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Foreword 

Neurosurgery o/the Future: Computers and Robots in Clinical Neurosurgical Practice 
and in Training - a Philosophical Journey into the Future 

Many present day neurosurgeons believe that they already obtain good results in operative surgery with the benefit 
of the operating microscope and other aids which have become available in the last three decades and that the 
introduction of computers and robots to the operating theatre is superfluous. However, it is clear from analogy with 
the function of the airline pilot, another profession where there are great demands on manual skill and on spatial 
awareness, that these devices do have much to offer neurosurgery. 

Classical neurosurgery, in the time of Cushing, Dandy and Scarff, was based on a three dimensional picture of the 
patient's brain formed in the surgeon's mind and often illustrated in elegant drawings. Such pictures were based on 
neuroradiological studies by pneumoencephalography, ventriculography or by angiography. Generally these stud­
ies showed the presence and position of a lesion by displacement of normal brain structures and the picture was built 
up by interference. This was then converted by the experienced neurosurgeon into a plan for the craniotomy site and 
the trajectory of the surgical approach. Once the brain was exposed further pre-operative information was obtained 
by visual inspection and by palpation with the brain needle. These classical forms ofneuroradiology have largely 
been superseded by computerised tomography and by magnetic resonance imaging. The mental process which the 
neurosurgeon must follow to make use of these newer forms of imaging are different. Thus, CT and MR images are 
conventionally presented as axial images seen viewed from the patient's feet. Occasional errors are made in planning 
the position of the patient's head on the operating table, on the site and trajectory ofthe approach (a 15 degree error 
will cause 1.5 cm displacement at a depth of 5 cm) and even on the side of the brain which is to be operated. 

Such errors should not be tolerated when there are now technical adjuncts available to help the neurosurgeon 
avoid them. Several forms ofneuro-navigation systems for computerised image directed brain surgery, including 
wand based, microscope based and robot based systems. The author uses the robotic "Surgiscope" system. In this 
the imaging data of several modalities are transmitted through Dicon compatible channels to the work station in 
the operating theatre. There image fusion and preplanning of the surgery is done before the equipment is used to 
mark out the skull entry and to guide the surgeon accurately to the deeply sited planned target. Control of the 
accuracy of the surgery is provided by checking on the position of fixed points in the head and by following a check 
list in the computer menu. 

A distinguished Scandinavian neurosurgeon, Professor Lars Leksell, himself a pioneer in stereotactic surgery, 
stated "A fool with a tool is still a fool". You have to be a master in stereotactic surgery to become a master in 
image-guided surgery. Education of neurosurgeons in the use of the modem computer and robotic neurosurgical 
equipment is clearly vital. As the pilot learns in the flight simulator so must the neurosurgeon rehearse and 
practice. Indeed, the equipment makes it possible for neurosurgical trainees to learn from operations by their 
seniors in a much more direct way than by referring to a text book. In future the possibility of tele-conferencing and 
tele-monitoring procedures can take this a step further. 

It is clear that the expectations of the public and healthcare providers are for continued improvement and progress 
in neurosurgery. It is also clear throughout Europe the experience and the exposure of individual neurosurgeons to 
clinical cases while they are training, as well as when they are independent practitioners, are diminishing. It is 
probable that increasing use of computers and robots will help in reconciling these two conflicting trends. 

Jens Haase, M. D. 



Preface 

The current changes in neurosurgery are equalized historically only by the period earlier in this century when 
Harvey Cushing introduced the methods of modem general neurosurgery. Even the interested observer feels 
amazement. The last decade has seen not only the acceptance of digital imaging into the daily routine but also the 
incorporation of achievements in basic biologic sciences which have been termed as "molecular neurosurgery" or 
"reconstructive neurology". Perhaps without recognizing it stereotactic neurosurgery has played a leading role in 
promoting the new developments, and transforming them into useful instruments for the whole field of neurosur­
gery. The stereotactic methodology - not long ago considered a physiologic subspeciality for functional 
neurological disorders - now pervades all aspects of neurosurgery. These proceedings from the XII th Meeting of 
the European Society for Stereotactic and Functional Neurosurgery in Milan reflect the topics ofthe meeting and 
the impact on the field. 

The major aim of the meeting and of the publication is an update of information. This compilation of selected 
abstracts therefore may serve the reader for both information and judgement. The contents is subdivided into 
sections on Surgical Treatments of Parkinson's Disease, Pain, Psychosurgery, Epilepsy, Frameless Stereotaxy, 
Functional Imaging, Methodology, Gene Therapy, Radiosurgery and Tumours. Necessarily this volume contains 
a mixture of various topics. Although rather eclectic the series of papers, however, reflects the current status and 
progress in the field. Abilities do not exist in the abstract but in individual examples (M. Oakeshott). Each 
individual example has what maybe called a style or idiom of its own which cannot be specified in propositions. 
The editors are immensely indebted to Dr. Hazel Cockburn (London) for undertaking the linguistic editing and 
proofreading of the manuscripts. 

The most astounding development in neurosurgery is the general acceptance of "stereotactic space" what is now 
called "neuronavigation". The congress in Milan had the privilege to listen to one of the pioneers and proponents 
of the method namely lens Haase from Aaalborg who with great enthusiasm unifies the views of both stereotactic 
and general neurosurgeons. For the editors this contribution was of such high significance as to place it as a 
foreword of this volume. 

The Editors 
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Controversies in Pallidal Surgery 

M. I. Hariz 

Department of Neurosurgery, University Hospital, Umea, Sweden 

Summary 

Posteroventral pallidotomy (PVP) has gained a worldwide accep­
tance after its reintroduction by Laitinen et al. in 1992 (56) and many 
studies have since been published. A review of the recent literature 
reveals that there is variation in the clinical indications for this pro­
cedure, the surgical technique used and the assessment of results. 
There is no uniform practice in the choice of the anatomical target 
point within the globus pallidus, the imaging of the target structure, 
the intraoperative assessment of the physiological target and the 
mode of evaluation of the surgical results. Although some neuro­
surgeons advocate that the lesion should be in the lateral pallidum, 
the majority insist it should be in the medial pallidum. It is shown 
here that, as long as the lesion is made at the posterior and ventral 
parts of the globus pallidus, it will necessarily include aspects of both 
medial and lateral posteroventral pallidum. There is a common 
agreement on the effectiveness of pallidal surgery on the L-dopa 
induced dyskinesias, but, its long-term effects on tremor, akinesia, 
freezing of the gait and other genuine parkinsonian symptoms need 
more extensive evaluation. The assessment of the outcome of pallidal 
surgery in terms of the patient's disability, quality of life and coping 
abilities following surgery seems to have been neglected. 

Keywords: Parkinson's disease; stereotactic surgery; pallidotomy. 

Introduction 

Since the publication of the paper by Laitinen et al. 
in January 1992 [56], re-introducing posteroventral 
pallidotomy (PVP) for Parkinson's disease (PD), this 
procedure has generated many publications and pre­
sentations. Various opinions and ideas have been pre­
sented concerning mainly the following issues: What 
are the most appropriate indications for pallidotomy? 
Where is the ideal anatomical and physiologicalloca­
tion of the target within the globus pallidus? Which 
radiological means are most suitable for imaging the 
target area? Which are the most appropriate methods 
for intra-operative assessment of the physiological 
target? Is chronic stimulation or radiofrequency (RF) 
lesion or even Gamma Knife radiation the most 

appropriate method for interrupting the pathological 
pathways within the globus pallidus? How to assess the 
clinical results of pallidal surgery? 

In this paper, the controversies of the literature 
about these aspects of pallidal surgery will be reviewed 
and addressed in the light of the present author's ex­
perience in this field. 

Indications for Pallidal Surgery 

Posteroventral pallidotomy (PVP) is, just like any 
other treatment for PD, a symptomatic treatment. It is 
in the first place the pattern of symptoms of the patient 
and the degree of his/her disability that will decide 
whether surgery is to be recommended. If surgery is 
indeed to be performed, there are various options 
available, the most established of which are thalamot­
omy, pallidotomy and thalamic stimulation. While 
thalamotomy or thalamic stimulation is performed on 
patients whose main symptom is tremor, PVP is being 
performed mainly on Parkinonian patients exhibiting 
the full range of parkinsonian symptoms, including 
those due to the long standing L-dopa treatment. 
Therefore, many workers consider PVP to be indicated 
in patients with so-called "advanced" PD [3, 17, 40, 
43, 45, 56-58, 69, 78, 81]. In a period of enthusiasm, 
PVP has even been tried on patients with the so called 
Parkinson Plus Syndrome [19], but the results were 
disappointing [21,60,62]. 

PD is generally considered "advanced" in terms of 
high Hoehn and Yahr staging [38], although this stag­
ing, which was introduced prior to L-dopa treatment, 
may be considered too inexact to classify the disease in 
patients on long term L-dopa therapy. Therefore, 
"advanced" PD generally means patients whose dis­
ease has evolved to a state of continuous fluctuations 
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including various severe symptoms both in "on" and 
"off" phases. Thus, some authors insist that the pro­
cedure should be reserved for patients with L-dopa­
induced fluctuations, since the best effects of pallid­
otomy are on the dyskinesias of the patient who 
exhibits "on-off" phenomena [3, 46, 50, 81]. Most 
authors, however, consider that pallidotomy is equally 
suitable for tremor, rigor, bradykinesia, dyskinesias 
and painful dystonia. Laitinen recommends pallido­
tomy to be performed even before dyskinesias are 
established [60]. Although, there appears to be no rigid 
age limit, provided the patient is in good mental con­
dition [60, 62], nevertheless, it is more or less agreed 
upon that younger patients have a better outcome [3, 
17, 60, 68]. In the present author's experience, elderly 
patients who exhibit the so-called non-fluctuating 
rigid-akinetic syndrome, especially those patients with 
severe freezing of the gait, do not respond as well to 
pallidotomy, as patients with fluctuations (46). In these 
patients, Benabid et al. have indicated that chronic 
subthalamic stimulation might be a more appropriate 
method to improve the mobility of the patient, al­
though these results are still preliminary [5]. 

In the final analysis, it will be the overall long-term 
results of pallidotomy, performed and assessed uni­
formly in several centres and in a large number of pa­
tients exhibiting various symptoms of the disease, that 
will determine the final indications for this surgery and 
determine its place in the treatment of patients with 
Parkinson's disease [50]. 

Location of the "Best" Anatomical Target 

In the original paper of Svennilson et al. in 1960 [82], 
assessing the results of Leksell's pallidotomies, it was 
mentioned that Leksell "moved" his target to a more 
postero-ventral direction, compared to the classical 
antero-dorsal target position then prevalent. It was 
further stated that the results of pallidotomies per­
formed at this new target were even better than those 
performed on the previous antero-dorsal target [56,82]. 
Leksell's lesion was centred at the ventralmost area 
of the posterior pallidum, 2 mm anterior to the mid­
commissural point, 3 mm below the intercommissural 
line (ICL), and 20 mm lateral from the midline of the 
third ventricle. In 1960 ventriculography was the only 
means of calculating the coordinates of the target dur­
ing surgery. This target point, projected on the cor­
responding plates (plates 27, 54 and 55) of the atlas 
of Schaltenbrand and Wahren [74], is situated in the 

M. I. Hariz 

ventroposteromedial (VPM) pallidum, just dorsal to 
the exit of tha ansa lenticularis, and just medial to 
the nucleus basalis. Gradually, Laitinen "moved" that 
target laterally, and insisted that pallidotomy should 
be done in the ventroposterolateral (VPL) pallidum, 
instead of in the VPM pallidum [58, 60, 62]. Mean­
while, basic research on animals revealed that it was 
indeed in the medial pallidum that the increased in­
hibitory activity of PD took place [1, 7, 12, 23]. This 
was confirmed by several authors performing micro­
electrode recording during human pallidotomy pro­
cedures [9, 16, 17, 39, 63, 67-69, 79, 80, 81]. These 
authors therefore advocated that pallidotomy should 
be aimed at interruption of this overactive medial 
pallidum. Laitinen continued to advocate the surgical 
interruption of the pathway in the lateral pallidum, 
because this would "release" the overactive medial 
pallidum and re-establish more normal activity in the 
medial pallidum [60, 62]. According to the scheme of 
de Long and others [12], it is primarily the medial 
pallidum, receiving input from the inhibitory sub­
thalamic nucleus, that ought to be targeted in pallid­
otomy, while the lateral pallidum plays a secondary 
role in the inhibition of movements in PD. There­
fore the common target of surgeons today is VPM 
pallidotomy, although VPL pallidotomy is advo­
cated by Laitinen and several others [51, 58, 60, 62, 
71, 85]. 

In this author's opinion, this is not an important 
issue, because as long as the pallidotomy is performed 
at the ventral posterior part of the pallidum, the 
radiofrequency (RF) lesion itself will include aspects 
of both medial pallidum and lateral pallidum (Fig. 1). 
If one looks carefully at the plates 27, 54 and 55 in the 
Atlas of Schaltenbrand and Wahren [74], one can 
clearly see that the shape of the pallidum is such that 
more posteriorly and the more ventrally it is more 
narrow and at this posterior ventral level, a pallidal 
lesion of the advocated diameter of 6 mm [68] will 
necessarily encompass a brain volume belonging to 
both pallidum medialis pars interna, pallidum me­
dialis pars extern a and pallidum lateral is (Fig. 1). It 
must be remembered that a stereotactic target point is 
only a point to be aimed at, while a stereotactic RF 
lesion is a volume of brain that is destroyed by RF 
heat. This volume, unless extremely tiny, which is not 
the case for pallidal RF lesions, will indeed comprise 
in itself both medial and lateral parts of the postero­
ventral portion of the pallidum. Some published MR 
figures of reports describing posterior ventral medial 
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Fig. 1. A stercotactic MRI study, performed 6 months after sur­
gery. A 2 mm-thick axial slice and a 2 mm-thick coronal slice at the 
level of a left pallidotomy lesion are shown. The lesion lies at the 
ventralmost area of the posterior pallidum, just medial to the in­
ternal border of the putamen, just lateral to the external edge of the 
internal capsule, just above the dorsal amygdala, and lateral and 
dorsal from the ambient cistern and the optic tract. On the axial 
slice one can clearly see that the lesion encompasses both medial 
and lateral pallidum as these structures converge at the postero­
ventral aspects of the pallidum 

pallidotomy, show that the pallidal lesion if located 
strictly medial will lie too anterior and too dorsal in 
the pallidum [17, 67], and if it lies posteroventrally in 
the pallidum, it will definitely encompass both medial 
and lateral aspects [58, 60]. 

Therefore, it is even more impossible to imagine 
a stereotactic lesion confined solely to the internal 
part of the medial globus pallidus at its posteroventral 
aspects, as advocated by some [39]. Recently, some 
authors have questioned whether the lesion should lie 
in the posteroventral pallidal area of Leksell. Lozano 
stated in 1995 that his successful lesions lay more an­
terior and more dorsal than the target point of Leksell­
Laitinen [68]. Iacono, however, states that although 
the classical target of Leksell-Laitinen is suitable 
for ablative pallidal lesion, neuro-augmentive chronic 
stimulation should rather be performed on the 
anterior-medial parts of the pallidum, because stimu­
lation of the more anterior level yields better clinical 
results [42, 44]. 

