of the trigeminal 
cistern and/or on which branch was affected. If the cistern appeared 
large at positive contrast cisternography up to 0.35 ml was injected, 
and if it appeared small 0.20 ml was injected. If the pain was 
restricted to the third branch, usually 0.25 ml or less was injected l •B• 

During and for one hour after the glycerol injection, the head of 
the patient was kept maximally flexed, about 40°, if the pain was 
within the first branch, flexed about 25° if the second branch was 
involved, and almost upright if the pain was restricted to the third 
branch as demonstrated in Fig. 11. The specific weight of the glycerol 
was 1.260 glml with a water content less than 0.5%. 

Facial sensory thresholds for perception and pain were measured 
by transcutaneous electrical stimulation using a portable constant 
current stimulator (ISSAL 1412)10. It has a bipolar electrode 
delivering monophasic square-wave pulses with a frequency of 
100Hz and a duration of 0.2 ms. The perception threshold was 
defined as the lowest current at which the patient felt the very first 
sensation. After further increase in current the patient usually 
experienced a slight unpleasant, pricking, sensation and this current 
value was defined liS the pain threshold. The thresholds were 
expressed in rnA. 

The thresholds for perception and pain were measured at six 
standard sites on each side of the face the day before and the day 
after surgery. Three months after surgery the clinical results were 
evaluated. When analysing the results the patients were divided into 
three groups depending on which branch was mainly affected by 
the pain. Statistical analysis was done using Students paired t-test 
and chi-square test. 
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a 

Fig.!. The different positions of the patient's head during and for one hour following the retrogasserian glycerol injection. (a) Ophthalmic 
pain; (b) maxillary pain; (c) mandibular pain 

Results 

The degree of postoperative facial sensory impair
ment at the painful site compared to the contralateral 
site is shown in Fig. 2. There was a significant 
postoperative increase in thresholds for both perception 
and pain on the painful side. The distribution of the 
sensory impairment according to which trigeminal 
branch was mainly affected is demonstrated in Fig. 3. 
The three groups of patients showed different patterns 

••• 

••• ns 

ns 

I I 
percept ion pa in percept ion peln 

pain-site contra 1 atera 1 

III prtope rehvc 

Fig. 2. Mean and S.D. sensory thresholds for perception and pain, 
pre-operative and one day post-operative, in 106 glycerol 
rhizotomies for trigeminal neuralgia. The thresholds are measured 
at the pain-site and contralateral*** p < 0.001; ns not significant 

in their sensory disturbance: In patients with pain in 
the first branch the sensory impairment was well 
localized within the first trigeminal branch which 
contrasted with patients whose pain was in the second 
branch. These patients had a sensory impairment 
which was more widespread affecting not only the 
second but also the lower first branch and the third 
branch. For patients with pain in their .third branch, 
the sensory impairment was most pronounced within 
the second branch with a less marked affection of the 
third and lower first branch. 

Three months after surgery 87.6% of the patients 
were still painfree and 73% were without any 
medication. There were no statistical differences in the 
results, neither according to which trigeminal branch 
was affected, nor between patients operated on with 
or without cisternography. 

Discussion 

It has been shown that after retrogasserian glycerol 
rhizotomy a significant facial sensory disturbance 
usually appears1,2,4,15. The sensory affection could be 
more or less pronounced and it usually improved with 
ti~el , 2 . We have used transcutaneous electrical 
stimulation, allowing quantitative assessment of 
cutaneous sensibilitylO, for measurement of the degree 
and distribution of the sensory disturbance in order 
to assess the ability to selectively affect any specific 
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Fig. 3. Mean sensory thresholds for perception and pain, before and after glycerol rhizotomy for trigeminal neuralgia, at six standard areas 
in the painful side of the face. The patients are divided into three groups according to which trigeminal branch was mainly alTected. Numbers 
1-6 correspond to the sites of measurements 

trigeminal branch with glycerol lllJection. The 
thresholds for perception and pain were believed to 
reflect the functional properties of thick (AP) and thin 
(Ao) myelinated nerve fibers, respectively5. Our 
hypothesis was that the sensory loss induced by 
glycerol would be most pronounced in the distribution 
area of the trigeminal branch where the glycerol was 
applied. 

A highly selective effect on the ophthalmic 
trigeminal branch after glycerol rhizotomy for patients 
with pain in this area is demonstrated in Fig. 3. For 

patients with pain in the maxillary or mandibular 
branch our described technique showed a poor 
selective neurotoxic effect. When trying to reach 
selectively the maxillary branch we obtained a more 
wide~spread sensory disturbance with affection of the 
lower ophthalmic branch and to a minor degree also 
of the mandibular branch. When attempting to 
selectively reach the mandibular branch, the sensory 
disturbance became widespread with affection of all 
branches with the exception of the upper ophthalmic 
branch. However, the affection was most pronounced 
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in the lower maxillary branch. Thus, the mandibular 
branch was the most difficult branch to reach 
selectively. 

In the treatment of trigeminal neuralgia, especially 
in the elderly, the choice of treatment often stands 
between glycerol injection or radiofrequency (RF) 
lesioning of the gasserian ganglion. One of the major 
disadvantages with RF lesions is the high incidence of 
severe sensory disturbances6

. In treating patients 
with pain in their ophthalmic division RF lesions 
have been reported to give an incidence of 18 to 28 
per cent of corneal anaesthesia 13,14 and the risk for 
this compliction was stressed also by other authors 7 

,11, 

No corneal anaesthesia occurred in our 6 patients with 
first branch pain, However, 2 patients showed a 
moderately decreased corneal sensitivity. Most side
effects reported after RF lesions are not analysed in 
relation to the affected branch. However, due to the 
sometimes troublesome side-effects of sensory altera
tions, including corneal anaesthesia, it seems that some 
authors prefered RF lesions for pain in the third 
branch while reserving glycerol injection or gasserian 
compression for pain in the first and sometimes second 
branch6 ,7. When comparing the results in pain relief 
it seems that RF lesions may have a slightly higher 
success rate than glycerol injection6 ,13. 

Conclusions 

Our study clearly demonstrates the possibility for 
a highly selective effect in treating pain in the 
ophthalmic branch which points to the advantage of 
glycerol injection for this group of patients. However, 
for patients with pain in the mandibular branch, where 
the glycerol effect is less selective, RF lesioning may 
be considered thanks to its higher selectivity and 
success rate. For pain in the maxillary branch where 
RF lesions provides not only a higher rate of success 
but also a higher rate of sensory disturbances 
compared to glycerol injection, the choice of treatment 
modality is less obvious. 
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Summary 

Low Frequency (1 Hz) Electrical Stimulation (LFES) has been 
systematically utilized, during stereo-EEG investigations, in 24 
consecutive young adult patients considered for surgical treatment 
of severe drug-resistant partial epilepsy. 

Ninety seizures (l-14/patient) identical to the spontaneous ones 
previously recorded were thus obtained in 19 patients (79%). LFES 
is less effective for induction of seizures than high frequency (50 Hz) 
stimulation (5.9% vs 22.9%), and it also provokes less "false positive" 
responses (1 % vs 17%). The main "sensitive" structures to LFES are 
the hippocampus, the amygdala, and the hippocampal gyrus. How
ever, seizures were also induced by stimulating the temporal lobe 
white matter, the temporal pole, and the temporal neocortex, as well 
as the orbito-frontal cortex (in the only patient with fronto-temporal 
epilepsy). The more frequently observed electrical pattern is a gradual 
increase of spikes and spikes and waves frequency. with or without 
occurrence of low voltage fast activity. The high percentage of early 
"subjective" manifestations similar to the spontaneous ones, the lack 
of major electrical artifact, and the good visualization of the spatial 
evolution of the induced-discharge, strongly suggest that LFES is of 
great help for defining the "epileptogenic area". 

Keywords: Partial epilepsy; epilepsy surgery; stereo-EEG; intra
cerebral electrical stimulation. 

Introduction 

There is presently a general agreement that very 
good results may be obtained by surgical treatment of 
medically intractable partial epilepsies. In contrast, 

presurgical diagnostic procedures vary among epilepsy 

surgery centers. Thus, up to now, some teams still 

decide to operate on patients on the only basis of 
interictal and frequently ictal EEG recordings and 
neuro imaging techniques4

. Cortical excision is then 

generally performed according to per-operative electro

cortico-graphy data8
. On the other hand, several 

"invasive" procedures are currently conducted by means 
of intracranial5

•
13 or intracerebraP electrodes. The 

major aim of such "invasive" procedures is to record 

spontaneous seizures in order to identify cortical areas 

from where the ictal discharges originate; different tools 
may also be useful, among which electrical stimulation 

(ES) is of particular interest: 

- High Frequency ES (HFES, 50 Hz) of selected brain 

structures are well-known and largely employed to 
induce seizures2

, with apparently good results3
•
12

; 

- Low Frequency ES (LFES, 1 Hz) are classically used 

to delineate functional regions 10
, but we have recently 

suggested that this kind of stimulation is useful for 

the provocation of seizures in patients with temporal 
lobe epilepsy6.11. 