It seems therefore that as the practice of pallid­
otomy spreads differences of opinion on the ideal 
target are increasing, as happened in the past with 
ventrolateral thalamotomy [59]. The present author 
believes that these varying opinions on the idealloca­
tions of pallidal lesions may be partly due to incon­
sistent results of the "Laitinen-Leksell" pallidotomy 
as performed by different stereotactic surgeons and 
partly due to difficulties in interpreting the findings 
obtained during micro-electrode exploration of the 
pallidum. 

3 

Imaging of the Pallidal Target 

Whatever the site of the target it has to be defined on 
a radiological study, by ventriculography (VG),CT or 
MRI. The author and others [2, 33-35] consider ven­
triculography obsolete, although it is still used by some 
surgeons [45]. CT target determination was used in the 
first papers of Laitinen et al. [56, 57], and is still used 
by others although it is now agreed that MRI is the 
best means of visualising the target area [53], never­
theless MRI has been reported to provoke such dis­
tortions on the image that several authors do not 
recommend it as the sole means of identifying the 
stereotactic target [2, 45]. Rather, methods combining 
MRI with VG [45] or MRI with CT [2] are used in 
order to obtain adequate geometrical accuracy. Some 
authors use additionally computerized atlas charts that 
can be adjusted to the individual patient's third ven­
tricular dimensions [2, 17]. In the author's experience, 
2 rom-thick axial and coronal stereotactic MRI study 
is superior to any other means, not only to visualize the 
target but also the optic tract and the internal capsule. 
The eventual distortions are of no clinically significant 
relevance if the MRI machine is properly calibrated 
for minimizing distortion, and if the frame fiducials lie 
as close as possible to the head, for example as is the 
case with the Laitinen Stereoadapter system [58, 61). 
Furthermore, a high definition axial MRI image 
actually depicts the edges of the posterior ventral 
pallidum in relation to the medial border of the puta­
men and the lateral border of the internal capsule 
(Fig. 1). This contributes to further tuning the posi­
tion of the classical Leksell target point obtained in 
relation to the commissures of the third ventricle. 
A thin high-resolution coronal MRI slice obtained 
perpendicular to the intercoromissural line and lying 
some 10-12 rom behind the anterior commissure 
(Fig. 1), makes it possible to assess very accurately 
the depth of the target in relation to the ambient cis­
tern, to the dorsal amygdala and to the optic tract 
[37]. In some patients, it appeared that the classical 
target depth of 6 mm ventral to the intercommissural 
line, as previously advocated by Leksell and Laitinen 
[56, 82], was too deep. Thus, coronal stereotactic 
MRI as described here, together with a dorsal to 
ventral intraoperative stimulation procedure as de­
scribed by Laitinen [58, 60, 62], has practically elimi­
nated the risk for scotoma, the incidence of which has 
dropped from the published 14% incidence in 1992 
[56, 57], to less than 1% [32, 58, 60]. 
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Intraoperative Assessment of the Physiological Target 

Nearly all neurosurgeons (except those using 
Gamma Knife) agree that the anatomical target must 
be physiologically corroborated before any lesioning 
can take place. While some believe that macro­
stimulation is enough for physiological confirmation 
of the target, other feel that unless microelectrodes 
are used for recording and/or stimulation, the pallid­
otomy cannot be safely and efficiently performed [3, 9, 
68]. There has been a clear tendency on the part of 
surgeons used to performing microelectrode inves­
tigations during ventral intermedius (Vim) thalamot­
omy [83] to transpose this experience to pallidotomy. 
The author agrees with Laitinen that the first ana­
tomical corroboration of the target takes place during 
impedance measurement while introducing the probe 
to the target. The impedance value clearly differentiates 
between grey matter, white matter and CSF spaces [54, 
58], provided the tip of the measuring probe is very 
small in surface area in relation to a large indifferent 
electrode. It is also important to observe carefully if 
the tremor, rigidity or bradykinesia are modified by 
the mere mechanical injury effect of the probe. This 
mechanical effect, however, is less evident than during 
thalamotomy, where the tremor can be completely 
stopped when the probe hits the "right" physiological 
target in the Vim nucleus of the thalamus. 

Electrical macrostimulation of the target area is 
an excellent method for checking the position of the 
stereotactic probe. Here also, it is important that the 
probe tip is small. This guarantees that the stimulation 
effects are local-specific. For pallidal stimulation, using 
1 msec in pulse length, the current threshold intensities 
are 8-10 rnA at 5-6 Hz and 4-5 rnA at 50-60 Hz, re­
spectively. The interpretation of the stimulation re­
sponses during pallidotomy is not as straightforward 
as during thalamotomy, since there is no evident or 
consistent stimulation response to either high fre­
quency or low frequency stimulation and no consistent 
effect of the acute stimulation on any of the parkinso­
nian symptoms [56]. The main aim of the stimulation 
thresholds during pallidotomy is to avoid harm to the 
internal capsule and the optic tract. 

A careful study of microelectrode recording did not 
appear to improve the clinical effect of thalamotomy 
for parkinsonian tremor, or to reduce the incidence of 
side-effects [47]. The same may be true for pallidal 
surgery. Microelectrode recordings during pallid­
otomy is of great scientific importance, because the 
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pallidum has never been previously mapped. Micro­
recording and micro stimulation can confirm the ex­
istence and orientation of the somatomotor homun­
culus in the posteroventral pallidum [80], a fact that 
had already been empirically verified by Laitinen et al. 
during macrostimulation and staged coagulation of 
the posteroventral pallidum [58, 60]. However, micro­
electrode recording during pallidotomy increases the 
duration of surgery. The patient becomes tired, can 
no longer cooperate, and can no longer be assessable 
or reliable upon stimulation [68]. In addition, the in­
fection risk may increase as may the risks of bleeding 
due to multiple electrode penetrations [65]. It seems 
therefore debatable whether the microcelectrode tech­
nique in comparison to impedance recording and elec­
trical stimulation will improve the results of pallid­
otomy or reduce its side-effects. There is no evidence 
yet that micro-electrode-guided pallidotomy improves 
the effect of surgery or decreases the complication 
rate compared to macrostimulation-based pallidotomy 
[11, 28, 52]. 

By contrast, there are some neurosurgeons advocat­
ing or actually performing pallidotomy with radio­
surgery without any physiological assessment of the 
target area [24, 25, 73]. However, in a recent paper it 
was shown that Gamma Knife radiosurgery was not 
suitable for pallidotomy [24]. It is the opinion of 
the author, since that neither stimulation nor record­
ing are applicable, since that the physiological target 
might differ from the anatomical target, since that 
there might be inherent inaccuracies of the stereo­
tactic frame and/or the radiological study and finally, 
since that lesioning cannot be stopped should adverse 
effects appear pallidotomy by radiosurgery is not only 
risky but also ethically questionable [15]. 

Ablation or Stimulation of the Pallidum 

Nearly all pallidotomies are performed with radio­
frequency (RF) current. The lesion is usually made 
incrementally, after appropriate stimulation, to en­
compass the posteroventral pallidum, and results in a 
lesion averaging 75-150 mm 3 [60, 67]. The pallid­
otomy lesion is typically 2-3 times larger than the vim 
thalamotomy lesion, more evidence that the lesion 
cannot be restricted solely to the medial pallidum at 
its posteroventral extent. It is a clinical advantage for 
the patient if the lesion extends into the external pal­
lidum laterally rather than into the internal capsule 
medially. 
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In 1994, Siegfried et al. were the first to report that 
chronic pallidal stimulation was as successful as pal­
lidotomy [76]. Chronic thalamic stimulation is now an 
established method for treating the tremor of PD [77], 
since Benabid et al. showed that this method is at least 
as effective as thalamotomy, carries less risks than 
thalamotomy and can safely be used bilaterally in the 
brain [6]. While the rationale for using chronic thala­
mic stimulation can easily be understood given the 
mode of action of high frequency stimulation on the 
low-frequent tremor oscillations, and given the risks 
inherent to thalamotomy, the rationale for using 
chronic pallidal stimulation is less obvious. In the pal­
lidum there is no consistent evidence for the existence 
of "tremor cells" with tremor synchronous bursting, 
nor has it been shown that acute high frequency stim­
ulation of the target during pallidotomy consistently 
blocks eventual tremor or other parkinsonian symp­
toms. In addition, the risks of bilateral staged pallid­
otomy are not as great as the risks of bilateral staged 
thalamotomy in terms of dysarthria, dysphasia, dys­
phonia, balance or memory impairment. Nevertheless 
the non-ablative mode and reversibility of the stim­
ulation method have tempted some workers to use 
pallidal chronic stimulation rather than ablation, not­
withstanding the greater cost [4, 27, 77]. It remains to 
be proven whether stimulation is better than ablation, 
even bilateral staged ablation, in increased effective­
ness on the symptoms and decreased risks for the 
patient. 

Staged bilateral pallidotomy is being performed 
more frequently as many patients desire soon after 
a successful pallidotomy, a similar procedure on the 
contralateral brain. Although in the author's and 
Laitinen's experience [58, 60] there is no evidence as 
yet that staged bilateral pallidotomy carries more 
risks for the patient's cognitive functions as long as 
the pallidotomies are carried out in the ventral poste­
rior area of the pallidum, others have noted cogni­
tive decline after bilateral staged or contemporaneous 
pallidotomy [10, 26, 28, 78]. Perhaps the pallidal le­
sions in these cases lay too medial [10, 26, 28]. Other 
workers have found no disadvantage in performing 
even contemporaneous bilateral pallidotomies [9, 43, 
45]. 

The present author does not advocate that bilateral 
posteroventral pallidotomy be performed in one ses­
sion for safety reasons, to allow the brain and the pa­
tient to recover after the first surgery and to give some 
time for assessment of the results of the first procedure. 
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A wait of at least 6 months is advised before perform­
ing the pallidotomy on the other hemisphere. 

Assessment of the Radiofrequency Lesion 

In order to gain more knowledge about the ideal 
target to be lesioned, the ideal size of the lesion, the 
proper correlation between the site and size of the 
lesion and clinical results and eventual side-effects, it is 
mandatory to have an accurate image of the RF lesion. 
Some workers perform MRI within a few hours or 
days of the surgery [13, 14, 17]. While this may well tell 
the surgeon that he/she has hit the intended target, 
it gives no information about the "final" size of the 
lesion, due to the presence of massive local oedema. In 
addition, it is known that the lesion may well shrink 
over the first few months following surgery, and, since 
the clinical assessment of surgery may not be relevant 
before at least the resolution of oedema, an immediate 
postoperative MRI cannot prove that the clinical re­
sults do indeed correlate with the size or site ofthe final 
pallidal lesion [36]. Therefore the present author does 
not perform MRI - or CT - for lesion control before at 
least three months after surgery. 

In imaging stereotactic pallidal lesions, it is man­
datory to correlate accurately the lesion to the ana­
tomical target and to the ventricular landmarks on the 
basis of which the target coordinates were defined. For 
this, the ideal is to perform contiguous 2 mm-thin MRI 
scans, with axial slices parallel to the intercommissural 
line (ICL) of the third ventricle and coronal slices per­
pendicular to the ICL (Fig. 1). Hereby, the size of the 
lesion can be accurately measured, its volume calcu­
lated and the accurate location of the lesion in relation 
to the target area and to the ventricular landmarks be 
properly assessed. 

While it is generally agreed that the stereotactic 
pallidal lesion, in order to be effective, needs to lie at 
the ventralmost area of the posterior pallidum [58, 60, 
87]. The author believes that there is no definite answer 
to what is the optimal size of a pallidal RF lesion. 
In addition, the target area in many patients with 
advanced PD exhibits small lacunas which might 
interfere with and influence the final size of the RF 
lesion. A review performed by the author of a small 
number of pallidotomies showed that, within certain 
extremes, there is no clear correlation between lesion 
size and clinical results [36]. Further studies are needed 
to establish the relationship, if any, between the final 
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site and size of the lesion and the clinical results of 
pallidotomy. 

Clinical Evaluation of Pallidal Surgery Results 

For thalamotomy, there has been for a long time 
agreement among neurologists and neurosurgeons 
about the indications for and results of this procedure. 
Thus, thalamotomy is fairly effective against the 
tremor and the rigidity of Parkinson's disease and in­
effective for akinesia [48, 49, 55, 83]. 

Pallidotomy has provoked more debate among 
neurosurgeons, neurologists and patients than any 
other previous surgical treatment for PD. The liter­
ature, whether scientific or journalistic, bears witness 
to the difficulties and sometimes discrepancies in judg­
ing the effects of pallidotomy. It is obvious that the 
results of pallidotomy are not as easily assessable as 
those of thalamotomy and its place in the treatment of 
PD patients is still under discussion [50]. The reasons 
may be that the patients undergoing pallidotomy are 
often in a multi-symptomatic advanced stage of the 
disease; the expectations may have been overestimated, 
and the quality of the assessments performed may have 
been questionable. Thus, the attitude towards pallid­
otomy, especially among neurologists, is equivocal 
[72]. To explain the complexity and diversity in as­
sessment of pallidotomy results one must consider 
when the assessments are done, what is assessed, how, 
where and by whom. 

When the assessment is done too early (within days 
or weeks from pallidotomy) most patients are usually 
doing well. This may be a genuine effect. It may also be 
a placebo effect, or the reversible effect of oedema 
around the RF lesion. When performed late, i.e., 
months or year(s) after surgery, the disease progression 
of these patients (who often are in a very advanced 
state of the disease) should be taken into account [22, 
30]. One method to assess the proper effect of pallid­
otomy is to have a control group of matching patients, 
as described by Dogali et al. [17], or to have blinded 
assessments as described by Lozano et al. [69]. 

What should be assessed: The World Health Orga­
nisation emphasised in 1980 the importance of demar­
cating the three different entities of a disease, namely 
impairment, disability, handicap [88]. These entities 
cannot be better illustrated than in patients suffering 
from PD where impairment and disability may not 
always correlate [38, 64, 75, 84, 86]. Therefore, the re­
sults of pallidotomy may well differ if one assesses the 
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patient's neurological symptoms, e.g., tremor, brady­
kinesia, rigidity, dyskinesia, dystonia, the patient's dis­
ability, i.e. talking, walking, feeding, dressing and 
other activities of daily living (ADL) or the patient's 
adaptation to his/her milieu and in society (coping 
ability, handicap). It should also be remembered that 
the psychological aspects in a patient with PD, such as 
depression and anxiety, must be taken into account. 

How is the assessment done? If carried out on an 
out-patient basis, the assessment may vary from no 
effect to excellent effect depending on what state the 
patient happens to be in while in the neurologist's 
office. A quick neurological examination will tell 
nothing definite. An interview of the patient or rela­
tives may be misleading, since the results of surgery 
may be totally different from one patient to another, 
or that symptom. A quick video or timed test of the 
patient before and after surgery will certainly not cover 
all aspects of the disease and definitely not the sub­
jective feeling of the patient or his/her performances in 
ADL. An opto-electronic assessment using advanced 
computer programs is not physiological and stresses 
the patient whose symptoms are very . sensitive to 
stressful situations. The use of scales, especially the 
widely used Unified Parkinson Disease Rating Scale 
(UPDRS) [20], gives a fair overall idea of the patient's 
disability, but does not address the very important 
aspect of the patient's coping abilities and quality of 
life. However, the UPDRS is currently the best avail­
able tool for routine monitoring of a patient's con­
dition before and after surgery. Furthermore, the 
occurrence of "on-off" phenomena, with periods of 
severe akinesia and periods of dyskinesias, in the 
patients undergoing pallidotomy indicates assessment 
of the patient both in "off" and in "on" conditions 
and requires at least two spaced assessments for pre­
operative and postoperative evaluation [17, 69]. Other 
workers choose to have the patients assessed every 
hour throughout one day, both pre and postopera­
tively, to cover the whole fluctuations of the patient, 
but this may be time consuming, stressful for the pa­
tient and applicable only in small series of patients 
[46]. 

Where is the assessment done? The most common 
place where patients are assessed most commonly on 
an out-patient basis in a busy clinic, which may not be 
valid as far as pallidotomy cases are concerned. In­
hospital assessment is expensive and may not show 
accurately how the patient is behaving at home or in 
the community. Assessment conducted at the patient's 
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home by a therapist living with the patient may not be 
feasible. 

Who is conducts the assessment? The neurosurgeon 
may be biased in assessing his/her results [75], and the 
patient might be tempted not to deceive his/her sur­
geon by complaining of the lack of effect of surgery. 
The neurologist is no neutral either and might consider 
that "the bottle is half empty" instead of considering it 
"half full", when making the assessment. The family 
doctor may lack a detailed neurological knowledge 
about the surgery or the disease. The physiotherapist 
may focus only on the impairment of the patient and 
on the function of this or that group of muscles, while 
the occupational therapist may focus only on assessing 
disability items in ADL. The psychologist may detect 
sub-clinical cognitive impairments while using sophis­
ticated test, while the radiologist may find increased 
basal ganglia metabolism on the PET study [18, 31]. 
The nurse may focus on the behaviour of the patient in 
strictly nursing situations. The patient him- or herself 
may complain about issues totally different from the 
cardinal symptoms of the disease, or may be happy 
with the results despite no obvious clinical improve­
ment. The patient's own assessment may be considered 
reliable [8, 66] or unreliable [29], according to what the 
patient is actually assessing. 

In summary, in assessment of pallidotomy results 
there are at least four kinds of evaluation: that of the 
the neurosurgeon, that of the the neurologist, that of 
the patient and his family and some further objective 
assessment [58]. As outlined above these vary what has 
been stated above. However, in the opinion of the 
author, if the patient is coping better with the disease 
after surgery than before, the main goal of pallidotomy 
has been reached. The question remains how to docu­
ment this coping ability and how long will the eventual 
improvement last? 

Concluding Remarks 

Undoubtedly, the modem pallidotomy has become 
an accepted part of modem neurosurgery. Its patho­
physiological substrate is still not fully understood, 
and its effect may be considered paradoxical [70]. Its 
indications, however, are not as easy to define as has 
been the case for thalamotomy. Furthermore, pallidal 
surgery is not uniformly technically conducted in terms 
of anatomical targetting, intraoperative physiological 
assessment, and stimulation or lesioning parameters. 
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Most patients undergoing pallidotomy are not in con­
trolled clinical trials. 

The results will need long time to be properly as­
sessed because the patients undergoing pallidotomy 
are much more heterogeneous than those undergoing 
thalamotomy. Besides this, there are difficulties in 
assessing results of surgery that is non-uniformly per­
formed, non-uniformly evaluated, and conducted on a 
non-homogeneous patient group [50]. Everybody in 
the neurological and neurosurgical community agrees 
today that pallidotomy is very effective for L-dopa in­
duced dyskinesias, in the medium long term. As for its 
long-term effect on tremor, bradykinesia, freezing of 
the gait and other genuine Parkinsonian symptoms, 
the consensus amongst neurosurgeons, and especially 
amongst neurologists is far from being achieved. In the 
final analysis, it is indeed the result of a surgical pro­
cedure that will set its indications. Therefore, the real 
and strict indications of pallidotomy will have to wait 
a comprehensive assessment of its long-term results 
before being generally agreed upon by neurologists, by 
neurosurgeons and by all those who care for patients 
with Parkinson's disease. 
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Chronic Electrostimulation of Ventroposterolateral Pallidum: Follow-up 

J. Siegfried and G. Wellis 

Department of Neurosurgery, Klinik 1m Park, Zurich, Switzerland 

Summary 

Introduced in 1992, and first published with report of 3 cases in 
1994, the ventroposterolateral electrostimulation of the pallidum 
raised exciting prospects. The follow-up of this new approach will be 
presented in 19 cases with at least 6 months control, and up to 42 
months. The very favorable effects observed in the first series could 
be confirmed and extended to a larger group of patients during a 
longer period. 

Keywords: Neurostimulation; pallidal stimulation; Parkinson's 
disease; movement disorders. 

Introduction 

Following the very encouraging results of ventro­
posterolateral pallidotomy in all symptoms of Parkin­
son's disease [4], by renewing an old stereotactic 
method [8] and precising the best target in the pallidum 
internum [5], an alternative technique has been in­
troduced in 1992 [6,7] with permanent electrostimula­
tion achieved bilaterally in one session. The present 
report analyses the authors' experience of this promis­
ing method with longer follow-up. 

Material 

From November 17, 1992 to March 7, 1996, 21 patients were 
considered as suitable candidates for permanent ventropostero­
lateral pallidal stimulation. In 18 cases, the operation was performed 
bilaterally in one session, and in 3 cases unilaterally, with a total of 
39 neurostimulations of the pallidum. 

The clinical features of the patients are summarized in Table I . 
The severity of the diseases was in almost all cases at stage IV in the 
classification of Hoehn and Yahr [2]; only 2 cases operated unilat­
erally, and I case of multiple system atrophy, were at stage III. The 
diagnosis of Parkinson's disease has been reconsidered subsequently 
in 2 cases, and the diagnosis of multiple system atrophy suggested. 
All other cases were typical, and in 5 cases a juvenile form of 
Parkinson's disease was evident. All cases showed a severe on-off 
phenomenon under Levodopa treatment. 

The assessment of patients using the Webster Rating Scale [9] was 
performed before the operation in the on stage, and then at least 
every 3 months postoperatively. This scale has been a standard 
method of the authors since 1968; it is easy to apply, and can be 
performed by different examiners with comparable results, which is 
not the case for other standardized evaluations (New York Uni­
versity Scale, Northwestern University Scale, UCLA Scale) [1]. The 
Unified Rating Scale for Parkinsonism, Version 2.0 has been applied 
in only a few cases and will not be analysed here [3]. 

Method 

The stereotactic technique of implantation of electrodes in the 
ventroposterolateral part of the pallidum internum has been de­
scribed in detail elsewhere [6]. The target coordinates were 3 mm in 
front of the midcommissural point; 3 mm below the intercom­
missuralline (the ventralmost position of the electrode tip); and 20 
mm lateral to the midline of the third ventricle. A monopolar elec­
trode (Medtronic, Inc., Minneapolis) was used 31 times, and a 
quadripolar one 8 times. After a short test of 48 hours or more, pro­
grammable pulse generators (ITREL, Medtronic Inc., Minneapolis) 
were implanted subcutaneously under the clavicles, and connected to 
the intracerebral electrodes. The best programme of stimulation was 
tested. With 130 Hz and 210 microseconds duration, the amplitude 
was increased until the appearance of scotomas or corticospinal re­
actions, and stopped just before. The amplitude at 6 months had a 
range of 1.0 to 3.1 volts, with a mean of2.46 V. 

Results 

The most dramatic effect of permanent ventro­
posterolateral stimulation bilaterally in cases of Par­
kinson's disease is the disappearance or the marked 
attenuation of severe iatrogenic dyskinesias. However, 
akinesia or hypokinesia is clearly improved, as well as 
rigidity. The tremor, which was before the operation 
never severe, improves or even almost disappears. 
Substantial improvement is also observed in walking 
ability, postural stability, and to a lesser and variable 
degree on speech (Tables 2 and 3). In 3 other cases, 
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unilateral pallidal stimulation was performed, but in 
one of these the follow up is missing. The reason for 
unilateral stimulation was, in one case, the simulta­
neous implantation of an electrode in the ventrolateral 
thalamus for very strong tremor in the opposite side, 
and in the other a previous thalamotomy has been 
performed 4 years before for the opposite side. The 
improvement with unilateral stimulation is shown in 
Table 4. The effect of bilateral pallidal stimulation in 
cases of multiple system atrophy was poor (Table 5). 

No neurological complications have to be reported. 

J. Siegfried and G. Wellis 

Table I. Clinical Features at the Time of Operation of 21 Patients 
Treated by Chronic Electrostimulation of the Ventroposterolateral 
Pal/idum 

Sex Age (years) Stage Hoehn/Yahr Webster rating 

Male 12 Mean 62 IV 18 Mean 20.5 
Female 9 Range 51-75 III 3 Range 14.0-26.0 

In all cases, the medical treatment became easier, and 
dopamine agonists as well as anticholinergic drugs 
could be decreased. 

Table 2. Effects of the Permanent Chronic Electrostimulation of the Ventroposterolateral Pallidum bilaterally in Parkinson's Disease, inclusive 
Juvenile Form 

Before 6mo. 9mo. 12mo. 18mo. 24 mo. 30 mo. 36 mo. 42 mo. 
16 cases 16 cases 13 cases 12 cases 9 cases 3 cases 2 cases 2 cases I case 

Akinesia 16 cases +++ +++ ++ ++ ++ ++ ++ ++ 
Rigidity 16 cases +++ +++ +++ +++ +++ +++ +++ +++ 
Tremor 14 cases ++ ++ ++ ++ ++ ++ ++ ++ 
Dyskinesias 16 cases +++ +++ +++ +++ +++ +++ +++ +++ 
Speech 16 cases + + + 
Gait 16 cases ++ ++ + 
Postural stability 16 cases ++ ++ ++ 

+ + + very marked; ++ marked; + slight; - none. mo. months. 

Table 3. Effect of the Permanent Chronic Electrostimulation of the 
Ventroposterolateral Pal/idum Bilateral/yon the Webster Rating 
Scale in Parkinson's Disease 

No. of cases Webster rating scale score 

Range Mean 

Before 14 14.0- 26.0 20.5 
6 months 13 6.5-14.5 10.5 
12 months 10 7.0-14.5 11.0 
18 months 7 7.0-14.5 11.0 
24 months 3 9.0- 14.5 12.0 
36 months 2 9.0-14.5 12.0 

Discussion 

The marked improvement of permanent ventro­
posterolateral stimulation on akinesia, rigidity and 
iatrogenic dyskinesias is clearly demonstrated. An im­
provement is also observed in the majority of cases on 
postural stability, walking ability and tremor; this last 
symptom was, however, never strongly marked before 
the operation. In many cases, the speech becomes 
clearer, less dysphonic or dysarthric, better under­
stood, but to a moderate degree. This global improve-

+ 
+ + + + 
+ + + + 

Table 4. Effect of the Permanent Chronic Electrostimulation of the 
Ventroposterolateral Pal/idum Unilaterally on the Webster Rating 
Scale in Parkinson's Disease 

No. of cases Webster rating scale score 

Range Mean 

Before 3 16.0-22.0 19.0 
6 months 2 7.0-12.0 9.5 
20 months 2 7.0-12.0 10.0 
27 months I 12.0 12.0 

No follow-up in I case, I case after thalamotomy on opposite side 4 
years earlier, I case with simultaneous VL thalamus stimulation on 
opposite side. 

ment results in an amelioration of the quality of life 
with a return to active social life; the disappearance of 
dyskinesias is for the patient and his family of great 
significance. The selection of patients for this new 
technique has to be carefully analysed; considering 
only the implanted material, the treatment is expen­
sive. However, the sometimes dramatic improvement 
in quality oflife has to be taken in consideration in the 
evaluation of costs to clinical benefit. 
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Table 5. Effects of Permanent Chronic Electrostimulation of the Ventroposterolateral Pallidum Bilaterally in Multiple System Atrophy 

Akinesia 
Rigidity 
Tremor 
Dyskinesias 
Speech 
Gait 
Postural stability 

Poor response to Levodopa 
Blepharospasm 
Supranuclear palsy 
Dementia 

Before 
2 cases 

2 cases 
2 cases 

I case 
2 cases 
I case 
I case 

2 cases 
I case 
I case 
I case 

++ marked; + slight; ± very slight; - none. 
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Summary 

Since 1992 there has been renewed interest in pallidotomy now 
that the limitations and adverse effects of long-term dopaminergic 
therapy have become more apparent and more difficult to control in 
patients with advanced Parkinson's disease. 

The authors describe the effect of pallidotomy in 19 patients, six­
teen of whom had advanced Parkinson's disease with painful dys­
tonia and/or response fluctuations with severe akinesia while in 
"off" and dyskinesias while in "on". One patient had cortico-basal 
degeneration with rigidity, one patient had secondary dystonia and 
one had dystonic posturing due to Wilson's disease. Fifteen patients 
underwent unilateral pallidotomy; four patients had a staged bi­
lateral procedure. 

Follow-up ranged from 3 to 42 months (mean 18 months). All 
patients with peak-dose dyskinesias and/or dystonia had marked 
reduction of symptoms, including the cases of Wilson's disease and 
secondary dystonia. The akinesia and rigidity scores of Parkinson­
patients in "off" were greatly reduced, mainly but not only on the 
contralateral side. Evaluation by the patients showed remarkable 
improvement of symptoms in 79%, leading to substantially im­
proved functional abilities in 68%. 

In this series the decrease in dopamine-response fluctuations, 
dystonia, hypokinesia and rigidity with functional improvement 
as judged by examiners and patients reflect a significant regain of 
independence. 

Keywords: Pallidotomy; Parkinson's disease; movement disorders; 
stereotaxy. 

Introduction 

Stereotactic pallidotomy was used in attempts to 
abolish the hypokinesia, rigidity and tremor of Par­
kinson's disease (PD) as early as the 1950's [4], later 
to be replaced largely by thalamotomy [5] which was 
reported to have a more permanent effect, though 
mainly on tremor. With the introduction of levodopa, 
surgical therapy almost disappeared except for the 
most severe cases of medically refractory PD. 

After two decades of widespread experience with 
levodopa, the limitations and adverse effects of long­
term dopaminergic treatment became more apparent 

and harder to deal with, which led to a revival of 
interest in pallidotomy. The renaissance was started 
by Laitinen describing Leksell's pallidotomy in 38 
patients [8], after which many others reported favour­
able effects of the procedure not only on the cardinal 
symptoms of PD but also on response fluctuations and 
dyskinesias induced by L-dopa [3,6, 7, 9]. 

In this paper the authors describe the effect of pos­
teroventral pallidotomy on akinesia, rigidity, dyski­
nesias and dystonia in 19 patients with various extra­
pyramidal movement disorders. 

Material and Methods 

Patients 

Fifteen patients had advanced Parkinson's disease with painful 
dystonia and/or dopamine response fluctuations with hypokinesia 
and rigidity in the "off"-phase and dyskinesias in the "on"-phase. 
One patient with PD was totally unresponsive to L-dopa with per­
manent akinesia, rigidity and tremor. In one patient with cortico­
basal degeneration, rigidity was the target symptom. One case had 
secondary dystonia of the left arm due to a cavernous haemangioma 
in the right thalamus. One patient had Wilson's disease with gener­
alized dystonic posturing and anarthria. Age ranged from 17 to 74 
yrs. (mean: 53 yrs., Table 1). 

Fifteen patients underwent unilateral pallidotomy, two of whom 
had had a contralateral thalamotomy for tremor reduction in the 
past. Four patients received staged bilateral pallidotomies, two of 
whom had had a previous thalamotomy. 