This report presents the results of a prospective study 

concerning the effects of LFES during stereo-EEG 

procedures and we discuss its value for the definition 
of the "Epileptogenic Area" (EA)l. 

Materials and Methods 

The methodology used since January 1990 at the CHRU and 
INSERM U 318 in Grenoble is directly derived from that proposed 
by J Talairach and J Bancaud9 Figure 1 schematically summarized 
the possible different steps in the presurgical investigation adapted 
to the individual, taking into account the clinical, electrical, and 
anatomical characteristics 7. Stereo-EEG strategy is defined in ac
cordance with the previously collected data and implies individual
ized stereotactic placement, mostly unilateral, of 7 to 12 intracerebral 
semi-rigid electrodes (diameter: 0.9 mm -5 to 15 contacts of 1.5 mm 
length, 2 mm apart). "Chronic" recordings are made during a period 
of about 15 days, allowing thorough evaluation of electroclinical 
features. 

Our study concerns 24 consecutive patients with severe drug
resistant partial epilepsy who are candidates for surgical treatment, 
and in whom LFES has been applied on almost all paired contiguous 
leads of each electrode. LFES was performed after the recording of 
at least one spontaneous seizure in 22/24 patients. HFES was used 
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Severe 

drug-resistant 

partial epilepsies 

. anamnestic data 

- clinical & neuro-psychological findings (+ I- Wada test) 

- ictal & inter-icta scalp-EEG 

.. CT scan & MRI (+ 1 - SPECT & PET) 

Fig. 1. Possible sequences of presurgical investigations 

in 23/24 patients. In most patients, several ES were performed on 
the same structures (and sometimes on the same contiguous paired 
leads) with different intensities. The main electrical parameters used 
for these two types of ES are given in Table 1. 

Two groups have been identified and their general characteristics 
are summarized in Table 2. Group A comprises the 19 patients in 
whom seizures have been elicited by LFES, and group B the 5 
patients in whom LFES was ineffective. Twenty-one patients have 
been operated on (group A: 17, group B: 4) with a mean follow up 
of 15,4 months (3-24); all of them were "class I" according to Engel's 
Classification (1987). 

C. M unari et al. 

Table 1. Parameters Used During Low and High Frequency Electrical 
Stimulations (LFES and HFES) 

>i~I'~ "01 .' 
" LFES HFES i!' ffi 

.. ,ffi ,,< (ii 

Frequency (pulse / sec) 1 50 

Pu lse width (msec) 3 , 
Intensity (rnA) 0.25 - 4 0.25 - 4 

Duration (sec) 40 5-7 

Results 

Number of Seizures Recorded (24 Patients) 

Three hundred and twenty six seizures have been 
recorded: 

- 289 in group A: 90 spontaneous (0-15/patient), 109 
elicited by HFES (2-14/patient), and 90 induced by 
LFES (1-14/patient); 

- 37 in group B: 27 spontaneous (1-12/patient), 10 
pro-voked by HFES (0-5/patient). 

Between the two groups, there was a significant dif
ference concerning the number of HFES-elicited seizures 
(p = 0.037, using unpaired Student's t-test), but no dif
ference in the number of spontaneous fits recorded. 

Table 2. General Characteristics of Patients in whom LFES have Induced at Least 1 Seizure (Gr A: Group A), and of Those for whom LFES 
have been Ineffective (Gr B: Group B) 

, "{l 
Sex Mean age Mean Seizures Treatment Pure Symptomatic ..... ..;. Number 

::;-~ -;;, 
of (FI M) in years duration frequency reduction te~ral epilepsy 

.!>< 
patients (SO) of epilepsy per month (number) lobe (number) " in years (SO) epilepsy 

.. (SO) (number) 
i~ 

GlA 19 1217 27.3 (8.9) 14.3 (8.1) 19,7 (21 ,8) 16 15 10 

GlB 5 2 / 3 23 (9.5) 15.6 (8.8) 8,2 (2,5) 5 1 1 

P ns •• ns· ns· 0.037 • ns •• ns •• ns •• 

'. ..... ~> 

F female; M male; SD standard deviation; • using unpaired Student's t-test; •• using Chi2 test. 



Intracerebral Low Frequency Electrical Stimulation 

22.9% 

5.9 % 

SEIZURES 

8.1 % 

dJ 
·PHYSIOLOGICAL· 

RESPONSES 

• LFES 
o HFES 

5.9 % 

·SIDE EFFECTS· 

17.5% 

1% 

·FALSE POSITIVE· 
RESPONSES 

Fig. 2. Comparison of electrically-induced clinical responses by 
LFES and HFES in 23 out of the 24 patients studied (see text for 
explanations concerning the different terms used) 

Electrically-Induced Clinical Responses (23 Patients) 

In order to compare the clinical responses provoked 
by the two modalities of SE, we have only selected 
those of paired leads stimulated both by HFES and 
LFES, since LFES have been used on almost all contacts 
of each electrode, and HFES on only selected brain 
structures chosen on the basis of spontaneous seizures 
previously recorded. Clinical responses were classified 
as follows: 

a) seizures: both subjective and objective clinical 
manifestations, either previously described by the patient 
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himself and/or his parents, and/or previously observed 
during spontaneous seizure recordings; 

b) "physiological" responses: unknown symptoms, 
clearly related to the anatomical site of stimulation (e.g. 
auditory illusions by ES of the superior temporal gyrus); 

c) "side effects": minor well-localized cephalic symp
toms, related to the vicinity of the dura; 

d) "false positive" responses: clinical manifestations 
neither recognized by the patients, nor observed before, 
and not clearly related to the anatomical site of SE. 

As shown in Fig. 2, efficacy of HFES is greater than 
that of LFES (22.9% vs 5.9%), but "false positive" 
responses are more frequent with HFES than with 
LFES (17.5% vs 1%). These differences are significant 
(p < 0.0001) using paired Student's t-test. 

Anatomical Structures where LF ES have Induced 
Seizures (19 Patients) 

The main "sensitive" structures for this kind of ES 
seem to be the hippocampus (45 seizures/12 patients), 
the amygdaloid nucleus (13 seizures/7 patients), and the 
hippocampal gyrus (10 seizures/5 patients). Neverthe
less, LFES has also provoked a great number of seizures 
in temporal lobe white matter (8 seizures/6 patients), 
temporal pole (6 seizures/4 patients), and temporal 

Table 3. Di tributioll of Alla/ornical Structures where LFES have Iliduced Seizures ( 19 Patiellls) 

15 pa~ents with a pure lemporallobe epilepsy Analomital 
s ile 

AN 3 2 2 

aHc 4 4 • 3 

mHc 3 
";!-

pHc 

HoG 

T NeoC. 

T Pole 

TWrn 2 

omC. 

T·PS T·P F·T ().P·T 

2 

2 

4 2 

e 

2 

2 

2 

4 

Mean 
Inlensity 

2.5 mA 

1.6ma 

2.3 mA 

2.5 mA 

1.9mA 

2.75 mA 

2.6 mA 

2.6 mA 

3mA 

Mean 
duration 

26.6 sec 

111.7 sec 

22.7 sec 

27.8 sec 

29.1 sec 

372 sec 

29.2 sec 

20.8 sec 

452 sec 

Each column represents I patient, and each rowan anatomical structure where at least I seizure has been provoked by LFES. Mean 
intensity and average duration (stimulation was stopped when the first clinical sign occured) of effective LFES have been calculated, for 
each structure, on the basis of total number of elicited fits. Filled squares mean that the structure has not been stimulated, sign ( -) that 
LFEs has not been effective. AN Amygdaloid nucleus; aHc, rnHc, and pHc anterior, mid, and posterior hippocampus; Hcg 
G hippocampal gyrus; TNeoCx temporal neocortex; T Pole temporal pole; T Wrn temporal lobe white matter; Orb Cx orbito-frontal cortex; 
T-PS temporo-peri-Sylvian epilepsy; T-P temporo-parietal epilepsy; F- Tfronto-temporal epilepsy; O-PToccipito-parietotemporal epilepsy 
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Orb Cx _oJ,.'; ·"'-·'1Nl\.J-Jr·"N·\,.Ai"/"r>-rJ·,-J"'~-V,(.......y:"·"r';(IJ,,,~ ... ·v.:\r.I,..JV~""¥I/"*~ \\~ ~\tj1:"\I'\ V~ \.:: ~ 
I , I II .. ,1.1,1 ' 
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I sec 

Fig. 3. Seizure induced by low frequency electrical stimulation (3 rnA, 18 sec) in the posterior part of the hippocampus. The patient was a 
26 years-old male with left temporal lobe epilepsy associated with a left temp oro-polar low grade glioma; he is seizures-free since the 
anterior temporal lobectomy performed 5 months ago. Orb Cx: orbito-frontal cortex; a CG: anterior cingulate gyrus; 3rd FG: third 
frontal gyrus; T Pole: temporal pole; L: lesion; AN: amygdaloid nucleus; a, m, and p T Neo Cx: anterior, mid and posterior temporal 
neocortex; a and p He: anterior and posterior hippocampus; a and p 1 st TG: anterior and posterior temporal gyrus; preC Op: pre-central 
opercular region. All these structures have been implanted in the left hemisphere. 1 At stimulation onset, spikes and waves immediately 
appear at T Pole (L + periL) and AN, and polyspikes and waves on aHc; 2 sec later, a low voltage fast activity occurs on both lesional 
and mainly peri-lesional area where stimulus artifact disappears; at the same time, a flattening on the 1st TG can be seen. 2. Questioned, 
the patient says "that's all right", 4 sec later, a polyspikes discharge appears on aHc, with a gradual increase in voltage; at that time, a 
clear low voltage fast activity appears on the 1st TG, and perhaps on preC Op. 3 The patient grasps the "push button" but does not 
answer, makes faces and mumbles 1 sec later, and then has oroalimentary movements, contraction of the left corner of the lips, 
aggressive behaviour and partial loss of contact for almost 50 sec. 4 End of stimulation, that does not seem to affect spatial evolution 
of ictal discharge which spreads over both mesial and lateral temporal regions in 50 sec, while frontal and opercular regions are much less 
involved; there is a post-ictal aphasia and marked electrical depression in the temporal lobe structures for almost 2 min 

neocortex (4 seizures/3 patients). The only one patient 
in whom LFES was effective in an extra-temporal region 
(orbito-frontal cortex) had fronto-temporal lobe epi
lepsy. All these data are detailed, for each patient, in 
Table 3. 