Surgical Technique 

Patients were held off drugs 12 hours before surgery. The target­
coordinates of the posteroventral globus pallidus at the border of 
the medial and lateral segrnents according to Leksell were 2-3 rnrn. 
anterior to the midcornmissural point, 5 rnrn. below the inter­
cornmissuralline and 22 rnrn. lateral to the midline of the third ven­
tricle [8], visualized by positive contrast ventriculography. Electrical 
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Table I. Baseline Patient Characteristics (n = 19) 

Patient Age Sex Diagnosis Duration UPDRS Hoehn & Pallidotomy 
(yrs.) 

46 F PD 11 
2 54 M PD 11 
3 57 F PD 10 
4 51 M PD 14 
5 41 M PD 15 
6 46 M PD 5 
7 61 M PD 19 
8 60 M PD 29 
9 56 M PD 20 

10 70 F PD 8 
11 58 F PD 29 
12 66 M PD 8 
13 50 F PD 13 
14 47 M PD 17 
15 74 F PD 23 
16 57 M PD 19 
17 17 F dystonia 5 
18 63 M CBD 3 
19 41 F Wilson 22 

PD Parkinson's disease, CBD cortico-basal degeneration. 

monopolar stimulation was carried out using a Fisher electrode with 
a 1.8 x 4.0 mm. uninsulated tip. In the trajectory towards the calcu­
lated target point, low (2 Hz.) and high (130 Hz.) frequency stim­
ulation was performed in 2 mm. steps starting 8 mm. from the target, 
to determine proximity of the internal capsule and optic tract, and to 
verify the target structure as judged by the clinical effect. Micro­
electrode recording or stimulation was not used. Radiofrequency 
thermolesions were produced at 80C. for 60 seconds directly after 
stimulation at each 2 mm. step and were not postponed until after 
trial-stimulation of the entire tract because of the possibility of en­
tering the cisterna ambiens just below the target, thereafter rendering 
coagulation ineffective due to energy dispersion through the cere­
brospinal fluid. 

Pre- and Postoperative Assessment 

The Unified Parkinson's Disease Rating Scale (UPDRS) motor 
score, Hoehn & Yahr Staging, Schwab & England Functional 
Scale, videotapes of the patients and subjective evaluations by the 
patients were used to determine the clinical condition pre- and 
postoperatively. Follow-up ranged from 3 to 42 months (mean: 18 
months). Statistical analysis was performed using sign rank tests for 
the mentioned clinical scales in the group of Parkinson patients. 

Results 

The average pre-operative and post-operative 
UPDRS scores, Hoehn & Yahr staging and Schwab & 
England functional scores of the Parkinson patients 
are presented in Table 2, along with standard devia­
tions and 95% confidence intervals for the change from 
baseline to last follow-up. For the four patients with 

motor Yahr side 
(PD, off) (PD, off) 

73 5 Bilat 
53 4 L 
27 4 R 
32 3 L 
38 3 L 
34 L 
44 2 R 
72 5 R 
97 5 Bilat 
27 1 R 
50 3 L 
51 5 R 
63 5 Bilat 
53 5 Bilat 
65 5 R 
51 4 L 

R 
L 
R 

bilateral procedures, the results after the first pallid­
otomy are used for tabulation. All Parkinson patients 
with peak-dose dyskinesias and/or (painful) dystonia 
in the "on"-phase had marked reduction of these 
symptoms, and total "off" -time was reduced, although 
the latter was not recorded accurately. The hypo­
kinesia and rigidity of Parkinson patients in "off" was 
reduced in all cases except for one patient who devel­
oped a severe complication. Tremor was also reduced, 
but to a lesser extent than the hypokinesia, rigidity and 
dyskinesias. 

After unilateral pallidotomy, a bilateral effect was 
seen in most patients, though the effect was much 
stronger on the contralateral side. There was a dis­
turbing imbalance between the two sides of the body 
in rigidity and hypokinesia in four cases, one of whom 
also had residual ipsilateral dyskinesias. A second 
contralateral pallidotomy was performed in these 
patients, after which there was satisfying bilateral 
symptom reduction. 

The case of cortico-basal degeneration was un­
improved. The patient with Wilson's disease had de­
creased dystonic posturing and reversal of anarthria. 
In the case of isolated dystonia of the arm, there was 
marked reduction of the involuntary movements. 

In the subjective evaluation of the results of surgery, 
patients were asked to give a separate score for the 
change in motor-symptoms and the change in func-
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Table 2. Effects of Pallidotomy in the Patients with Parkinson's Disease (n = 16) 

Pre-op (SO) Post-op (SO) Change 95% Confidence P 
off off interval 

UPORS motor score 5l.l3 (19.63) 27.67 (17.78) 24.47 (13.24- 33.70) 0.001 
Total rigidity 9.93 (4.08) 4.53 (5 .00) 5.40 (2.46-8.33) 0.001 

Rigidity ipsilat. 3.00 (1.89) 2.07 (2.15) 0.93 ( -0.64- 2.03) 0.012 
Rigidity contralat. 5.07 (1.91) 1.53 (2.10) 3.53 (2.09- 4.98) 0.002 

Total hypokinesia 19.33 (6.59) 11.13 (7.28) 8.20 (4.52- 11.88) 0.007 
Hypokinesia ipsilat. 8.20 (4.13) 6.37 (4.19) 1.83 (- 0.09- 3.76) 0.039 
Hypokinesia contralat. 1l.l3 (3 .68) 4.77 (3.42) 6.37 (4.10- 8.63) 0.001 

Total resting tremor 4.07 (4.13) 0.80 (1.42) 3.27 (1.38- 5.16) 0.001 
Tremor ipsilat. 1.60 (2.23) 0.80 (1.42) 0.80 ( -0.68- 1.67) 0.068 
Tremor contralat. 2.27 (2.09) 0.07 (0.26) 2.20 (0.97- 3.30) 0.001 

Posture 2.47 (l.l9) 1.47 (1.36) 1.00 (0.53- 1.47) 0.005 
Gait 2.40 (1.24) 1.47 (1.36) 0.93 (0.36-1.50) 0.005 
Balance 2.13 (1.30) 1.33 (1.29) 0.80 (0.D4- 1.56) 0.056 

Hoehn & Yahr 3.67 (1.45) 2.90 (1.15) 0.77 (0.26- 1.28) 0.012 
Schwab & England 52.67 (19.45) 74.00 (17.65) 21.33 (12.49- 30.18) 0.002 

UPORS motor score: items 18- 31 , total rigidity: item 22, total hypokinesia: items 23- 26, total rest-tremor: item 20, posture: item 28, gait: item 
29, balance: item 30. 
For the patients with bilateral surgery, values after the first procedure are used. 

Table 3. Patient Evaluation of Outcome (n = 19) 

++ 
+ 
o 

Symptomatic 

15 
2 

o 
I 

Functional 

13(3*) 
4 
I 
o 
1* 

++ total or remarkable improvement; + some improvement; 
o unchanged; - mild worsening; -- substantially worse; * bilateral 
surgery. 

tional abilities in general daily life, as presented in 
Table 3. Total alleviation or marked improvement of 
symptoms was reported by 79% (15/19) of the patients, 
mild improvement by 11 % (2/19). In 68% (13/19) there 
was substantial improvement in overall functional 
abilities, and an additional 21% (4/19) of patients 
reported some benefit. The patient with corticobasal 
degeneration had no benefit from the operation. One 
Parkinson patient, who was initially in excellent con­
dition after staged bilateral surgery, developed a de­
layed stroke two weeks after the second procedure, 
with a small hypo intense area on MRI (presumably 
due to infarction) partially involving the internal cap­
sule, producing a worse clinical and functional con­
dition than before surgery. Transient complications 
were slight facial paresis (2), slight dysarthria (1) and 
loss of orientation and concentration (1). Permanent 
complications were quadrantanopia (1), slight dys-

arthria (1), loss of initiative and slight disequilibrium 
(1) and the delayed stroke (1). 

Discussion 

Symptomatic improvement by pallidotomy in the 
condition of Parkinsonian patients in all stages of 
their disease has been reported by many authors [3, 6, 
8, 9]. Symptoms responding well are hypokinesia, 
rigidity, dyskinesia and (painful) dystonia, as is con­
firmed by the authors data. In our tabulated results, the 
improvement in rigidity and hypokinesia is under­
estimated, as some patients did not have rigidity or 
hypokinesia as target symptom, thereby reducing 
overall changes. 

Thalamotomy or thalamic stimulation is generally 
considered superior to pallidotomy for abolishing 
tremor. The effect of pallidotomy on tremor in this 
group is subject to negative selection bias, as tremor­
dominant cases are preferably treated by thalamic 
surgery, giving this group lower baseline tremor scores. 

Improvement in motor function after unilateral 
pallidotomy is predominantly contralateral, but there 
is also an ipsilateral effect in most patients. The reason 
for this is not clear, although bilateral cortical projec­
tions onto the striatal-pallidal-thalamocortical loop 
and bilateral pallidothalamic projections have been 
suggested as a possible explanations [9, 10). This ob­
servation of a bilateral effect should induce caution in 
performing simultaneous bilateral pallidotomy, as this 
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might not be necessary for the patient and the relative 
risk is at least twice as high. 

Akineto-rigid states due to multiple system degen­
eration are reported to respond poorly to stereotactic 
surgery [1, 2], as was again seen in the present case with 
cortico-basal degeneration. The favourable effect on 
dystonia in secondary segmental dystonia and Wilson's 
disease has not been reported before in recent liter­
ature. As these are single cases, however, general con­
clusions cannot be drawn. 

Due to the proximity of the optic tract to the target, 
visual field deficit can occur if the lesion expands 
too far ventrally. During trial high- and low-frequency 
stimulation, visual sensations reported by the patient 
should indicate that the electrode is too close to the 
optic tract. However, in the authors' case where this 
complication occurred, no such sensations were re­
ported during surgery. Permanent dysarthria might 
occur if the lesion involves part of the internal capsule, 
damaging corticobulbar fibers, as was seen in one of 
the earlier cases. Cognitive deterioration after pallid­
otomy has recently been described by others, whereby 
those patients who already have mild cognitive dys­
function are especially at risk [1], even more so after 
bilateral surgery. Loss of initiative in one patient after 
unilateral surgery, but formal preoperative neuro­
psychological testing had not been performed other 
than the MMSE-score. It seems prudent to do neuro­
psychological evaluation pre-operatively, especially in 
older patients or those whose baseline cognitive status 
is dubious. 

Delayed stroke has not been reported before, but 
from personal communications is known to have 
occurred in more patients. It is possible that this is due 
to damage to the wall of a terminal branch of the len­
ticulostriate artery, giving rise to infarction or bleeding 
at a later time, possibly connected to a period of hypo­
or hypertension. If this is the case, it seems hard to 
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develop a strategy to avoid this - hopefully rare -
complication. 

In this series, the subjects the decrease in dopamine­
response fluctuations, dystonia, hypokinesia and ri­
gidity with functional improvement as judged by ex­
aminers and patients reflects a significant recovery of 
independence. 
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Summary 

In an attempt to refine the indications for posteroventral pallid­
otomy (PVP) the authors instituted strict selection criteria which are 
based on the experience gained from the first 60 pallidotomy patients 
treated at their institution. In addition to clinical evaluation, all 
pallidotomy candidates undergo neuropsychological testing and 
18F-fluoro-deoxyglucose utilization positron emission tomography 
(FOG/PET). The data from which these criteria were developed are 
presented as are early clinical results. The authors demonstrate that 
these criteria enhance the efficacy of the procedure by assuring ther­
apeutic response and reducing the incidence of post-operative de­
mentia. Their indications and contraindications for pallidotomy are 
discussed. 

Keywords: Parkinson's disease; pallidotomy; stereotaxis; dementia. 

Introduction 

Posteroventral pallidotomy (PVP) has re-emerged 
as an effective treatment for medically refractory Par­
kinson's disease (PD) [23]. A number of groups have 
now reported excellent short-term responses in many 
patients [8, 9, 21-24, 27]. In particular, patients with 
rigidity, bradykinesia and DOPA-induced dyskinesiae 
seem to derive the greatest benefit, though the lon­
gevity of response remains to be determined. 

PVP is not for everyone. As with any surgical pro­
cedure, selection criteria for pallidotomy must be re­
fined in order to maximize efficacy and minimize 
complications. Injuries to the optic tract and internal 
capsule have been all but eliminated by image-guided, 
computer-assisted targetting and electrophysiological 
monitoring with micro- and macroelectrodes; how­
ever, the ability to predict response and eliminate the 
minority of patients who will develop rapidly pro­
gressive dementia would greatly improve the efficacy 
of the procedure. Towards this end, the authors have 

developed a strict set of selection criteria for perform­
ing PVP. In this discussion they present the data from 
which their criteria are derived and preliminary clinical 
results which support the validity of their approach to 
the pallidotomy candidate. 

Clinical Methodology 

Pallidotomy has been performed at NYU since December 1991. 
At the time of writing of this manuscript, 130 patients have under­
gone 143 pallidotomies at this centre. During this time the surgical 
technique has changed little though our selection criteria have 
narrowed. 

Preoperative Assessment 

All candidates for pallidotomy are examined by one neurologist 
(EF), one of the neurosurgeons (PJK; RLA) and, in some cases, the 
neurophysiologist (AB). Ideal candidates have asymmetric, brady­
kinetic PO with severe "on-off" fluctuations. "Off" periods are 
characteri2ed by rigidity and bradykinesia, with or without tremor. 
"On" states find the patient less rigid, but DOPA-induced dyskine­
siae predominate and are often worse than the PO itself. Medication 
response is inconsistent and "off" periods are lengthening. Painful 
muscle cramping and dystonia may also be present. 

Patients with "mid-line" symptoms (ie. swallowing difficulty, hy­
pophonic speech, postural instability and freezing) respond less well 
to pallidotomy. Patients in whom tremor predominates may be 
better suited for thalamotomy. Obviously, each PO patient is a 
unique mosaic of "good" and "bad" symptoms and much experience 
must be gained in selecting appropriate surgical candidates. 

An MRI is obtained in order to rule out significant cerebral 
atrophy, the presence of which increases the risk of intraoperative 
haemorrhage. 

Those who are considered to be good candidates by clinical ex­
amination are referred to the neuropsychologist (KP) who admin­
isters a battery of tests which are listed in Table 1. The goal of 
neuropsychological testing is to detect pre-clinical dementias as 
well as to provide a baseline with which to compare post-operative 
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Table 1. Neuropsychological Tests Administered to Pallidotomy 
Candidates 

Test 

Beck Depression Inventory (BDI) 
Controlled Oral Word Association Test (COWT) 
California Verbal Learning Test (CVLT) 
Mini-Mental State (MMS) 
Stroop Test (Stroop) 
Boston Naming Test (BNT) 
Wisconsin Card Sorting (WCST) 
Hooper Visual Organization Test (Hooper) 
Trail Making Test (Trails) 
Symbol Digit Modalities Test (SDMT) 

Ref. 

2 
6 

15 
16 
17 
19 
20 
28 
29 

cognitive function. Neuropsychological testing is performed in the 
mid-morning with the patient on medications (i.e. best possible "on" 
state). 