Electrical Modifications During LFES-Elicited 
Seizures (19 Patients) 

Following each pulse of LFES, spikes and waves 
(SW) and polyspikes and waves (PSW) often appear 

with gradually increasing frequency during the stimu
lation, leading to a SW and PSW discharge which 
progressively spreads at the end of stimulation. 

In some cases, a well-localized low voltage fast acti
vity occurs during LFES, sometimes associated with a 
well-localized spike (S) discharge, and followed by a 
polyspike (PS) discharge which gradually spreads at 
the end of stimulation (Fig. 3). 

A well-localized S, SW and PSW discharge at the 
onset of LFES may also be observed, followed by a 
high frequency PS discharge. 
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Discussion 

Up to now, recording of spontaneous seizures during 
stereo-EEG procedures remains the best tool for defin
ing the EA. Nevertheless, ES is widely employed, and 
HFES has been applied in order to provoke seizures, 
whereas LFES is mainly used to "map" functional 
regions. 

In fact, our data clearly demonstrate that LFES is 
useful for inducing seizures in many patients. This 
"new" modality of ES seems to have numerous advan
tages, among which we would like to emphasize the 
following: 

- the high percentage of "subjective" manifestations 

obtained6
; 

- the lack of stimulus artifact during the stimulation 
itself allowing recognition of the ictal changes, and 
a good visualization of the spatial evolution of 
induced discharge; 

- the more precise evaluation of anatomo-electro
clinical correlations. 

Although LFES is less "effective" than HFES, it 
appears to be more reliable since "false positive" res
ponses are exceptional. It appears to be more "effective" 
in patients with a high seizure frequency (see Table 2) 
and a high sensitivity to HFES, and this may indicate 
a lower "epileptogenic threshold" in such patients. 
However, it seems to be particularly "effective" in 
mesial temporal lobe structures (see Table 3), and we 
have just began a systematic study in order to explore 
variable excitability thresholds of different anatomical 
structures 14. 

It is perhaps too early to propose LFES as the tool 
for identifying EA, avoiding the often time-consuming 
observation of spontaneous seizures. However, it should 
be noted that all the patients subjected to surgery, and 
in whom LFES was effective, corresponded to "class I" 
(IA: 12; IB: 4; ID: 1) according to Engel's classification. 
LEFS must be further evaluated and compared to 
HFES. It is also necessary to assess whether LFES
induced seizures are always identical to those appearing 
spontaneously. 
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Insertion in the Investigation of Drug Resistant Epilepsy 
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Summary 

Insertion of intracerebral electrodes for EEG recording is some
times necessary during the pre-operative evaluation of patients with 
drug resistant epilepsy to define the site of seizure onsets. The precise 
and accurate placement of the electrodes requires a stereotactic 
technique of insertion based on correlated information derived from 
computerised imaging and stereotactic angiography. Described 
methods of multimodal stereotactic image integration present limi
tations in terms of satisfactory relocation and ability to spread data 
acquisition over a period of time. 

An alternative method of stereotactic acquisition of multimodal 
image information using the Gill-Thomas stereotactic repeat localiser 
is presented. Digital Angiographic (DSA), Computerised (CT) and 
Magnetic Resonance Imaging (MRI) data were correlated and used 
for target selection. The positional accuracy of the electrodes was 
confirmed repeatedly during the recording period with standard 
radiographic and MRI means and found to be satisfactory. There 
were no permanent complications in any of the patients included in 
the study. Stereo angiography correlative to computerised neuro
imaging offered a high degree of safety during the operation. Non
invasive relocation was an important feature of the combined system 
which was particularly helpful and duly appreciated by the patients. 
The temporal freedom provided during the investigative and operative 
period offers the advantage of an unhurried multi-image integration 
and targeting combined with less discomfort for the patient. The 
positional accuracy of the electrodes was easily verified during the 
post-operative period and this information added to the electroence
phalographic localising value of the technique. 

Keywords: Electroencephalography; electrode implantation; epi
lepsy; stereotactic surgery; neuro-imaging; image integration. 

Introduction 

Various methods of multimodal stereotactic image 
integration have been described and among the tech
niques that have been used for the precise determination 
of the intracerebral targets are the "stereo-encephalo
graphic method"1,9-11, the use of the corpus callosum 
for the transposition of stereotactic information obtained 
by Digital Subtraction Angiography (DSA) to non 

stereotaxic Magnetic Resonance (MR) and Positron 
Emission Tomographic (PET) imaging6•

7 and finally 
the computerized multimodal stereotactic image 
analysis system4

• 

Computerised analysis and image integration are 
inherent parts of the methods currently in use but a 
common limitation is the need for the serial perfor
mance of imaging studies after the application of the 
stereotactic frame. The operation usually takes place 
immediately following the target definition or if the 
frame is to be removed between studies, invasive devices 
like localising pins penetrating the outer skull table 
must remain in place. Both methods represent a com
promise either in the sense of temporal freedom during 
the integration and correlation of the images or by 
increasing patients' discomfort and protracting inva
siveness. 

An alternative system of non-invasive repeat stereo
tactic localisation which will effectively lead to multi
modality image' integration would therefore be highly 
desirable. 

Material and Methods 

Image Correlation and Technique 

The Gill-Thomas repeat localiser system enables the non-invasive 
attachment of an image localising device onto the patient's head in 
precisely the same position and on repeated occasions. The system 
is applied using a specially designed dental tray carrying an impres
sion of the upper deIttition and an occipital receptacle tray for an 
impression of the occiput. Added security is provided with the use 
of straps over the head preventing lateral and downwards movement. 
The dental trays, which come in three sizes, are filled with a silicon 
based ultraviolet light curing paste. Once the impressions are made, 
the repeat localiser can be quickly and repeatedly positioned accu
rately to the head by setting the same scale values on the posterior 
and the lateral slides. The CRW/BRW base ring attaches to the base 
frame thus allowing fixation of the CT, MRI and angiographic 
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localising components of the stereotactic system or of the stereotaxic 
arc system itself. Anterio-posterior and lateral radiographs with the 
SGVAL angiographic localiser in place may easily confirm the accu
racy of the positioning. 

Following application of the G-T repeat localiser with the appro
priate localising devise digital angiographic (DSA) images are 
obtained. Re-application of the combined system with the standard 
fiducial component for CT or MRI will give the spatial coordinates 
for the deepest contacts of each electrode. Targets are selected on 
axial CT slices of 1.5 mm thickness with 1.5 mm separation to allow 
for high definition reconstruction and also on sagittal, coronal and 

Fig. 1. Right posterior mesial temporal targets are selected on axial, 
coronal and sagittal CT stereotactic images (A) and the coordinates 
of the targets are correlated with stereotactic angiograms (8). The 
post-operative confirmation of the positional accuracy of the elect
rodes is easily verified with standard radiography following the 
application of the G-T repeat locator and the angiographic loca
liser (C) 

axial contiguous slices of 5 mm thickness on a 0.5 Tesla MRI unit. 
Five to seven targets are usually selected depending on the epileptic 
history of the patient and the reasons for the depth electrodes' 
implantation. Four of the targets are usually located in the mesial 
temporal structures bilaterally, anteriorly and posteriorly in the 
amygdalo-hippocampal complex and one to three targets are selected 
from the frontal pre-motor areas. One of the frontal electrodes with 
the distal contact sampling the medial orbito-frontal cortex is used 
as the reference electrode. 

The integration and correlation of the computerised stereotactic 
data, the final decision about the electroencephalographic validity 
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of the selected targets and the confirmation of the accuracy and 
safety of the proposed trajectories may take place in an unhurried 
fashion over the next few days while the patient either remains in 
the ward or may even be discharged home. 

Prior to the operation the G-T repeat localiser and the CRW 
base frame is reapplied under general anaesthesia and the positional 
accuracy is confirmed with anterio-posterior and lateral radiographs 
with the SGVAL angiographic localiser in place. The stereotactic 
arc system of the CRW-3 frame is placed in the lateral rather than 
the anterior-posterior position to allow for a lateral implantation 
of the electrodes sampling the mesial temporal structures. 

The electrodes used are flexible multi-contact platinum Spencer 
probes (Ad. Tech) with six-contact electrodes inserted in the temporal 
regions and eight or ten contact electrodes usually reserved for the 
frontal areas. Frontal electrodes are implanted through a single 1/4 
inch pre coronal drill hole, while for the temporal electrodes and for 
the medio-basal frontal electrode an 1/8 inch drill hole is used. The 
accuracy of the final position of the electrodes is confirmed in the 
operating theatre with lateral and anterio-posterior radiographs 
immediately following the insertion and also at any time during the 
post-operative period with Radiographs and Magnetic Resonance 
Tomographs (MRI). 

Patients and Results 

A total number of 41 electrodes were implanted in 
seven patients during the development of the technique. 
The indications for chronic intracerebral electroence
phalographic recording were problems of localisation 
in four patients, discrimination of temporal from extra
temporal seizure onsets in two patients and determina
tion of the required extent of cortical resection in one 
patient. The recording period extended from nine 
to eighteen days with an average of 296 hours of 
continuous intracranial electroencephalographic 
recording. 

There were no permanent operative or post-operative 
complications and electroencephalo graphic video tele
metry began as soon as eight hours following the opera
tion. One patient, however, had a transient change in 
non dominant psychometry and was found on MRI to 
have an area of signal change around the tip of the right 
temporal electrode. This change recovered on subse
quent testing. The patients' anti epileptic medication 
was reduced post-operatively and the recording conti
nued until enough habitual seizures were recorded. 
Using the technique described by Gotman, spike detec
tion, counting and computer analysis and phase studies 
of ictal electroencephalograms led to a standard ante
rior temporal lobectomy in three patients, a frontal 
partial lobectomy in one patient and a selective cortical 
resection in one patient. In two patients the electro
encephalographic data excluded the possibility of a 
successful cortical resection and no operation was 
performed. 

G. P. Kratimenos and D. G. T. Thomas 

Discussion 

Talairach, Bancaud and collaborators popularised 
the technique of insertion of intracerebral electrodes 
for the precise localisation of epileptic onsets 1,9,10 using 
the method of "stereoencephalography". Stereotactic 
data were obtained from a series of contrast neuro
radiological studies (carotid angiograms, pneumo-en
cephalograms and gas and lipiodol ventriculograms) 
and targeting definition was indirect, based on intra
cerebral landmarks and using the Talairach stereotaxic 
atlases9

-
11 while their stereotactic frame allowed only 

orthogonal approaches for multiple electrode inser
tion 1,9. 

With the introduction of computerised neuroimag
ing, target determination was achieved with the use of 
multiplanar reformatted CT images constructing an 
individual computerised tomographic atlas of the brain 
of each patientS. Olivier and his colleagues6,7 developed 
stereotactic procedures for use in epilepsy surgery by 
incorporating the newer computerised imaging moda
lities of CT scanning, MRI and digital subtraction 
angiography (DSA) using the method of "anatomical 
cross-correlation with non-stereotactic MRI images"6. 
They used the anatomical relations of the Corpus Callo
sum to transpose stereotactic angiographic data onto 
MRI and CT imaging performed in non-stereotactic 
conditions. Computerised systems for stereotactic im
age analysis and integration have also been developed 
and used for the insertion of depth electrodes4 although 
they present equaly limitations in terms of cost effect
iveness and the need for serial performance of the 
stereotactic imaging studies. A modified Leksell or the 
Talairach's stereotactic frame is usually used4

-
7

. The 
modifications ofthe Leksell frame mainly aim towards 
the achievement of compatibility of the system with the 
modern neuroimaging techniques and to allow for either 
the orthogonal or the arc-radius approach for the depth 
electrodes' insertion, although it is doubtful if the design 
permits the targeting of the posterior mesial temporal 
structures from an inferior temporal entry point. 

The CRW-3 design is based on the arc-centred Carte
sian movement principle thus permitting infinite num
ber of entry points for each target or use of the same 
entry point for multiple targets and making sampling 
possible from important regions that are relatively in
accessible to the orthogonal approach, such as the 
supplementary motor area, the orbitofrontal cortex 
and the posterior hippocampal complex. A further ad
vantage is that the arc can be rotated clear off the 
immediate operative field and re-introduced at any 
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time without the loss oftarget localisation thus allowing 
unrestricted access for haemostasis and securing of the 
depth electrodes to the skin. Mesial temporal foci may 
be approached from a frontal, lateral or an occipital 
entry site. This latter approach is said to allow detection 
of a posterior temporal focus, since the electrode lies 
along the longitudinal axis of the temporal lobe. Al
though a lateral approach for temporal lobe implanta
tion risks puncturing the Sylvian vessels5

, this may be 
avoided, if three dimensional stereo angiography is 
used 8 or by direct visualisation of the surface through 
a burr-hole. 

Non-invasive accurate relocation becomes an essen
tial feature for the integration and correlation of the 
stereotactic data with the precision and the considera
tion of so many parameters that the intracerebral elec
trophysiological studies require. The stereotactic accu
racy of the G-T repeat localiser is well proven2

•
3 in 

clinical studies and the design features of the system 
have been exploited in other fields offunctional neuro
surgery and radiotherapy. In routine clinical use the 
frame relocates within 1 to 3 minutes offering significant 
labour and cost effectiveness. In the authors' series the 
frame has proved to be a satisfactorily reproducible 
method of stereotactic relocation providing good head 
fixation for depth electrodes' insertion purposes. The 
temporal freedom that the G-T repeat localising base 
provides, permits an unhurried study of the stereotactic 
data, their correlation with the requirements of the 
clinical problem, their integration into a common 
stereotactic apparatus and the advantage of specialist 
contributions of neurologists and electrophysiologists 
during the target selection to maximise the chances for 
successful outcome. Finally, the ability to confirm the 
accuracy of the implanted electrodes at any time during 
the postoperative period of recording provides a new 
level of precision in stereotactic surgery for epilepsy 
and the potential for direct correlation of the electro
physiological data with the functional and the neuro
anatomical "real time" information. 

Conclusion 

The Gill-Thomas repeat localiser offers some impor
tant advantages for intracerebral electrode insertion in 
the investigation of medically resistant epilepsy. Accu-

rate targeting following repeat relocation, temporal 
freedom during the integration of information derived 
from multiple imaging studies, less discomfort for pat
ients and unhurried decision-making for the surgeon, 
orthogonal or non-orthogonal operative approach, 
easy and non-invasive postoperative confirmation of 
the accuracy of targeting and excellent localising cap
abilities are some of their most important features. These 
features can potentially make the invasive electrophy
siological investigation of the epileptic patient a safer 
procedure thus offering this superior diagnostic and 
localising tool to a greater number of epileptic patients 
entering their pre-surgical evaluation. 
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Sub-Occipital Approach for Implantation of Recording Multi-Electrodes 
over the Medial Surface of the Temporal Lobe 
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Summary 

Recording the electrical activity from the medial aspects of the 
temporal lobe, including uncus and hippocampal convolution, has 
an important role in the preoperative evaluation of patients with 
drug-resistant temporal lobe epilepsy. 

We report our experience with subdural cylindrical multi-electrodes 
placed along the medial, basal and lateral aspects of the temporal 
lobe through a suboccipital approach. Eight patients have been 
examined with this technique for 3 to 8 days. The quality of the 
recordings was excellent. No displacement of the electrodes has been 
noticed. One patient developed meningitis which was successfully 
treated. The electrodes have been kept in place until surgery and 
have served as useful landmarks for the resection enabling also 
neurophysiological monitoring throughout the operation. 

Keywords: Epilepsy; temporal lobe; electrode placement. 

Introduction 

Despite new diagnostic tools, the precise localization 
of an epileptic focal discharge remains an important 
step in the surgical treatment of epilepsy. A large pro
portion of cases referred for neurosurgical evaluation 
suffer from socalled temporal lobe epilepsy. The medial 
aspect of the temporal lobe, the uncus, amygdala and 
hippocampus are crucial in epilepsy because of their 
high excitability and their importance for production 
or spreading of epileptic discharge. Since Foerster! and 
Penfield2 performed recordings from the surface of the 
brain, neurosurgeons have continued to make use of 
intracranial electrodes placed in different locations: 
epidural, subdural and depth electrodes. Cylindrical 
multiple contact (rigid or soft), strip or grid electrodes 
have been utilized. Placing electrodes at, or near, the 
medial aspects of the temporal lobes may be done with 
stereotactic technique3.4. Strip electrodes have also 
been used for this purposes. 

An interesting approach is the one used by Wieser 
and Ya~argil6 who introduced the electrodes towards 
the medial aspect of the temporal lobe through the 
foramen ovale. The same authors have also performed 
selective removal of the medial aspect of the epileptic 
temporal lobe, sparing the normal neocortex of the 
convexity. With this approach the outcome regard
ing epilepsy was favourable and memory deficit was 
minimal 7

. 