Those who pass their neuropsychological evaluation are referred 
to the positron emission tomography (PET) facility at North Shore 
University Hospital on Long Island, New York. There, patients 
undergo 18F-fluorodeoxyglucose utilization PET (FDG/PET) as 
well as 18F-fluoro-DOPA binding PET. Details of the PET tech­
nique have been published previously [11-13]. 

Prior studies have demonstrated PET's ability to distinguish true 
idiopathic PD from striato-nigral degeneration (SND) [11]. Patients 
with PD exhibit lentiform hypermetabolism on FDG/PET as well as 
reduced fluoro-DOPA binding. In contrast, patients with SND and 
other so-called "Parkinson's Plus Syndromes" (PPS) exhibit reduced 
lentiform metabolism on FDG/PET [11]. 

Only those patients who meet the authors' clinical criteria, have 
no evidence of dementia on neuropsychological testing, and exhibit 
lentiform hypermetabolism on FDG/PET are recommended for 
pallidotomy. 

The Unified Parkinson's Disease Rating Scale (UPDRS) [14] and 
the three upper extremity timed motor tasks of the Core Assessment 
Program for Intracerebral Transplantation (CAPIT) [25] are ad­
ministered to each surgical candidate, on and off medications, on the 
day prior to surgery. 

Surgical Technique 

Pallidotomy is performed on awake patients who have been off 
their Parkinson's medications for at least 12 hours. The authors 
employ the Leksell G frame, magnetic resonance imaging, and 
computer assistance (CASS System, Midco, San Diego, California) 
to derive their anatomical target. Leksell's coordinates for PVP are 
employed. 

Final target selection is based on microelectrode recording 
(MER). MER is performed with a 1 micron tungsten tipped micro­
electrode which is advanced with an hydraulic microdriver. The de­
tails of the electronic equipment we employ have been published 
previously as have the electrophysiological properties of the internal 
and external segments of globus pallidus [4, 27, 30]. In addition 
to defining target laterality, MER determines lesion depth by un­
equivocally defining the floor of GPi. 

Once a satisfactory trajectory has been identified by MER, macro­
electrode stimulation is performed with a 0.2 ms biphasic wave at 5 
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& 50 Hz, from 0-10 volts. The electrode is advanced to the floor of 
GPi as defined by MER. As a general rule, it has been found that it is 
safe to make lesions if the motor threshold is greater than 2 volts and 
the visual threshold is greater than 3 volts given the authors' stim­
ulation parameters. 

Lesions are made by heating the electrode to 80°C for 60 seconds. 
After cooling to 39°C, the electrode is backed up 2 mm and another 
lesion is made. Typically 4- 5 lesions are made at 2 mm intervals 
along the trajectory, spanning GPi as determined by MER. Motor 
strength and speech are checked after each lesion. A CT scan is ob­
tained immediately after surgery to rule out haemorrhage. Patients 
are observed overnight and discharged on the first or second post­
operative day. 

Post-operative Follow-up 

An MRI is obtained within the first postoperative week to eval­
uate lesion placement. After that, patients are followed by the neu­
rologist every 3 months for the first year, every four months for the 
second year and then annually. At each visit, the UPDRS and upper 
extremity CAPIT tests are performed. All scores reported here are 
those achieved with the patient off medications for 12 hours. Differ­
ences in the median pre- and post-operative scores were tested for 
statistical significance by the Wilcoxon Rank Sums Test. 

At 6 months and 1 year, neuropsychological testing and PET are 
repeated. In those cases where bilateral procedures are to be per­
formed, there is a wait of at least 6 months before deciding about the 
second lesion and employ the 6 month PET and neuropsychological 
evaluations are used to help determine the appropriateness of further 
intervention. 

Results 

At the time this manuscript was prepared, 130 
patients had undergone pallidotomy at NYU medical 
center. Sixty patients were operated on from 1991 
through November 1994. This early series of patients 
has the longest follow-up and it is from their re­
sults that selection criteria have been developed. Of 
those 60, 6 patients had Parkinson's Plus syndromes. 
These patients exhibited lentiform hypometabolism 
on FDG/PET and did not respond to PVP. Eight 
patients underwent staged bilateral pallidotomy and 
are excluded from this analysis. Eleven patients had 
inadequate follow-up. One patient died of a myo­
cardial infarction 6 months after surgery. Our anal­
ysis therefore consists of 34 patients with true idio­
pathic PD who underwent unilateral PVP with 
microelectrode recording and who have at least 6 
months offollow-up. 

The median UPDRS scores for these 34 patients are 
demonstrated in Table 2. At 6 months post-op, the 
median motor and ADL scores of the UPDRS were 
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Table 2. Median UPDRS Scores Following Unilateral Pallidotomy 

No. Motor ADL 

Baseline 34 31 16 
6 months 34 9 7.5 
12 months 22 9.5 4 
24 months 15 7 4 
36 months 7 3 2 

Median pre- and post-operative UPDRS scores in 34 patients with 
idiopathic Parkinson's disease who underwent unilateral postero­
ventral pallidotomy with microelectrode recording. These scores 
demonstrate a dramatic functional improvement 6 months post 
operatively which is maintained for up to three years. Testing is 
performed by the same examiner, in the mid-morning, with the pa­
tient off anti-parkinsonian medications for 12 hours. The differ­
ence between baseline and postoperative scores in all instances are 
statistically significant to P < 0.001 by the Wilcoxon Rank Sums 
Test. 

30,---------------------------________ ~ 

20 

10 

o 
Baseline 6 1 2 

• Contralateral 
~ Ipsilateral 

24 36 

Months Post-op 

Fig. I. CAPIT finger tap scores following unilateral pallidotomy. 
Median pre- and post-operative CAPIT finger tap scores for 34 
patients who underwent unilateral pallidotomy. Contralateral ex­
tremity scores improved approximately 50% while ipsilateral scores 
improved 15%. These improvements have persisted in 5 patients 
who are 36 months post-pallidotomy 

improved 70% and 50%, respectively (p < 0.001 at all 
time points). Furthermore, these improvements are 
maintained for up to 3 years. While the data in Table 
2 would suggest that the UPORS scores continue to 
improve over time, the authors believe this is an arti­
fact resulting from the small number of patients with 
long-term follow-up. It does appear, however, that 
improved function can be expected for up to 3 years 
(possibly more) following unilateral pallidotomy. 

Performance of the 3 upper extremity timed motor 

R. L. Alterman et al. 

Table 3. Mini-Mental State Scores in 5 Patients Who Developed 
Progressive Dementia Following Unilateral Pallidotomy 

Patient Mini-mental state Neuropsychological tests 
(normal range: 24-30) performed worse than other 

pallidotomy patients 

27 BNT, COWT, Trails 
2 27 Stroop, Trails, WCST 
3 23 CVLT 
4 11 COWT, Hooper, Stroop, 

Trails, CVL T 
5 28 N/A 

Preoperative mini-mental state scroes in 5 patients who developed 
progressive dementia following unilateral pallidotomy. Only I of 5 
was demented by MMS criteria. An additional patient was border­
line. These patients performed poorly on other tests administered 
(ie. > 1.5 standard deviations from the mean for PD patients), some 
of which are indicative of early Alzheimer's dementia. Patient 5 
refused more extensive testing. 

tasks of the CAPIT was also dramatically improved. 
Finger tap scores are depicted in Fig. 1 and are 
representative of the results observed with all 3 
tasks. Function improved approximately 50% in the 
extremity contralateral to the lesion while ipsilateral 
extremity function improved 15%. Again, these differ­
ences are statistically significant and are maintained 
for up to 3 years. 

The sole surgical complication in these 60 patients 
was a haemorrhage which required evacuation. There 
were no capsular strokes, optic tract injuries, speech 
difficulties or infections. 

Five patients (8%) exhibited progressive dementia 
following their procedure. Table 3 demonstrates that 
only one of the 5 would have been characterized as ob­
viously demented on their preoperative Mini-Mental 
State exam (patient 4); one patient would have been 
graded as borderline (patient 3). Other tests, however, 
uncovered cognitive deficits consistent with early co­
morbid Alzheimer's dementia. Specifically, these pa­
tients scored poorly (i.e. > 1.5 standard deviations off 
the norm for PO patients [26]) in exercises which test 
naming, verbal fluency, and verbal learning (eg. 
Boston Naming Test [17], Controlled Oral Word 
Association Test [2]). As a result, patients with sim­
ilar profiles are no longer offered pallidotomy at this 
institution. 

Results of the authors' FOG/PET studies in pallid­
otomy patients have already been published [12, 13] 
but the salient points will be reviewed here. More than 
just a qualitative examination, FDG/PET quantita-
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Table 4. Preliminary Pallidotomy Results in 15 Patients Operated on 
After the Institution of Strict Selection Criteria 

Baseline 
6 months 

No. 

IS 
15 

Motor 

26 
8.5 

*P 

0.0008 

ADL 

14 
4.5 

*P 

0.002 

Median pre- and post-operative UPDRS scores in the first IS 
patients operated on subsequent to the institution of stricter selection 
criteria. * The difference in scores is significant by the Wilcoxon Rank 
Sums Test. 

tively predicts response to surgical intervention. Eidel­
berg et al. have demonstrated that the degree of pre­
operative lentiform hypermetabolism correlates with 
functional improvement following pallidotomy [12]. 
Furthermore, post-pallidotomy FDG/PET studies re­
veal profound physiological changes which support 
clinical observations. Lesioning the internal segment of 
globus pallidus reduces the excessive inhibitory input 
of the pallidothalamic projection which results from 
PD [3, 7]. Reduced afferent input to the thalamus leads 
to a reduction in thalamic glucose utilization as less 
energy for processing information is required [13). This 
"normalization" of inhibitory input from GPi to ven­
trolateral thalamus translates into bilaterally enhanced 
activity in the primary and supplementary motor cor­
tices [5, 13, 18] , corroborating the clinical observation 
of bilateral improvement in CAPIT performance. 
These results demonstrate that preoperative FDG/ 
PET results can guide surgical decision making and 
permit an estimation of expected therapeutic results, 
while post-operative PET studies can enhance under­
standing of the pathophysiology of PD and the phys­
iologic impact of lesioning procedures. 

Table 4 demonstrates preliminary results on the 
first 15 patients operated on subsequent to the in­
stitution of the authors' stricter selection criteria who 
have at least 6 months of follow-up. Again, dramatic, 
statistically significant reductions in ADL and motor 
scores of the UPDRS are noted. Dyskinesiae and/or 
dystonias, when present, were eliminated or markedly 
reduced. 

No haemorrhages, strokes, optic tract injuries, in­
fections or speech deficits occurred in these 70 patients. 
Two elderly patients experienced temporary confusion 
post-operatively which cleared with reductions in their 
dose of L-DOPA. No patient has exhibited evidence of 
progressive dementia at this time. All patients have 
enjoyed a therapeutic response. 
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Discussion 

There is broad consensus that posteroventral pallid­
otomy effectively relieves rigidity, bradykinesia and 
DOPA-induced dyskinesiae in a subset of Parkinson's 
disease patients whose response to medication is wan­
ing [8, 9, 21-24, 27]. Beyond this general agreement 
many points of contention arise. Controversies in­
clude: (l) the proper indications for the procedure; (2) 
the best method for anatomical targeting; (3) the need 
for microelectrode recording; (4) the proper site, size 
and configuration of the lesion; and (5) the advisabil­
ity of performing bilateral lesions. These issues will 
only be resolved with accurate, very specific descrip­
tions of technique, long-term results and complication 
rates. 

In this report the authors have described their selec­
tion criteria for performing unilateral pallidotomy and 
provided the data from which these criteria were de­
veloped. Institution of these criteria as of November 
1994 has resulted in more consistent responses among 
those who are operated on and reduced the incidence 
of complications, specifically by eliminating post­
operative dementias. Though these criteria are some­
what strict, they believe their results justify their con­
tinued use. The criteria assure therapeutic responses in 
those who have surgery, avoid unwarranted surgery in 
those who will not respond and minimize avoidable 
complications. 

The PET findings which have arisen from this work 
and that of other groups highlight the need to further 
incorporate functional imaging into the daily practice 
of neurology and neurosurgery. FDG/PET accurately 
identifies patients with Parkinson's Plus syndromes 
who will not respond to pallidotomy, predicts re­
sponse to pallidotomy in those with lentiform hyper­
metabolism and demonstrates the profound metabolic 
changes which result [5, 10-13, 18]. We believe its role 
is invaluable in both the clinical and research spheres, 
providing an objective means with which to evaluate 
pallidotomy patients pre- and post-operatively while 
advancing our understanding of the physiology of PD 
and the effects of lesioning procedures. 

Detailed neuropsychological testing demonstrates 
that the Mini-Mental State alone insufficiently detects 
patients who are at risk of developing post-operative 
dementia. Deficiencies in verbal learning, verbal fluency 
and naming which are indicative of early Alzheimer's 
dementia can be detected by neuropsychological test­
ing in those with normal MMS scores. This experi-
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ence suggests that such patients should not undergo 
pallidotomy. 

Based on this data and the experience of others we 
submit the following list of indications and contra­
indications for unilateral stereotactic posteroventral 
pallidotomy is submitted. The age cut-off recom­
mended is a relative yardstick. Response to pallid­
otomy may decrease with age; however, many patients 
over the age of 65 exhibit symptoms which are well­
suited to pallidotomy and lead more active lives 
following the procedure. The authors simply believe 
that after the age of 65, only ideal candidates should 
undergo surgery. 

Indications for Pallidotomy 

(1) DOPA-induced dyskinesia; (2) Rigidity; (3) 
Bradykinesia; (4) Severe "on-off" fluctuations; (5) 
Dystonia/muscular spasms; (6) Predominance of ap­
pendicular symptoms; (7) Lentiform hypermetabolism 
on FDG/PET. 

Contra-indications for Pallidotomy 

(1) Age greater than 65 years (relative); (2) De­
mentia; (3) Predominance of axial symptoms; (4) Pos­
tural instability; (5) Severe contractures; (6) Lentiform 
hypometabolism on FDG/PET. 

Employing these guidelines, the authors find unilat­
eral pallidotomy to be a safe and effective procedure 
for medically refractory PD when MRI localization, 
computer guidance and neurophysiologic monitoring 
are employed. 
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Summary 

Lesions of the internal segment of the globus pallidus are increas­
ingly being utilized in the surgical treatment of advanced Parkinson's 
disease, yet studies to demonstrate the safety and efficacy of these 
procedures are only now being completed. The importance ofproce­
dural variations between centres in the outcome of pallidotomy is 
not yet known. In order to compare accurately results between cen­
tres, carefully designed, prospective studies are needed. The authors 
utilized blinded, randomly evaluated videotaped examinations of 
pre- and post-operative patients undergoing microelectrode-guided 
GPi pallidotomy. Their results demonstrate significant effects on 
contralateral akinesia and tremor in the "off" state, and striking 
attenuation oflevodopa-induced dyskinesias in the "on" state. More 
modest effects on postural stability and gait disturbance were seen 
only in non-blinded evaluations. This type of study design should 
enable many of the outstanding issues related to pallidotomy in­
dications, procedures and outcomes to be addressed. 

Keywords: Parkinson's disease; pallidotomy; movement disorders; 
stereotaxy. 