Since 1986 we have used multi-contact cylindrical, 
soft subdural electrodes implanted at the medial aspect 
of the temporal lobes via a suboccipital approach. We 
have found this technique to be safe and reliable, and 
it has improved our surgical results. 

Surgical Technique 

The patients are placed in the sitting or prone position under 
general anaesthesia. A 5 cm vertical incision is made, one inch from 
the midline, and centered just above the transverse sinus. A slightly 
elongated craniectomy, I x 2 em, is performed. The dura is opened 
in inverted V fashion, close to the sinus, and the basis of the occipital 
lobe is elevated with a small spatula. A Nelaton catheter, about 
2.5 mm diameter, with a metal mark on its end, is gently introduced 
between the tentorium and the basal occipital lobe under X-ray 
control. The catheter easily follows a route close to the incisura 
tentorii around the brain stem, then goes along the lateral aspect of 
the cavernous sinus and usually turns around the temporal pole 
under the lesser wing of the sphenoid. The catheter is useful for the 
subsequent introduction of an electrode with 8-10 contacts placed 
1 cm apart. These electrodes have been made by one of us (V.G.M.)8 
but they have recently been made commercially available. The elec
trode is inserted first percutaneously through a trocar some 3-4 cm 
away from the skin incision and passed along the Nelaton catheter 
which is then removed. One or two more electrodes are placed along 
the basis or onto the convexity of the temporal lobe. 

This method of electrode introduction can be done bilaterally and 
in one case we have used a similar approach for placing an inter
hemispheric electrode around the corpus callosum. 
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Results 

A total of 8 consecutive patients have been studied 
with electrodes inserted intracranially through this route. 
In all of them the electrode position has been checked 
by X-rays and CT scan (Fig. 1). All of them were in the 
intended position along the medial aspect of the tem
porallobe and around the temporal pole. The electrodes 
were kept in place 3-8 days until the amygdalo-hippo
campectomy was performed. 

The quality of the recordings has been excellent and 
confirmed the suspected diagnosis of unilateral tem
porallobe epilepsy, seven of the cases having a medial 
type of seizures and one a basal temporo-occipital 
focus. The electrodes have been kept in place during 
the operation allowing for a more precise anatomical 
control of the extension of the surgical resection using 
the electrode contacts as landmarks. Moreover, con
tinuous EEG recording from the remaining part of the 
hippocampus could be done. In each case the resection 

B 

Fig. 1. Postoperative control of the position of the electrodes on X-ray (A) and CT-scan (B) 
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Fig. 2. Electrical activity monitored during the resection of the hippocampus. A focus can be observed on electrodes 5-6 and 6-7 which 
are located just at the level of the uncus. After resection extending to the level of the 7th electrode pole the abnormal activity disap
peared and remained normal at the level of the 8th and 9th pole 
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was extended posteriorly until the electrical abnonnality 
disappeared, or until the level of the corpora quadrige
mina was reached (Fig. 2). 

The follow-up is only 6-26 months and does not 
permit a definite evaluation of the results. However, of 
the eight patients operated on with this technique, 
seven are seizure-free and one, who had several seizures 
per day, has now about one seizure every six months. 

Comments 

The method of introducing intracranial recording 
electrodes for the exploration oftemporallobe epilepsy 
has been found to be simple, safe and reliable. In all 
cases studied so far it appeared that the anatomy of the 
tentorium and the cavernous sinus made it possible to 
place the electrodes along the medial surface of the 
temporal lobe all the way to the temporal pole. In some 
cases the electrode has deviated somewhat due to a 
dural vein or at the level of the anterior part of the 
cavernous sinus. The posterior, occipital approach for 
electrode introduction has been found useful also for 
the placement of electrodes onto the occipital lobe or 
into the interhemispheric fissure. In cases of temporal 
lobe epilepsy the electrode has been found useful as a 
guide to limit the extension of the surgical resection to 
comprise only that part which exhibits abnormal elec
trical activity. In our hands the suboccipital approach 

for introducing electrodes has been found to be most 
useful and has improved our technique when perfor
ming selective amygdalo-hippocampectomy. 
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Summary 

For stereo-EEG evaluation of patients suffering from drug resistent 
mesiobasal temporal lobe epilepsy a method is described to place 
multi-contact electrodes percutaneously through the foramen ovale 
near the brain stem and medial surface of the temporal lobe. 

The experience with 41 cases is reported. In 28 of them a unilateral 
well localized focus could be identified. All of them were treated 
by selective amygdala-hippocampectomy according to Wieser and 
Ya~argil. During follow-up for at least one year 22 of patients were 
seizurefree. An additional 5 had a reduction of seizure frequency. 
Complications were subarachnoid haemorrhage in one case, transient 
hypaesthesia in another, and transient herpes simplex of the lips in 7 
cases. 

Keywords: Epilepsy; temporal lobe; stereo-EEG; electrode place
ment; foramen ovale; amygdala-hippocampectomy; results. 

Introduction 

Patients suffering from drugresistent mesiobasal tem

porallobe epilepsy can be successfully operated on by 

anterior temporal lobe resection or selective amygdala
hippocampectomy (Wieser and Ya~argil 1982; Ward 
1983). Especially the latter microsurgical approach, 
however, requires a precise identification of the epilep
togenic focus. Surface EEG-records, as well as records 
with nasopharyngeal and sphenoidal electrodes have 
in our hands yielded insufficient information on the 
exact localization and extent of the ictal focus. Therefore, 

stereo-EEG evaluation was introduced. This diagnostic 

approach is not without risks, because two stereotactic 

operations under general anaesthesia are necessary, 
the first with carotid angiography and ventriculography 

and the second with implantation of several depth 

electrodes (Wieser 1983). However, stereo-EEG yields 

the most valuable information by identifying and deli

neating the epileptic focus. In the individual patient the 
increased risk of inserting additional depth or foramen 

ovale electrodes (FO) is justified by the greater precision 
in the identification of the epileptic focus, enabling the 

surgeon to perform a "tailored" and minimal resection. 

The usage of a monopolar foramen ovale electrode 

was first described by Wieser (1983). To improve the 

precision in the identification of epileptic foci in the 

area of the amygdala-hippocampus we developed a 

multi contact electrode with six contacts inserted via 

the foramen ovale. 

Operative Technique 

During a shortlasting general anaesthetic with bar

biturates the foramen ovale is percutaneously punctured 

by a Touhy needle which is advanced to the level of 
the clivus where CSF flow is obtained. The recording 

multicontact electrode is introduced and pushed for

ward under X-ray control until the first contact is 

located near the brainstem. The proximal contact is 
located in the foramen ovale. After withdrawal of the 
cannula, the electrode is fixed to the skin by adhesive 
tape. An electrode is also implanted in the other side. 
A lateral X-ray confirms the subtemporallocation of 
the multicontact electrodes and an a.p. view their posi
tions above the incisura trigemini (see Fig. 1). The elec
trodes can also be demonstrated by CT-scan showing 

the tip of the electrode along side the brainstem. 

Results and Conclusion 

In the period 1986-91 we have implanted bilateral 

foramen ovale electrodes in 39 patients. In an additional 

two patients an electrode could be implanted on one 

side only and in two others it was not possible to 
puncture via the foramen ovale on both sides. The only 
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Fig.!. Lateral x-ray view of the skull with the implanted electrodes 

serious complication was a subarachnoid haemorrhage 
which occurred in one patient after withdrawing the 
electrode following 14 days of recording. Seven patients 
suffered from transient herpes simplex on the lips. There 
were no other infections. 

In one patient there was a transient hypaesthesia in 
the third trigeminal branch lasting for three months. 

Of the 39 patients 28 were found to have a unilateral, 
well localized ictal focus. In the remaining 11 patients 
no epileptogenic focus could be demonstrated. In the 
28 patients with a demonstrated focus we performed 
selective amygdala-hippocampectomy according to the 
method described by Wieser and Ya~argil (1982). Twenty 
two of these patients were seizure-free with a follow-up 
of more than one year, five patients had reduction of 
their seizure frequency and only one patient had no 
benefit from the procedure. 

In our experience the usage of foramen ovale elect
rodes provide valuable information about the location 
of an ictal focus which may be suitable for anterior 
temporal lobe resection or a selective amygdala-hippo
campectomy. The method of implanting foramen ovale 
electrodes is simple and quite familiar to all neuro
surgeons who are used to performing percutaneous 
thermocoagulation for trigeminal neuralgia. Moreover, 
it is a safe and reliable approach to the exploration of 
patients considered for epilepsy surgery. 
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Summary 

Since 1982 a series of 11 epileptic patients have been treated with 
stereotactic radiosurgery. Patients were intracranially recorded with 
cortical and deep electrodes until the location of the epileptogenic 
focus was determined. A deep electrode was stereotactically placed 
at this point to confirm the accuracy of the location. All patients 
received radiosurgery with a gamma source and a dose of 10 to 
20 Gy, except two of them in which a betatron was used. The results 
were: Total disappearance of the crises and withdrawal of medication: 
4 cases (36%). More than 80% reduction of crises: 3 cases (27%). More 
than 50% reduction of crises: 2 cases (18%). Less than 50% reduction 
of crises: 2 cases (18%). 

No complications were observed, even in those cases in which 
the focus was located near critical areas of the brain. The efficacy 
of the low doses used accounts for non-destructive mechanisms, 
probably mediated by a neuronal plasticity phenomenon, as experi
mental studies suggest. The lack of complications can make this 
therapeutic approach an alternative to be considered when critical 
areas are involved. 

Keywords: Epilepsy; radiosurgery. 

Introduction 

There are some clinical and experimental facts suggest
ing that irradiation of epileptic foci may be favourable 
for their clinical evolution. 

These include the improvement or cure of epileptic 
seizures in patients with A VMs or low-grade tumours 
after conventional or stereotactic irradiation, as reported 
by several authors 5 -

7
,lo and the disappearance of con

vulsive crises after focal irradiation, in an experimental 
cobalt epileptic model in the cat2

• Based on these obser
vations, the authors performed stereotactic radiosur
gery in 11 cases of idiopathic focal epilepsy from 1982 
to 19911. 

Material and Methods 

This series consists of 11 (4 male, 7 female) patients presenting with 
epileptic seizures, their ages ranging from 16 to 42 years old. The 

preoperative symptomatic period varied from 23 to 24 years. The 
clinical features of each patient are summarized in Table 1. 

Every patient was carefully studied to rule out any primary treat
able cause ofthe seizures. The preoperative protocol included clinical 
and psychological studies, standard EEG, CT scanning, angiography 
in some cases and, in the most recent cases, MR imaging. Patients 
were considered candidates for this program only when more than 
one year of treatment with a single oral anticonvulsive drug and 
more than one year of treatment with a multidrug regimen had 
elapsed, provided that the serum drug concentrations had been 
regularly monitored. 

According to the results of the initial studies, patients were subjected 
to burr-hole electrocorticography. The technique consisted in intro
ducing several uni- or multielectrode probes· through a single (or 
bilateral) burr hole into the subarachnoid space, and guiding them 
with the aid of radioscopical imaging to the problem areas previously 
selected by the non-invasive studies. 

The ECoG ictal and interictal recordings were carefully studied 
to determine the area of the cortex which was the origin of the 
seizures. This sometimes required the introduction of a new series 
of cortical electrodes to the problematic areas. The search for the 
most probable area where the focus could be located was guided 
by a computer-assisted method based on the mathematical model 
of dipole generators as has been previously reported3• When evidence 
existed that a certain cortical area was responsible for the epileptic 
activity, deep multicontact electrodes were stereotactically introduced 
to the area in order to accurately localise and estimate the size of the 
focus. 

Those patients with an estimated epileptogenic area of 15 mm of 
diameter or less were irradiated with photons from a single conven
tional 60Co gamma source using collimators of lOmm. with an 
estimated dose of 10 Gy using the cross-fire technique, as described 
elsewhere!. 

Only one patient received bilateral irradiation because of a right 
temporal focus and a contralateral phenomenon. Two patients with 
cortical foci of 4 em or more were irradiated with electrons of 10-
15 Me V from a 45 Me V betatron, receiving lOGy from only a one 
beam entrance direction, and another one received 2 sessions of 
10 Gy from the cobalt source. Patients continued receiving their 
antiepileptic medication for one year after irradiation, which was 
progressively tapered off when possible. 

• 4-contact Medtronic Quad electrodes, supplied by Medtronic 
Hispania S.A.). 
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Table 1 

Case Clinical features Focus Dose Follow-up Preop. Postop. %Red. Med Psy-L. 
seizure seizure 
freq. freq. 

r.m.g. c.p.s. rt. meso temp. 20Gy 30mo. 4/mo. limo. 75% + 
v.l.m. c.p.s. It. meso temp. 20Gy 22mo. lO/mo. lO/mo. 0% 
a.c.a. c.p.s. It. meso temp. 20Gy 19mo. 4/mo. limo. 75% + 
d.d.n. c.p.S., s.g. It. meso temp. lOGy 9yrs. 0.5/mo. 0 100% 0 
c.c.a. c.p.s., s.g. It. meso temp. lOGy 8 yrs. 75/mo. 0 100% 0 + 
m.f.b. S.S., s.g. rt. temp. lOGy 9yrs. 1l0/mo. 2/mo. 98.18% < 
i.p.r. S.S., s.g. It. oCC. lOGy 8 yrs. 30/mo. 0 100% 0 + 
c.b.c. S.s., s.g. It. oCC. 20Gy 8yrs. 80/mo. 80/mo. 0% 
e.c.m. S.S., s.g. It. oCC. 20Gy 5 yrs. 30/mo. 4/mo. 86.67% < 
c.t.m. S.S. rt. par. 20Gy 5yrs. 8/mo. 0 100% 0 
a.m.m. p.g.s. rt. meso temp. 20Gy 19mo. lOO/mo. l2/mo. 89.09% 

c.p.s. complex partial seizures; C.p.S., s.g. complex partial seizures, secondarily generalized; S.S., s.g. sensitive seizures, secondarily generalized; 
S.S. sensitive seizures; p.g.s. primarily generalized seizures; % Red. percentage of reduction in seizure frequency; Med change in medication 
postoperatively (= same as before the operation, < reduction of medication, 0 no medication); Psy-L. psychosocial and professional 
integration ( + ameliorated, = similar to prior the operation). 

Results 

The results were as follows: Total disappearance of 
the crises and withdrawal of medication: 4 cases (36%). 
More than 80% reduction of crises: 3 cases (27%). More 
than 50% reduction of crises: 2 cases (18%). Less than 
50% reduction of crises: 2 cases (18%) (these are sum
marized in Table 1). 

Discussion 

The total disappearance of crises in 4 cases of cripto
genic focal epilepsy previously resistant to medication 
without recurrence after several years of follow-up 
suggests a permanent structural or physiologic change 
in the neurons at the epileptogenic focus. Elomaa4 

proposed an action of radiation upon somatostatin 
and the loss of its effects on cell membrane. However, 
our results with focal irradiation in cobalt experimental 
epilepsy in the cat, a synaptic model, suggested changes 
in synaptic plasticity2. 

Most authors think of deafferentation as the basic 
mechanism involved in epileptogenesis, the most striking 
feature being the loss of dendritic spines. On the other 
hand, Malis et ai. 8 observed a great dendritic prolifera
tion after producing a deuteron laminar lesion at the 
IV cortical layer in the rabbit. Several hypotheses may 
therefore be presented. Irradiation may induce synaptic 
neoformation, or the epileptic neurons are hypersensi
tive to irradiation or, rather, as Monnier and Krupp9 

pointed out, 10 Gy irradiation diminishes cortical 
activity. 

In one of the cases (case v.l.m.), the target was selected 
by the structural changes (gliosis) seen on MRI, rather 
than by the results of electro physiological studies. This 
patient did not improve after irradiation. On the other 
hand, the doses used are too low to have an effect the 
lesion which provokes the seizures. These two facts 
suggest that for the focal irradiation to be effective the 
target point must be placed not on the lesion, but on 
the epileptogenic brain tissue which surrounds it. The 
volume of cerebral tissue irradiated by radiosurgery is 
small. Thus, in our opinion crucial for radiosurgery of 
epilepsy is a very accurate localisation of the epilepto
genic area, and this must be sufficiently small. This 
makes the localisation procedure long and painstaking, 
and may be the reason for the poor results in some of 
the cases. In the future, non-invasive localisation pro
cedures such as magneto-encephalography may be the 
ideal complement for this non-operative treatment 
method. 

The lack of secondary effects achieved by this low
dose irradiation may indicate its use in foci located 
very close to functionally important areas of the brain. 
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Multiple Subpial Cortical Transections for the Control of Intractable Epilepsy 
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Summary 

In 5 cases suffering from intractable seizures and ictal onset in 
exquisite (primary somatosensory or language related) cortex, surgical 
therapy has been done consisting wholly or in part of multiple 
subpial transections. 

In two cases with involvement of the primary somatosensory 
cortex, good seizure control without detectable neurological deficit 
was achieved. In the other three cases with involvement of the 
language cortex, deficits were minimal and cleared with time. Patients 
became seizure-free. 

Keywords: Epilepsy; exquisite cortex; cortical transections; oper
ative therapy. 

Introduction 

Since Victor Horsely, surgical management of epilepsy 
has been concerned with identification of a seizure 
focus in a "resectable" area of brain. For Horsely 
structural pathology and clinical findings localized the 
seizure focus. Foci in motor cortex, however, could 
only be resected at the cost of weakness I. With the 
introduction of effective antiepileptic drugs (AEDs), 
the concept of resectable cortex has been restricted to 
those areas with poorly defined, redundant, or non
exquisite function. The surgical management of focal 
epilepsy, particularly ofthe anterior temporal lobe and 
nondominant frontal regions, was pioneered by Pen
field, Rasmussen, Talairach, and Fa1coner2~5. Invasive 

intracranial monitoring has allowed patients with more 
complex seizure disorders to be considered candidates 
for surgery6. 7. Ictal intracranial seizure recording has 

led to a clearer understanding of the diverse nature and 
localization of epileptic activity, particularly in extra
temporal and nonstructurally-related seizure cases8

. 