Introduction 

Since the resurgence of pallidotomy with the land­
mark paper of Laitinen et al. [6], reports have shown 
variable results for this procedure in medically­
refractory Parkinson's disease (PD). There may be 
multiple sources for this variability. First, patient 
selection criteria may differ between centres. Second, 
procedural variations, with resultant discrepancies in 
lesion location and size, may contribute to differ­
ences in outcome. Centres differ in the use of: imag­
ing modalities (MRI, CT, MRI/CT co-registration, 
ventriculography); stereotactic localization systems 
(e.g., Leksell, Codman-Roberts-Wells, Laitinen stereo­
adapter); physiological techniques to select final 
lesion target (impedance monitoring, macrostimula-

tion, semi-microelectrode recording, high-impedance 
microelectrode recording and stimulation); target 
selection (the recommended co-ordinates of Laitinen 
et al. [6]; direct targetting of the medial pallidum based 
on MRI; or the use of microelectrode recording to 
determine the location of the sensorimotor portion of 
the internal segment of the globus pallidus, GPi); and 
parameters used for final lesion creation (electrode 
diameter and exposed tip length; temperature and 
duration of lesion; number of lesions and inter­
lesion spacing). Finally, there are significant differ­
ences between centres in the selection of pre- and post­
operative assessment tools and the manner in which 
the data are collected (e.g. blinded versus non-blinded 
assessments). 

The sources of variability can account for significant 
inter-centre differences in outcome results, and make 
comparisons of results between centers very difficult. 
Further, inadequate assessment techniques make the 
arguments for the validity of pallidotomy in the treat­
ment of PD prone to similar types of criticisms that 
were responsible for the demise of procedures that 
were prematurely advocated as efficacious in PD (e.g. 
adrenal medullary transplantation). Failure to apply 
valid and reliable target identification techniques and 
outcome measures in studies of the results of pallid­
otomy also impairs the ability to make scientifically 
sound conclusions on the role of specific regions of 
the internal portion of the globus pallidus (GPi) in 
the pathophysiology of Parkinson's disease. Previous 
reports have emphasized the importance of micro­
electrode recording of single unit responses in target 
localization within the globus pallidus [1, 4, 9, 10]. 
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Table 1. Patient Characteristics 

Value (SE) Range 

No. 14 
Age 58.9 (7.9) 44-71 
Sex 8M : 6F 
Duration 13.9 (5.1) 7-25 
Drug dose: L-dopa 1260.7 (685.9) 400-2600 
Drug dose: L-dopa equiv. 1367.3 (x) 
H&Y: off 3.9 (0.9) 2.5-5 
H&Y: on 2.9 (0.9) 1.5- 5 
Lesion side 7R:7L 

The techniques used for the pre- and post-operative 
assessment of GPj pallidotomy will be the focus of this 
report. 

Patients and Surgical Procedures 

The authors have previously reported 14 patients with Parkinson's 
disease treated with GPj pallidotomy [9]. All had advanced Parkin­
son's disease of mean duration of 13.9 years (±5.1; range 7-25 
years), and were 44 to 71 years of age (mean 58.9 ± 7.9) (Table 1). 
All had severe motor fluctuations, manifested as bad "off" states, 
with Hoehn and Yahr scores of 3.9 ± 0.9 (range 2.5-5). All were 
levo-dopa responsive (Hoehn and Yahr 2.9 ± 0.9 while"on") but 
suffered from disabling drug-induced dyskinesias. Patients gave in­
formed consent for the study, which was approved by the Toronto 
Hospital Committee for Research on Human Subjects. Pre-surgical 
evaluatios are discussed below. 

The surgical procedures have been described elsewhere [10]. 
Briefly, patients were off their medications from the night before 
surgery so that they were in the "off" state, to obtain direct measures 
of abnormal cellular activity and to allow the observation of the im­
mediate clinical effects of GPj lesions on the "off" symptoms. A 
Leksell G frame was applied with local anaesthetic, and a stereo­
tactic MRI was obtained. On the TI-weighted I mm thick axial 
images, the co-ordinates of the anterior and posterior commis­
sures were obtained, and inputted into a computer program which 
stretched or shrank the sagittal 20 or 22 mm Schaltenbrand and 
Wahren map according the patients' intercommissural distance. The 
tentative target was chosen using this map, at a point Imm dorsal to 
the inferior margin of the internal segment of the globus pallidus 
(GPj), in the anterior-posterior midportion of the nucleus 20 mm 
lateral to the intercommissural line. This tentative target roughly 
corresponded to the target recommended by Laitinen et al. [6]. 

A single twist drill hole (3 mm) was made under local anaesthesia, 
2 cm from the midline over the coronal suture. A high impedance 
(-I megaohm) tungsten microelectrode with a 20-30 Jim exposed 
tip was introduced through a guide cannula to a point 15 mm above 
the presumptive target, as previously described. Single-unit activity 
was recorded along the trajectory which was characteristic of the 
external segment of the globus pallidus (GPe), followed by firing 
patterns characteristic of GPj [I, 4, 10]. Lying between these nuclei, 
adjacent to the white matter laminae that separate GPe from GPj 
(lamina pallidi medialis) and GPje from GPjj (lamina pallidi in­
completa), were often found cells with characteristic firing patterns, 
called border cells [2]. The sensorimotor segment of GPj was identi­
fied by the presence of cells with movement (active or passive) -
evoked changes in firing rate. Recording was continued along a tra­
jectory until cellular activity was no longer detected. Strobe light-
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evoked responses, characteristic of the optic tract, were sought at the 
ventral-most aspect of the trajectory, using microelectrode record­
ing. The optic tract was usually identified with microstimulation 
through the same electrode tip (1-100 JlA, 300 Hz, 200 Jls pulse­
width), which elicited phosphenes in the contralateral visual field. 
The internal capsule was also identified by the low noise level and of 
occasional recording of short duration axonal spikes and more im­
portantly by the presence of microstimulation elicited contralateral 
motor contractions. Additional trajectories were made, adjusted 
based on the results of previous trajectories, until the GPj, optic tract 
and internal capsule were definitively identified. 

Lesions were created in GPj using a radiofrequency lesioning 
electrode with a 1 mm diameter and a 3 mm exposed tip. Lesions 
were targetted to a region where movement-related cells were iden­
tified, 3 mm away from microstimulation-induced visual, somato­
sensory or motor responses (with 200 JlA current using the above 
parameters). This target usually differed from the tentative target 
[10]. Speech, vision and motor function were repeatedly assessed 
during lesioning at 60°, 70°, 80° and, finally, 90° (60 seconds each). 
Improvements in bradykinesia and rigidity were immediately evi­
dent. During lesioning dystonic or choreoathetotic movements were 
often noted contralateral to the lesion, which invariably resolved 
(within 30 min to 6 hr). Medications were resumed post-operatively 
at pre-operative dose levels. Patients were monitored in hospital for 
one to five days, and at intervals after discharge (see below). 

Study Design and Patient Assessment 

The gold standard of any "drug" study is the 
placebo-controlled, randomized, double-blinded de­
sign with between-subjects comparisons. For a number 
of reasons, such a design is usually not possible, espe­
cially when evaluating surgical therapies. An adequate 
placebo group may not be available. For a surgical 
treatment, this would require a "sham" operation. 
Since these procedures are done with awake patients 
and take approximately four hours for mapping, this 
would in fact involve an elaborate process with "sham" 
microelectrode recordings, which is practically difficult. 
A non-operated group may be used instead of a placebo 
group. However, patients would need to be randomized 
into treatment or non-treatment arms. It may be dif­
ficult to find patients willing to be randomly assigned to 
surgical or non-surgical therapies. The use of a control, 
non-operated group that was collected without ran­
domization introduces selection bias into the analysis. 
The authors therefore chose a within-subjects design, 
comparing patients before and after GPj pallidotomy. 
They used videotaped recordings of the neurologic 
evaluations to blind the examiners to: (1) "on" or "off" 
states, (2) pre- or post-operative status, and (3) time 
after surgery. During videotaping, all patients wore 
hospital gowns and caps to mask pre- and post­
operative status. Certain aspects of the clinical exami­
nation that require examiner/patient contact (e.g. 
rigidity) could not be assessed in this manner. "on" 
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and "off" states were randomly evaluated by exam­
iners not directly involved in the care of the patients, 
for items of the UPDRS that did not require examiner/ 
patient contact. 

Pre- and Post-operative Assessment 

Since the recommendations of the Core Assessment 
Program for Intracerebral Transplantation (CAPIT) 
committee were published [8], the core assessment 
program has been extensively utilized in controlled 
trials of PD therapies. The utility of CAPIT is that 
it provides a necessary means by which results can 
be compared between centres. The recommendations 
cover both the particular assessment tools to be used 
and their timing with respect to the patient's functional 
state (on or off medications). The authors will com­
ment on the particular details of the CAPIT assess­
ment, and how they modified them for use with 
blinded assessments. 

Unified Parkinson's Disease Rating Scale 

The Unified Parkinson's Disease Rating Scale 
(UPDRS), contained within CAPIT, provides an ex­
tensive objective and subjective assessment of the car­
dinal features of PD and the complications of treat­
ment, as well as the impact on patients' quality of life. 
Although recent studies have yielded several recom­
mendations for the modification of the UPDRS, the 
current 3.0 version is still in use. The UPDRS contains 
three subsections: mentation, behaviour and mood; 
activities of daily living; and motor examination. The 
first two subsections contain extensive information 
that cannot be blindly evaluated, as much of it is his­
torical. The authors present pre-operative and post­
operative total UPDRS scores for comparison with 
other studies, and in keeping with CAPIT recom­
mendations. The motor subsection contains 14 ques­
tions of which only one (rigidity, score no. 22) cannot 
be rated using the videotaped recordings. They present 
overall motor subsection scores as "blinded" with this 
caveat. Individual are analysed scores from the motor 
examination on both the ipsilateral and contralateral 
sides. In addition, motor items were grouped to quan­
titate effects on the cardinal signs of PD, akinesia, 
tremor, postural stability, gait and rigidity. Values 
were obtained both contralaterally and ipsilaterally. 
Blinded evaluations of drug-induced dyskinesias were 
also obtained, with separate scores for right and left 
sides as well as a total score which assesses axial in-
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volvement. Finally, a simple timed manual task was 
assessed, the time to tap the index finger between two 
targets separated by 30 cm for ten successive cycles. 
Other timed tasks were excluded for reasons outlined 
previously [7). 

Patients were evaluated two times pre-operatively, 
of which one was videotaped. Patients were again 
assessed at one week post-operatively, and at three 
month intervals thereafter. Only data from the 6 
month time point is the subject of this report (see 
Lozano et al. [9] for time course). Separate assessments 
were performed, at each time point, in the practically­
defined worst "off" state, and one hour after their 
morning medications during their typical best "on" 
state. Videotapes were randomized and scored by a 
neurologist experienced in the use of the above scales, 
who was not involved in the patients' pre- or post­
operative care. 

The non-blinded data were obtained form live as­
sessments: UPDRS total score (including the blinded 
measures, above); ADL (activities of daily living); 
Schwab and England; rigidity, arm and leg rigid­
ity components of UPDRS (score no. 22); postural 
instability/gait disorder (PIGD), walking, freezing and 
falling from the ADL scores [13-15]; and the tapping 
task. Since all of the assessments, except for the timed 
tapping test, yield non-parametric data, results were 
analysed with sign rank test statistics. Percentage 
changes from preoperative status were derived, how­
ever, from calculated means. The timed tapping task 
was analyzed by use of the t statistic. 

Results 

Because changes in medication dosages may con­
found pre- versus post-operative comparisons, dosages 
were changed as little as possible through the course of 
the study. Nevertheless, while total levodopa dosage 
levels were unchanged, a comparison of totallevodopa 
and agonist dosages, converted to equivalent levodopa 
dose, revealed a small but significant decrease (1367.3 
mg to 1221.1 mg, p < 0.02). 

Blinded Assessments 

Off State (off medications for 12 hours) 

Blinded evaluations of pre- and post-operative 
videotapes of UPDRS subscales revealed significant 
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differences at 6 months in the "off" state [9]. The total 
motor UPDRS subscale, which includes all items ex­
cept for the rigidity item (no. 22), improved by 30% in 
the "off" state (p = 0.004), whereas there was an in­
significant increase while on. The authors performed 
further analyses of motor items, covering the range of 
cardinal signs of PD (except for rigidity). During the 
"off" state, significant improvements were seen in the 
values for total akinesia (22%, p = 0.007). Significant 
improvements in contralateral tremor were also ob­
served, with a difference between pre-operative and six 
month post-operative scores of 60% (p = 0.03). There 
was, however, no significant effect of pallidotomy on 
ipsilateral or total tremor scores. Neither gait nor pos­
tural stability improved in the blinded evaluations. 

On State 

The most striking change in the "on" state was seen 
in the contralateral dyskinesia scores, which improved 
by 90% after six months (p = 0.008). This was reflected 
also in an improvement in the total dyskinesia score. 
There was a small but insignificant improvement in the 
ipsilateral dyskinesia score. 

Non-blinded Assessments 

The non-blinded scores confirmed the findings 
above. Total UPDRS, which contains a few additional 
motor scores (e.g. rigidity), as well as activities of daily 
living, mentation and complications of medication, 
was significantly improved in the "off" state (27%, 
p = 0.002). Total rigidity decreased (31 %, p = 0.0007), 
which was due to a significant contralateral effect, 
without any ipsilateral change. In contrast to the 
blinded assessments, there was a significant improve­
ment in the composite score for postural stability and 
gait disturbance, which includes the two blinded items 
(nos. 29 & 30) in addition to the walking, freezing and 
falling items (nos. 13, 14 & 15) from the ADL subscale 
of the UPDRS (23%, p = 0.02). As noted above, there 
were no significant changes in any of the "on" UPDRS 
scores at 6 months. 

Finally, the timed tapping test, which is a quantita­
tive measure of bradykinesia, improved contralaterally 
by 39% (p = 0.02) compared to 20% on the ipsilateral 
side (p = 0.002). Interestingly, this was the only mea­
sure that significantly improved in the "on" state, 
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although the magnitude of the changes were modest 
(contra: 17%, p = 0.0006; ipsi: 14%, p = 0.005). 

Discussion 

The authors have utilized blinded assessments, 
using videotaped examinations, to document the post­
operative improvements in the cardinal signs of Par­
kinson's disease six months following microelectrode­
guided stereotactic GPi pallidotomy. Independent 
examiners familiar with the evaluation scales blindly 
and randomly (vis a vis pre- versus post-operative 
videotapes and "on" versus "off" medications) 
scored those items in the motor subscale of the 
UPDRS amenable to blinded evaluation. Using this 
methodology, which they believe removes as much 
bias as possible in the context of the surgical nature of 
the intervention, the authors have demonstrated clear 
improvements in akinesia, dyskinesia and tremor on 
the contralateral side to the surgery during the "off" 
state. More modest improvements were demonstrated 
on the ipsilateral side on the akinesia and dyskinesia 
scales. These results were corroborated by the non­
blinded assessments and extended to include rigidity, 
which could not be evaluated in a blinded fashion. The 
tapping test which was used also demonstrated im­
provements both contralaterally and, more modestly, 
ipsilaterally. This was the only measure, other than 
dyskinesia, that was improved during the "on" state. 