While focal resection, particularly in cases related to 
structural lesions, has the highest surgical success rate, 

many patients with intractable epilepsy have ictal onsets 
in exquisite cortex. Often these patients are rejected 
for surgical therapy, or in cases with ictal activity in the 

primary somatosensory cortex, undergo resection which 
leaves a significant neurological deficit -a necessary 
but sad compromise. Morrell et al. postulated that 
horizontal intracortical fibers are involved in generating 
epileptogenic activity9. Further, if such fibers were inter

rupted, the critical mass needed for clinical seizures 
would not be recruited. As Morrell pointed out, obser
vations by Sperry and his colleagues regarding the 
lack of behavioral disturbance with mica chips inserted 

vertically into the cortex further supported previous 
findings by Mountcastle, Asanuma, Hubell and Weisel, 
and MorelJ10~14 that the functional components of 

cerebral cortical tissue are organized and dependent 
upon vertically oriented cortical columns. These obser
vations and laboratory experiments led to the multiple 
subpial transection (MST) procedure. 

We are reporting our experience with 5 patients with 
intractable seizures and ictal onset in exquisite cortex 
whose surgical therapy has consisted either wholly or 
in part of multiple subpial transections. 

Technique 

A craniotomy is routinely performed under general anesthesia. A 
32 or 64-contact subdural grid, often with additional 4- to 6-contact 
strips, is placed over the abnormal cortical area, which has been 
ascertained by the clinical features and previous interictal and ictal 
scalp EEG recordings. The wound is closed over the grid, with the 
bone flap being left out and frozen sterilely until replacement at the 
second stage of the procedure. The grid wires are tunneled for 6 to 
7 cm to prevent CSF leakage. The patient is monitored in an Intensive 
Care area for a period of 7 to 10 days. Medications are withdrawn 
and at least 3 typical seizures are recorded using continuous 64-
channel video EEG monitoring (Telefactor). Correlation between 
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the grid electrodes and the clinical seizure pattern is then made. 
Once the typical ictal event is observed and documented to arise 
from exquisite cortex, the area is functionally mapped and the neuro
psychological data obtained via stimulation trials. 

Stimulation is conducted with a Grass instrument S12 cortical 
stimulator with built-in stimulus isolation and constant current 
circuitry. A biphasic square wave at a frequency of 50 Hz and pulse 
duration of OJ milliseconds is delivered. Stimulator current ranges 
from 1 rnA to 15 rnA, and the duration of stimulation for any given 
trial does not exceed seven seconds. A 30 second intertrial interval 
without stimulation is provided. Afterdischarges are monitored with 
21-channel hardcopy EEG utilizing a bipolar montage from con
tacts on the subdural grid. Functional mapping includes stimulation 
during automatic speech tasks such as counting or reciting the 
alphabet. For more elaborate mapping oflanguage cortex, the patient 
is interactive with a computer paradigm presenting stimuli to name, 
read, and recall. The patient's motor functions are observed for the 
elicitation of movement during stimulation. Sensory phenomena are 
obtained using similar stimulation parameters. The patient's expe
riences are documented and related to the specific grid contact. The 
stimulations proceed from the most anterior to the most posterior 
contact along each row of the grid. For afterdischarge setting, stimu
lation begins at 1 or 2 rnA and is increased in 1 to 2 rnA increments 
until a functional response is elicited, an afterdischarge is observed, 
or until approximately 10 to 15 rnA is reached. For functional tasks, 
a series of at least 3 trials is carried out at an amperage 1 rnA below 
the afterdischarge threshold at each site. 

The ictal and neuropsychological data are then transferred to a 
schematic cortical map and the epileptologist, neuropsychologist, 
and neurosurgeon confer preoperatively. In those cases that involve 
both cortical and limbic onset, appropriate resections are planned 
along with the subpial transections. The patient is returned to the 
operating room and fixed in a headholder under general anaesthesia, 
and the results of preoperative studies, namely the active seizure and 
functional site(s), are transferred to the cortical surface via a series 
of tickets indicating the area(s) for subpial transection. Using the 
operating microscope and an operating chair with arm support, a 
microarachnoid dissection of the sulci is performed, with care taken 
to spare the microscopic cortical vessels. 

It has been our approach to carry out the dissection of the gyral 
areas prior to beginning the subpial transections. Once the dissection 
has been accomplished, the Morrell-Whisler instruments are utilized 
in the fashion which they described, with the instruments being 
passed from the sulcus subpially at 90 degrees and a depth of 4 to 
5 mm. The transections are made at 5 mm intervals. 

Clinical Summaries 

Case 1: MP, a 13 year old right handed male, suffered from severe 
incapacitating post-traumatic seizures. A CT scan revealed increase 
in volume of his right frontal horn. The patient suffered from 2 
seizure patterns-I) focal sensory seizures beginning in his left foot 
and calf, ascending to his chest and then generalizing, and 2) classic 
supplemental motor area seizures with head turning to the right and 
fencing posture. Invasive monitoring revealed a classic supplemental 
motor focus, which was resected. Subsequent to that resection the 
grid was replaced. The patient was again monitored and continued 
to have significant clinical seizures originating from the primary 
sensory cortex. This 4cm x 4cm epileptogenic area was subpially 
transected. He tolerated this well and has no detectable neurological 
deficit. He occasionally suffers from simple partial seizures character
ized by intermittent numbness of the foot. He has returned to school. 
Follow up is six months. 

Case 2: SB, a 44 year old left-handed woman, suffered partial 
complex seizures beginning with an inability to speak or impaired 
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speech, often progressing to a generalized seizure. This patient had 
a left frontal anaplastic astrocytoma resected 8 years prior without 
evidence of recurrent or residual tumor. She was toxic on two AEDs, 
unable to carry out activities of daily life, and had at baseline a mild 
expressive aphasia. Ictal and interictal activity were monitored in
vasively in this patient. There was extensive involvement of Broca's 
area, primary somatosensory cortex, and Wernicke's area. A promi
nent aphasia reflecting a Todd's paralysis occurred after a seizure 
during monitoring. An area 9cm x 4cm encompassing the entire 
region was subpially transected. The severe postictal aphasia was 
absent upon clearing from anesthesia. The patient is now maintained 
on one AED without toxicity, has had greater than 50% reduction 
in complex partial seizures, suffers no new measurable neurological 
deficit, and has had no change from her preoperative neurological 
status. Follow up is five months. 

Case 3: NG, a 29 year old right handed male, suffered from rapidly 
generalizing partial complex seizures. He was found to have a benign 
neoplasm in his frontal region and ictal activity in his primary motor 
cortex. The lesion was totally resected and a 3 cm x 5 cm area of 
primary motor cortex and adjacent frontal region was transected. 
A mild disinhibition occurred postoperatively, but cleared over several 
months. He has no neurological deficit and is seizure-free. Follow 
up is four months. 

Case 4: JV, a 47 year old right handed male, suffered complex 
partial seizures for 45 years. He had several episodes of convulsive 
status epilepticus. His ictal onset revealed independent left (dominant) 
mesial temporal and Wernicke's area ictal onsets. A 6 cm left tempo
rallobectomy was carried out, and then the inferior parietal lobe, 
measuring 4.5 cm x 5 cm, was subpially transected. The patient has 
been seizure-free. A postoperative aphasia cleared within several 
weeks, and a mild dyslexia is clearing. 

Case 5: PG, a 28 year old right handed male, suffered partial 
seizures from age 17. Grid placement revealed diffuse left temporal 
interictal activity with diffuse ictal onset over the temporal lobe, 
including Wernicke's area. An anterior temporal lobectomy was 
carried out and subpial transections of Wernicke's area were per
formed. For approximately one to two weeks postoperatively this 
patient had a global aphasia, which slowly cleared over six weeks. 
He now shows a mild dysnomia, and is seizure-free. Follow up is five 
months. 

Discussion and Conclusion 

Patients with ictal onset in exquisite cortex, either 
primary somatosensory or language related cortex, have 
been either previously rejected for surgical therapy or 
suffered significant neurological loss with resections 
of sensitive cortex. Subpial transections theoretically 
appear to deny lateral recruitment of neurons and 
therefore abort complex partial seizure and secondary 
generalization while preserving the critical vertically 
oriented functions of the cortex. In two of our transec
tion cases involving the primary somatosensory cortex 
there have been no detectable postoperative neuro
logical deficits and good seizure control. In the three 
cases involving language cortex the deficits appear to 
be minimal and are clearing with time. These procedures 
have offered good seizure control. The dissection may 
be tedious, and an extensive area for multiple transec
tions may require several hours. There is, however, 
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surprisingly little hemorrhage, and we have experienced 
no significant complications related to this procedure. 
We remain are concerned about the possibilities of 
future pathological processes due to induced gliosis or 
cascular disruption of the cortex. 