Changes in postural stability and gait were more 
problematic. The blinded assessments were unable to 
demonstrate a statistically significant improvement in 
gait, although there was a clear trend towards this. 
However, when combined with the unblinded assess­
ment of these parameters derived from the activities of 
daily living subscale (item nos. 13, 14 and 15), there 
was a statistically significant improvement in "pos­
tural stability and gait disturbance". This difference 
may be related to the nature of the ADL subscale, 
which relies on patient self-reporting. Changes in pos­
tural stability and gait disturbance may be subtly im­
proved, below the sensitivity of the motor subscale, yet 
be sufficient to impart improvements in quality of life 
as reflected, for example, in decreased falling. Yet this 
type of information may be subject to patient and 
family bias. As assessed using these instruments, the 
effect of unilateral GPi on postural stability and gait is 
more modest than on akinesia and dyskinesia. 

The results reported in the current study, and other 
recent studies [1, 3, 5], reveal a statistically-significant 
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improvement in drug-induced dyskinesia, bradyki­
nesia, rigidity and tremor on the side contralateral to 
posteroventral pallidotomy at 6 months to one year. 
The authors have found more modest effects on pos­
tural stability and gait using blinded assessments, in 
contrast to the results using non-blinded techniques, to 
evaluate these signs. In contrast to the work of others 
[1, 3, 5], they did not find a substantial benefit of pal­
lidotomy on the best "on" state, except for a striking 
effect on dyskinesias. 

Important issues that need to be addressed in future 
studies include: (I) the optimal location and size of the 
pallidal lesion, (2) the duration of clinical improve­
ments, (3) when to operate during the course of the 
illness, and, (4) because the effects are predominantly 
contralateral, the safety and efficacy of bilateral 
surgery. 

Given the variability of the disease course, surgical 
variations and day-to-day fluctuations in patient per­
formances, as well as the effects of patient and physi­
cian expectations on clinical evaluations, the authors 
recommend the adoption of blinded and randomized 
assessments of videotaped UPDRS examinations in 
the evaluation of the outcome of surgical interventions 
for PD. The elimination of as many sources of bias as 
possible is necessary in the critical evaluation of these 
interventions. Although more time-consuming in the 
short run, ultimately the use of defined, blinded study 
designs will lead to the generation of data that will be 
less ambiguous. This will lead to more rapid accep­
tance (or rejection) of new surgical procedures by the 
medical and scientific communities, patient groups and 
health management organizations. 

The Effects ofPaliidotomy on Parkinson's Disease 
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Summary 

Frameless 3D volume registration of Magnetic Resonance (MR) 
and computed (CT) data sets has been described by Kummar et al. 
[11]. Its use in 3D volume registration for stereotactic planning in 
patients undergoing pallidotomy is presented. Pre-operative exami­
nations with the stereotactic frame and postoperative examinations 
without the stereotactic frame can be co-registered and reviewed for 
accuracy of planned and lesional coordinates. 

Keywords: Frameless 3D volume registration; CT; MRI; 
pallidotomy. 

Introduction 

Frameless 3D volume registration of Magnetic res­
onance (MR) and Computed (CT) data sets has been 
described by Kumar et al. [11]. Initially, patients at 
the authors' institution undergoing stereotactic pallid­
otomy were imaged with CT and MR. After a series of 
fifteen patients had undergone pallidotomy using these 
image techniques for localization of lesion, MR solely 
was used. This decision was based on finer anatomical 
detail and the ability to minimize error [13]. They 
present the use of 3D volume acquisition and the 
co-registration of the preoperative examinations with 
the stereotactic frame, and the postoperative exami­
nation without frame, to review the accuracy of the 
planned coordinates with the postoperative lesional 
coordinates. 

Material and Methods 

A series of fifteen patients undergoing CT and MR directed stereo­
tactic pallidotomy using the Cosman-Roberts-Wells (CRW) frame, 
(Radionics, Randolph, Massachusetts) were reviewed. 

The CT and MR images of three patients were selected for auto­
mated, volumetric frameless co-registration of their 3D data sets to 
assess accuracy of localization. The technique involves matching of 
MR and CT or pre- and postoperative MRI data sets by a direct 
optimization technique utilizing edge and internal volume structures 
with a gradient based descent approach and a coarse to fine control 
strategy over a 4D pyramid (Fig. 1). 

Preoperative MR images were acquired with the patient in the 
stereotactic frame on a 1.5 Tesla system using the standard quad­
rature head coil (Signa operating with a 5.0 level software, GE 
Medical System Division, Milwaukee, Wisconsin). Preoperative im­
ages with the target (globus pallidus) close to the isocenter of the 
magnet were acquired in sagittal, axial and coronal projections par­
allel and perpendicular to the AC-PC line, as identified on the mid­
sagittal image, using multiplanar spin-echo Tl(TR/TE= 500/ 14) 
(Fig. 2). 

In addition, a spoiled grass (SPGR) (TR/TE= 40/ 14, 30° flip 
angle) 3D volume acquisition was obtained. The image acquisition 
matrix was 256 x 256 with 124 axial slice spanning the head and the 
field of view was 24 cm. Postoperatively the patients were imaged 
in the first week and at six weeks on the same MRI system. The 
stereotactic frame was not used and the field of view reduced to 20 
cm. This volume acquisition was identical to the pre-operative one, 
as was the multiplanar acquisition. The data was transferred by 
ethernet to several work stations including MacIntosh Power PC, 
GE Advantage Work Station, and the Princeton Engine, a parallel 
computer system capable of interactive volume rendering and seg­
mentation (Fig. 3). 

Results 

Registration of pre- and postoperative MR images 
using this frameless 3D volumetric data set method­
ology achieves subpixel accuracy, i.e. submillimeter 
discrepancy. This is revealed by the cursor in the 
stereotactic preoperative volume axial image being 
superimposed upon the centre of the lesion in the 
identical postoperative, frameless axial image. Note 
should be taken of the exact edge match in this super­
imposed axial image (Fig. 4). This is further demon­
strated in the 3D volume, surface-rendered images 
(Fig. 5). 
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Fig. I (A-C). Multiple steps: Edge­
based registration and warping of 3D 
MR data. (B) Axial view; (C) sagittal 
view 



FrameJess 3D Volume Registration 

Discussion 

Volume registration techniques involve a geometric 
transformation model, match measure and search or 
matching method [1]. A 4D pyramid is constructed 
from each of the two data sets, and the motion pa­
rameters are estimated in a coarse to fine detail within 
each pyramid. The sum of squared difference (SSD) 
measure is used as a match measure [2]. The SSD error 
must be minimized between the two data sets. At each 
pyramid level the solution from the previous pyramid 
level is used as an initial estimate. The algorithm com­
putes 3D Laplacian, Gaussian or edge pyramids. A 
direct hierarchical method is used to do the mini­
mization [5, 11, 15, 16] (Fig. 6). 

There has been wide clinical application of inter­
active use of computed images. In previous work, three­
point transformation of image data has been used 
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A 

B 

Fig. 2. (A, B) Axial images parallel to AC-PC line. Coronal 
acquisition perpendicular to AC-PC line 

in either pre-operative imaging with or without the 
stereotactic frame to be co-registered with periopera­
tive images or to localize anatomical structures at the 
time of surgery [3, 4,6,9,12]. Additionally, PET, func­
tional MRI, MRS and SPECT with different resolu­
tions can be co-registered [8]. This type of transfor­
mation of image data does not match voxel for voxel, 
and therefore inaccuracies of registration will occur. 

Volumetric analysis within 3D image space is cru­
cial to radiosurgery as well microsurgery [7, 10]. The 
authors feel the same concern for volumetric analysis 
in functional stereotaxy such as pallidotomy. The 
ability to superimpose the pre- and postoperative 3D 
volume data sets allows analysis of accuracy in the 
lesion location in relation to preoperative coordinates. 
Further, it permits localization of electrophysiological 
data in 3D volume. This has a particular implication 
for the number of electrode passes for recording the 
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A B 

c o 
Fig. 3. (A-D) Post-operative MR images in multiplanar 2D and 3D volume surface rendered views. (Arrows: epicenter oflesion) 

optimal site for lesion-making. Size of lesion, location 
and volume of electrophysiological data will further be 
determined more precisely by this analysis. Finally, 

this methodology may be the first step leading to 
frameless stereotactic pallidotomy with intraoperative 
MR imaging re-freshing the data [14]. 
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A1 A2 

Fig. 4. (A) Pre-operative MRI. One axial slice through intercommissural plane of 60 slice volumetric study. Note target selection. (B) Post­
pallidotomy MRI, same slice of volumetric study. (C) Difference (subtraction) image (A2-B2) (see p. 34). Lesion seen at superior extent of 
slice level readily confirmed, i.e. intercommissural plane 
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Fig. 4. (cont.) 

A B 

Fig. 5. (A) Pre-operative volumetric MRI with single slice for localization at intercommissural plane. (B) Pre-operative 3D volume surface­
rendered study with cut-out at intercommissural plane. (C) Post-operative 3D volume surface-rendered study with cut-out at same level (see 
p. 35) (Arrow: epicenter of superior portion of lesion) 
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c 

Fig. 5. (cont.) 

A B 
Fig. 6 (A, B). Compression techniques using 4D pyramid to facilitate co-registration of the data sets, from most compressed (least detail) to 
least compressed (most detail) 
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Unilateral Pallidotomy for Parkinson's Disease Promptly Improves 
a Wide Range of Voluntary Activities - Especially Gait and 
Trunk Movements 

c. H. A. Meyer 

Queen Elizabeth Neuroscience Center, Birmingham, U.K. 

Summary 

26 patients with Parkinson's disease were assessed in the OFF 
state 2-3 days before and one week after pallidotomy for the time to 
complete each of 25 standardized motor tasks testing a wide range of 
voluntary activities important for daily living. After pallidotomy 
there were substantial improvements across this wide range of activ­
ities. Patients completed tasks that they could not perform pre­
operatively. In general for individual tasks (a) preoperative and 
postoperative scores were directly related, and (b) the absolute im­
provement (preop time - postop time) was directly related to pre­
operative performance: numerical improvements were greater in 
patients who were worse preoperatively. When the 25 tasks were 
ranked according to improvement relative to preoperative perfor­
mance postoperative improvements were successively greater for 
(a) limbs ipsilateral to pallidotomy, (b) contralateral limbs, and (c) 
standing and walking. The best results were for activities in which the 
trunk plays a large part. 

Keywords: Pallidotomy; bradykinesia; Parkinson's disease. 

Introduction 

Led by Laitinen's revival of pallidotomy at the site 
favoured by Leksell [3] neurosurgeons increasingly re­
port that the operation improves many clinical fea­
tures of Parkinson's disease including bradykinesia, 
the slowness of voluntary movement [1-3]. Assessment 
of bradykinesia has used rating scales (such as the 
UPDRS series) [4] and the time to complete stan­
dardized motor tasks. To date timed tasks have in­
volved relatively few test activities, chiefly walking and 
movements of individual limbs. In the present study 
timed motor tasks record the early effect of unilateral 
pallidotomy on a wide range of voluntary actions rel­
evant to everyday life - including actions in which the 

trunk plays a large part and which are the source of 
considerable disability in Parkinson's disease. 

Methods 

26 patients with dopa-sensitive idiopathic Parkinson's disease, age 
median 58 (range 36- 74) years, were treated by stereotactic unilat­
eral ablation, left sided in 15 patients, at the Leksell-Laitinen site in 
the ventroposterolateral globus pallidus. Operative details: Hitch­
cock frame; frontal burr hole; straight monopolar Fischer electrode 2 
mms x 1.8 mms; radiofrequencey lesions 80°C for 60 seconds typi­
cally at the surgical target and 2 mms and 4 mms more superficially 
along the electrode's trajectory; lesion site confirmed by immediate 
post-op brain scanning. 

Patients stayed on their established anti-parkinsonian medication 
before and after surgery. 

Two-three days before and seven days after pallidotomy patients 
were assessed in the practically-defined OFF state, (i.e. having been 
OFF anti-parkinsonian medication for 12 hours overnight [4]), with 
respect to (i) UPDRS Motor Examination [4] and (ii) the time, to the 
nearest half second, to complete each of the standardized tasks of 
voluntary movement. 

Standardized Motor Tasks 

On each day of testing the patient performed each of 
the 25 tasks twice: the better performance was the one 
recorded for the day. 

F or scoring purposes the maximum time, used for 
patients unable to perform a task, was 120 seconds. 

I The Manual Tasks Comprised the Following 

A. One Handed Tasks 

Each one performed separately by hands contra­
lateral (CON) and ipsilateral (IPSI) to the side of 
pallidotomy 
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Pronation supination: 

(i) The number of successive cycles of forearm 
pronation-supination (UPDRS test) in 30 sec­
onds, expressed as time to complete 10 cycles. 

(ii) Finger taps: In 30 seconds, the number of cycles in 
each of which index, middle, ring and little fingers 
tap successively against thumb - expressed as time 
for 10 cycles. 

(iii) 2-Point movement: In 30 seconds the number of 
cycles in each of which the hand moves from left 
to right and back to left between contact points 30 
cm apart - expressed as time for 10 cycles. 

Clothes pegs: The number of clothes pegs moved in 
30 seconds (5 wire-sprung clothes pegs initially fas­
tened to the edge of a thin vertical board are moved 
successively to and fro between fastening to this board 
and fastening to a similar one 20 cm away) - expressed 
as time to move 10 clothes pegs. 

Pegboard: In 60 seconds, the number of smooth cy­
lindrical metal pegs (diameter 1.5 mms, length 20 mm) 
moved from a cylindrical well (recess with diameter 
50 mm, depth 18 mm) into holes in a pegboard -
expressed as time to move 5 pegs. 

B. Two Handed Tasks 

(i) Pegboard: Two hands move pegs independently 
but simultaneously: score the number of peg pairs 
in 60 seconds, expressed as time for 5 pairs. 

(ii) Bow: The time to fasten a limp cord into a bow 
with double loop. 

(iii) Buttons: The time to fasten three buttons to join 
the flaps of a standard coat laid on a horizontal 
surface. 

2. Non-Manual Tasks 

(i) Foot taps contralateral: In 30 seconds the 
number of cycles of tapping by the foot contra­
lateral to pallidotomy. In each cycle the patient 
while sitting with heel on ground and forefoot 
elevated lifts the foot until the toes contact a 
surface 10 cm above and returns heel to ground -
expressed as time for 20 cycles. 

(ii) Foot taps ipsilateral: Similar task by foot ipsi­
lateral to pallidotomy. 

(iii) Standing x 3: Three successive cycles, each of 
arising i.e. standing up from a chair and sitting 
down again. 

C. H. A. Meyer 

(iv) Walk: From a standing position, walk 7 metres 
and return to start position. 

(v) Sws (Standard-Walk-Sit): From sitting in a 
chair, stand, walk 7 metres, return to chair and 
sit. 

(vi) Coat: While standing the patient dons a stan­
dard laboratory coat and pulls the lower lapels 
across in front. 

(vii) Roll Towards: From a horizontal supine posi­
tion on a bed the patient rolls over towards the 
side of brain surgery into a prone position with 
arms outstretched along side of trunk, hands 
towards feet. 

(viii) Roll Away: Similar task, rolling from supine 
away from the side of surgery. 

(ix) Arise Towards: From a supine position lying 
on bed near its edge the patient stands up un­
supported beside bed, arising towards the side of 
brain surgery. 

(x) Arise Away: Similar task, the patient moving 
away from side of brain surgery. 

(xi) Bridge Towards: While supine the patient 
bridges, i.e., wriggles, across a firm hospital bed 
(90 cm wide) from one side to the other, moving 
towards the side of pallidotomy. 