While our experience is short and limited, subpial 
transection has resulted in excellent short-term control 
of intractable seizures arising from exquisite areas of 
cortex without the induction of major neurological 
deficits. Its long-term effects on the cerebral cortex 
must be evaluated, including the possibility of significant 
late complications. Nonetheless it may be an effective 
adjunct to the armamentarium for the control of intract
able seizures in desperate cases. 
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Summary 

Twentyeight patients underwent electrical stimulation of the centro
median (CM) thalamic nucleus as a neuro-augmentative procedure 
to control intractable seizures of various types. To assess the correct 
placement of electrodes, electrical stimulation at 3 and 6 Hz, 1.0 msec 
and 600-2000 uA pulses in trains of 30-60 sec were used while the 
EEG was recorded by scalp electrodes. Spontaneous seizure activities 
of various types were simultaneously recorded. In cases of focal 
epilepsy depth electrodes were used in order to study the sequence 
of activation of different structures. Three Hz electrical stimulation 
induced spike-and-wave complexes accompanied by a typical absence. 
Eight Hz induced recruiting-like responses with ipsilateral pre
dominance and no clinical manifestations. Interictal spike activity 
was recorded in the CM in cases of generalized tonic-clonic convul
sions (GTCC) and ictal spike pattern in the CM preceded discharges 
in other areas. In atypical absences cortical and CM discharges 
occurred simultaneously. 

It is concluded that the CM participates in the onset of GTCC 
and typical absences, in the propagation of secondary GTCC but 
not in myoclonic convulsions. 

Keywords: Centro median thalamic nucleus; electric stimulation 
of the brain; pathophy;;iology of epilepsy; recruiting responses. 

Introduction 

A preliminary study by Velasco et al. (1987) showed 
that chronic electrical stimulation of the Centro Median 
Thalamic Nucleus (CM) alleviated clinical seizures and 
improved the psychological performance in five patients 
with intractable generalized tonic-clonic seizures. Sub
sequently, (Velasco et al. 1993b and c) this treatment 
was given to an additional group of 23 patients with 
various intractable seizure patterns, classified in four 
groups according the predominant seizure type and to 
the response to CM stimulation. Thus, group A with 

* Partially supported by the Contract 0013-M9105. 

generalized tonic-clonic seizures and typical absences 
and group B with focal motor and secondary general
ized seizures responded; group C with partial complex 
and secondary generalized seizures and group D with 
tonic seizures and atypical absences did not respond to 
CM stimulation. 

These studies provided us with the unique opportunity 
to investigate the role of CM in the generation, propa
gation and suppression of different types of seizures. 
Recording and stimulation were made in order to deter
mine: 1) the initiation and propagation of spontaneous 
epileptiform activities monitored by simultaneous CM 
and scalp EEG recordings and 2) the epileptiform and 
anti-epileptiform clinical and EEG responses elicited 
by low and high frequency stimulation of CM. 

Methods 

Multicontact platinum teflon-coated electrodes were stereotacti
cally placed bilaterally in the CM (Velasco et al. 1972). Experiments 
were performed from 10 to 20 days after implantation and prior to 
the chronic, therapeutic CM stimulation. In each patient, two hours' 
daily recording sessions in the morning and at least one sleep record
ing during night were performed. In addition, eight four hours' daily 
stimulation sessions were performed using 0.1 msec square pulses in 
trains of 0.3 to 1 min with three frequencies 3,6 and 60 Hz and 
amplitudes ranging from 6 to 30V (400 to 2000uA). Concomitant 
subJective and objective responses of the patients and changes in 
reaction time were systematically investigated. 

Results 

Spontaneous Ictal EEG Activities in the eM 

CM epileptiform EEG activities correlating with 
widespread scalp EEG discharges were present during 
generalized seizures in all recordings. They included 
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Fig. 1. Spontaneous absences. Conventional EEG recordings from 
bilateral scalp frontal and temporal and thalamic CM regions (RCM 
1-2, LCM 1-2) during a typical absence. The horizontal line corres
ponds to the duration of the attack. Vertical line indicates a 17 secs 
cut-off of the records. Note that paroxysmal 3 Hz spike-wave EEG 
activity in the right CM precedes that of the left CM and scalp. 
(Modified from Velasco et al. 1989) 

cases of tonic-clonic seizures and typical absences in 
adults, and tonic, atonic, tonic-clonic, myoclonic and 
combined tonic-atonic-myoclonic seizures and atypical 
absences in children. 

CM epileptiform EEG activities preceded the appea
rence in the scalp recordings of tonic-clonic seizures 
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and absences in adults (Fig. 1) and myoclonic attacks 
in children. Conversely, CM and scalp activities occur
red simultaneously at the onset of other generalized 
seizures in children particularly in those presenting 
with Lennox-Gastaut syndrome. 

These children also showed abnormal hyperdense 
mesencephalic areas surrounding the red nucleus at 
MR examinations. In contrast, no primary involve
ment of CM was observed in focal motor seizures 
starting in the cortical convexity or in partial complex 
seizures originating from the amygdala and hippo
campus (Velasco et al. 1993a). 

Scalp Responses Induced by eM Stimulation 

Low Frequency CM Stimulation 

Unilateral low frequency (6 Hz) and low intensity 
(8 V, 600 uA) CM stimulation elicited three types of 
incremental responses: 

Type A, recruiting-like responses elicited by stimula
tion of the ventral CM regions (magnocellular CM and 
mesencephalic lemniscus). There were monophasic, 
negative potentials with a widespread bilateral distri
bution dominant in the ipsilateral frontal region. Type 
B, augmenting-like responses elicited by stimulation of 
the central CM regions (magno- and parvocellular CM). 
Biphasic, positive-negative potentials appeared with 
widespread bilateral distribution particularly in the 

=== 

I. J 

Fig. 2. Low frequency CM stimulation. EEG and clinical features of an absence-like attack elicited by simultaneous stimulation of the 
right central and left ventral portions of the CM at 3 Hz and 30 V. ON and OFF indicate the duration of the CM stimulation, and 
flash-response indicates the lack of response to a single visual reaction time task. (Modified from Velasco et al. 1993c) 
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Fig. 3 .. High frequency CM stimulation. (A) a and b, desynchronization 
and attenuation of the ongoing paroxysmal activities during acute 
CM stimulation. (B) monomorphic delta after discharge, and (C), pro
gressive blocking of the ongoing CM paroxysmal activities after 
daily repetition of CM stimulation. In (A), horizontal lines indicate 
the duration of stimulus. In (B), the EKG signal was simultaneously 
recorded to rule out the possibility of a superimposed pulse artefact 
and in (C), records were obtained before (a) and 22 hrs after the last 
stimulation trial at day 15 (b) and 25 (c) of daily electrical stimultion 
of the CM. (Modified from Velasco et al. 1993c) 

ipsilateral central region. Type C, primary-like respon
ses elicited by stimulation of the dorsal eM regions 
(parvocellular eM close to VPL). The responses were 
monophasic positive confined to the ipsilateal parietal 
region. Bilateral, low frequency stimulation of eM at 
supra-threshold intensities (30 V, 2000 uA) elicited EEG 
and clinical signs of an absence-like attack with 3 Hz 
spike-wave complex discharges, motionless stare, lip 
smacking and lack of response to flash (Fig. 2). 

High Frequency eM Stimulation 

Unilateral, high frequency eM stimulation with vari
able intensity (6-20 V; 120-1250 uA) elicited EEG de
synchronization and partial blockage of spontaneous 
ongoing paroxysmal EEG activities (Fig. 3A). At low 
intensities this EEG arousal response was not accom
panied by clinical symptoms whereas high intensity 
stimulation induced ipsilateral strabismus, diplopia and 
unpleasant sensations or contralateral paraesthesiae. 
Daily repetition of electrical stimulation of eM induced 
other responses at the stimulated site: one was the 
presence of a monomorphic delta afterdischarge lasting 
from 30 to 100 sec (Fig. 3B) and another the progres
sive suppression of the thalamic interictal EEG spike 
activity (Fig. 3C). 
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Discussion 

The present results suggest that the eM has a crucial 
role in the initiation and propagation of epileptiform 
activities in generalized tonic-clonic seizures in children, 
since the epileptiform EEG activities in eM preceded 
the seizure onset in the cortex. The eM also seems to 
participate in the propagation of most other forms of 
generalized convulsions arising from the upper brain 
stem, since paroxysmal eM and cortical activities 
appeared simultaneously. In contrast, the eM does not 
appear to be involved in focal motor seizures originating 
in the cortex as well as in partial complex seizures 
originating from the amygdala and hippocampus or in 
infantile spasms originating from the lower brain stem. 

Stimulation experiments suggest that, as in animals, 
the human eM is part of a thalamic diffuse projection 
(Dempsey and Morison 1942) or an ascending reticular 
thalamic system (Moruzzi and Magoun 1949, Jasper 
1949), because electrical stimulation elicited cortical, 
widespread incremental potentials, spike-wave com
plexes (low frequency), and EEG desynchronization 
(high frequency stimulations). Therefore, the electrical 
activation of eM may produce a double response on 
epileptogenesis: A hypersynchronizing response of cor
tical neurons, (elicited by 3 Hz, high intensity stimulation) 
manifested as a typical absence-like attack, and a 
desynchronizing response of the cortical neurons, 
(elicited by 60 Hz, medium intensity stimulation), 
manifested by total or partial blocking of the ongoing 
background or paroxysmal EEG activities. 

This last type of response is perhaps responsible for 
the seizure control by the use of chronic electrical 
stimulation of the eM (Velasco et al. 1987, 1993b). 
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