(xii) Bridge Away: Similar task, movement in direc­
tion away from side of pallidotomy. 

Statistical test: Non-parametric two-tailed tests 
were used. 

Results 

UPDRS Motor Exam 

For this composite assessment in the OFF state the 
patient group's preoperative rating, median 40 (quar­
tile range 30, 56) improved postoperatively to median 
27 [22, 35] (Sign test N26 P < 0.001). 

Scoring in the OFF state of constituent items within 
the UPDRS showed improvements, each significant 
(Sign tests P < 0.005) after pallidotomy in contra­
lateral arm and leg rigidity and resting tremor and in 
contralateral postural-action arm tremor. Ratings in­
dicated smaller improvements (P < 0.05) in ipsilateral 
arm and leg rigidity and upper limb resting tremor. 

For UPDRS ratings in the ON state pallidotomy 
had great success in eliminating contralateral limb 
dyskinesias (P < 0.005). 
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PATIENTS: ABCDEFGHI KLMNOPRST 

PEGBOARD ipsi • 

~ . . 
bilat 0 • • 

BUTTONS 0 • 
BOW 0 • 
COAT 0.... . 
STAND-SIT X3 • 0 0 • •• 
WALK 14M ••• 0.. . .. 
STAND-WALK-SIT •• • 0 • • • •• 
ROLL towards 0 • • • • • • 

away 0.... . 
ARISE towards 0 0 • • • • 

away 000. • •• 
BRIDGE towards 0 0 0 0 0 ••••• 0 0 ••• 

-~ 00000 ••••• 0 •••• 

Fig. I. Squares signifying individual patients unable to perform 
voluntary motor tasks in OFF state preoperatively. After pallid­
otomy these patients were able (shaded) or unable (unshaded) to 
complete the tasks 

Standardized Motor Tasks 

Preoperatively all hand tasks could be completed in 
the OFF state by all 26 patients apart from failure to 
complete pegboard tests by 3 patients and buttons and 
bow tests by 2 patients (Fig. 1). More patients were 
unable to perform non-manual tasks. Standing and 
sitting from a chair (stand x3) could not be completed 
by 8 patients, walking by 9 patients, rolling over or 
arising from bed by 6 or 7 patients, and bridging 
(wriggling) across a bed by 15 patients. 

In many cases, especially for walking and trunk 
movement tasks, pallidotomy restored independent 
mobility to patients unable to perform the tasks pre­
operatively. However, despite surgery some patients, 
e.g., 6 for trunk bridging, remained unable to complete 
certain tasks. 

As a whole the patient group improved in the time to 
complete each of the 25 standardized tasks (Table 1). 
The change was statistically significant for all tasks 
except the pegboard test performed by the ipsilateral 
hand. 

For each task, as exemplified in Fig. 2, preoperative 
and postoperative scores were directly related (Spear­
man rs, for PRO-SUP (con) P < 0.02, for all other 
tasks P < 0.01). 

For each task the Absolute Improvement i.e. 
(PREOP-POSTOP) seconds, was directly related to 
the preoperative time: Spearman rs P < 0.01 for all 
tasks apart from arising from bed (P < 0.05) and trunk 
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bridging (NS), the tasks for which correlations were 
influenced most by patients unable to perform the test 
before or after surgery, e.g. Fig. 2. 

For each task there was a very strong association 
(rs, P < 0.01) between Absolute Improvement and the 
change relative to the preoperative score, i.e. the Rel­
ative Improvement, 

(preop-Postop) x 100% 
Preop 

Overall the 25 tasks differed significantly (Friedman 
X; 164 P < 0.001) in Relative Improvement after pal­
lidotomy. For the order of tasks ranked according to 
Relative Improvement there is strong concordance 
among patients (Kendall W 0.27 P < 0.001). When 
tasks are plotted according to the sum of their rankings 
for Relative Improvement (Fig. 3) it appears that pal­
lidotomy helps the ipsilateral hand movements least 
and the trunk movements most. For the patient group 
the median values of Relative Improvement for the 
different individual tasks (Table 1) were 8-18% for the 
hand and foot ipsilateral to pallidotomy, 18-27% for 
the contralateral hand or foot, 30-39% for standing 
and walking, and 45-58% for rolling over, arising and 
wriggling across a bed. 

Discussion 

For this group of patients who had postoperative 
improvements for dyskinesias, rigidity and tremor 
as reported by other surgeons [1-3], unilateral pallid­
otomy improved a wide range of voluntary movements 
relevant to everyday life. This extends previous reports 
of improvements in timed voluntary motor perfor­
mance occurring immediately [2] and lasting 6 months 
or more [1] after pallidotomy. 

The finding of voluntary motor improvements in 
ipsilateral limbs in these dopa-treated patients sup­
ports previous reports [1, 2] and recalls ipsilateral im­
provements found in the pre-dopa era by timed motor 
testing after unilateral thalamotomy-subthalamotomy 
for Parkinson's disease [5]. 

Of patients unable preoperatively to perform certain 
tasks concerning walking or trunk movement, some 
patients had striking improvement in these after pal­
lidotomy though other patients remained unable to 
complete the task concerned. Apart from these ex-
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Table I. Standard Motor Tasks (see Methods) 

Pre Post (Pre-post) (Pre-post)/pre 
sec sec % 

Significance of 
Median Quartile Median Quartile change Median Quartile 

One hand 
PRO-SUP con 11.5 (10, 17) 8 (7,9) * 27 (18,52) 

ipsi 11 (8 .5,14.5) 9 (7, 13) • 18 (3.5,31) 

FINGTAP con 25 (16.5,30) 18.5 (14.5,21) • 27 (5,39) 

ipsi 21 (17,27.5) 18.5 (16,25) • 18 (0,20.5) 

2-POINT con 9 (8, 10) 7.5 (6.5,8) • 18 (9,29) 

IpSI 8.5 (7,11) 7 .5 (6.5,9) • 9 (0,21) 

CLOTHES PEG con 16.5 (13 .5,19) 12.5 (11.5,16 .5) • 20 (10, 32) 

ipsi 14.5 (12,19) 13.5 (11.5,15) • 11 (0, 21) 

PEGBOARD con 25 (23,75) 22 (18,30) • 24 (7,43) 

ipsi 25 (21.5,37) 24 (17.5,30) ns 11 (-9,19) 

Two hands 

PEGBOARD 50 (33 .5,150) 37.5 (27.5,50) • 17 (0,57) 

TIE BOW 12.5 (10 .5,18) 8.5 (7.5,12) • 33 (11,50) 

BUTTONS 21 (14,43) 17 (13,23.5) * 26 (7,44) 

Non-manual 

FOOT TAP con 14.5 (11,19) 11 (9, 12.5) • 24 (14,37) 

ipsi 14 (12,19) 12.5 (10,15.5) • 11 (0,19) 

STANDx3 8 (6.5,17) 6 (5,8) • 30 (16,38) 

WALK 28 (13, u) 12.5 (10.5,35) * 37 (12,67) 

S-W-S 38 .5 (15, u) 16 (12.5,40) * 39 (14,63) 

COAT 13 (9, 44) 8 (6,22) * 33 (24,54) 

ROLLT 11 (5, u) 4 (3.5,10) • 45 (22,71) 

ROLLA 11.5 (6 .5,61) 5 (3,8) • 54 (33,75) 

STANDT 9.5 (5.5,100) 5 (2.5,13) • 50 (17,63) 

STAND A 8 (5.5, u) 4 (3,7) • 45 (20,69) 

BRIDGET u (20, u) 19.5 (7, u) • 55 (0,77) 

BRIDGE A u (23, u) 15 (6,50) • 58 (22,72) 

For patient group, N26, in OFF state, table shows median and quartile ranges for time to nearest half second to complete each task pre- and 
post-operatively (significance of change, Wilcoxon 2-tail test, *P < 0.01, NS not sig at PO.05) and for Relative Improvement, i.e., Improvement 
(PRE-POST) as percentage of PRE operative score. 
U = Unable to perform. 

treme cases the biggest improvements for individual 
tasks occurred in general in patients who were worst 
before surgery - though patients who were slowest 
preoperatively tended to remain slower than other 
patients after pallidotomy. 

The present study indicates that in its immediate 
effect on voluntary movement in the OFF state pallid­
otomy helps the ipsilateral hand and foot least, the 

contralateral hand and foot more, and standing and 
walking a good deal. It emphasises the operation's 
immediate benefit for actions in which the trunk plays 
a relatively large part including donning a coat, rolling 
over, arising from bed and bridging (wriggling) across 
a bed. Pallidotomy can restore independent mobility 
to certain patients who are bed- or chair-fast when in 
the OFF state preoperatively. 
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Fig. 2 (a, b). Patient are plotted by time to complete tasks in OFF state before and after pallidotomy. "U" signifies inability to complete the 
task. Improvements are plotted below, and deteriorations above, the oblique line 
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The Side-Effects and Complications of Posteroventral Pallidotomy 
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Summary 

The side-effects and complications of posteroventral pallidotomy 
are analysed in 138 consecutive patients who underwent 152 pallid­
otomies. Transient side-effects, lasting less than three months, ap­
peared in 18% of the patients, that is, 16.5% of the surgical proce­
dures. Long term complications, lasting more than 6 months, were 
noted in 10% of the patients, that is, 9.2% of the surgical procedures. 
Sixteen complications occurred alone or in various combinations 
in 14 patients and included fatigue and sleepiness (2), worsening of 
memory (4), depression (1), aphonia (1), dysarthria (3), scotoma (1), 
slight facial and leg paresis (2) and delayed stroke (2). Complications 
such as dysarthria and paresis could be attributed to MR- or CT­
verified pallidal lesions lying too medially and encroaching on the 
internal capsule. Two of the patients with deterioration in memory 
had some memory impairment before surgery, and the aphonic 
patient had dysphonia preoperatively. The study suggests that 
stereotactic MRI and careful impedance monitoring and macro­
stimulation of the posteroventral pallidum area should be sufficient 
for minimizing the risk of complications; the stereotactic lesion 
should be centreed within the posterior ventral pallidum without 
involvement of internal capsule. It is concluded that pallidotomy 
is a safe procedure if performed on cognitively alert patients, and 
it seems that both the incidence and especially the severity of 
complications are lower for posteroventral pallidotomy than for 
thalamotomy. 

Keywords: Pallidotomy; Parkinson's disease. 

Introduction 

The modern posteroventral pallidotomy (PVP), re­
introduced by Laitinen et al. in 1992 [20] has gained 
a worldwide spread in the surgical treatment of ad­
vanced Parkinson's disease (PD). While the benefit of 
this procedure for various Parkinsonian symptoms is 
being continuously evaluated [3,5, 7, 8, 14, 17, 18,22, 
27, 29, 30, 32, 34, 37], the experience so far should 
disclose whether there is a specific morbidity inherent 
in this surgery. In this study, the experience of two 
stereotactic centres in the last 3 years is reviewed 
in order to assess the side effects and complications 

that occurred in patients following posteroventral 
pallidotomy. 

Material and Methods 

Patients 

One hundred and thirty eight consecutive patients 
with Parkinson's disease were included in this study. 
The patients were operated on between June 1992 and 
December 1995. There were 85 men and 53 women, 
with a mean age of 66 years (range: 33 to 80 years). 
The patients underwent a total of 152 pallidotomies, 
83 right-sided and 69 left-sided. Twelve patients had 
undergone staged bilateral pallidotomies with an in­
terval of 3 months to one year between the two proce­
dures. Two patients had a re-pallidotomy on the same 
side 6 months and 13 months, respectively, after the 
first surgery. 

Surgical Procedure 

Stereotactic CT and/or MRI were used for calculation of the pal­
lidal target's coordinates. Either the Leksell apparatus [28) or the 
Laitinen apparatus [13, 20) was used for imaging studies and surgery. 
On the CT or MR scans, the target point was defined in the 
posterior-ventral pallidum; it lay 1-3 mm in front of the midpoint 
between anterior commissure (AC) and posterior commissure (PC) 
of the third ventricle, 20-22 mm lateral to the midline of the third 
ventricle and 3-6 mm ventral to the level of the AC-PC line. 

At surgery, a monopolar electrode with a 2 mm-long and 1.8 mm 
thick non-insulated tip was used for impedance monitoring, mono­
polar stimulation and radiofrequency (RF) coagulation. For stim­
ulation of the target area, the electrical thresholds for capsular or 
optic side-effects using a current of 1 msec in length were 8-10 rnA at 
6 Hz, and 5 rnA at 60 Hz, or 2 V at 5 Hz and 50 Hz, respectively. If 
no untoward effects appeared at stimulation, the RF lesions were 
performed incrementally. There were generally 2-3 lesion points, 
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and sometimes 4 lesion points lying 2 mm apart. Each lesion was 
made by heating the target area with 75-85°C for 60 sec. Ifuntoward 
effects appeared upon electrical stimulation, the electrode was re­
positioned, or the lesion was made smaller than initially intended. 
The stimulation and coagulation through the target area were per­
formed from ventral to dorsal in some patients, and from dorsal to 
ventral in the other patients. 

Assessment Procedure 

The patients were assessed up to 36 months after surgery (mean 12 
months). In this paper, only the untowards and negative effects of 
surgery, i.e., side-effects and complications, will be reported. These 
were defined as new changes or deficits objectively assessable and 
observed by the surgeon in the immediate postoperative period and 
at the subsequent assessments in the out-patient department. The 
side-effects and complications included also any negative changes, 
attributed to the surgery, that the patients or the relatives sub­
jectively experienced during the follow up period. The side-effects of 
surgery were classified into "transient", i.e. lasting less than three 
months, and "long term", i.e., lasting 6 months or more after sur­
gery. For patients who underwent a second pallidotomy on the con­
tralateral hemisphere, or a repeat pallidotomy on the same hemi­
sphere, the eventual side-effects and complications were assessed 
separately for each of the two surgical procedures. When feasible, a 
CT or MRI scan of the brain was reviewed to document whether the 
side-effect could be related to a malplaced or a too large radio­
frequency lesion. 

Results 

Transient or long term side-effects and compli­
cations occurred in a total of 39 patients (28.26% of 
patients). 

The transient side-effects that appeared in 25 pa­
tients (18.11% of patients, 16.44% of pallidotomies) 
are shown in Table 1: the subcortical haematomas that 
appeared in two patients were located in the electrode 
track. One of these patients had also meningitis. Of the 
three patients who had facial paresis, one patient had 
also paresis of leg and dysarthria. Dysarthria occurred 
in additional 4 patients, all of whom had a lesion too 
medial within the pallidum. In another patient with 
paresis of leg, a CT scan performed 5 days after sur­
gery revealed a lesion too anterior and too medial with 
significant surrounding oedema (Fig. 1). Two patients 
exhibited a dyspraxia of the foot upon walking. These 
patients had no sensory deficit, no pyramidal signs and 
no impairment of voluntary movements ofleg and foot 
while sitting or lying in bed. Three patients experi­
enced decreased effectiveness of L-dopa. A CT scan of 
one of these patients showed a lesion too small and 
restricted to the lateral and dorsal area of the pallidum. 
Two patients experienced epileptic fits in the first week 
following surgery. In one of these patients, an MRI 
scan performed three months after surgery revealed 
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Table 1. The Nature and Incidence of Transient Side-Effects in Per­
cent of Patients Operated Upon, and in Percent of Total Surgical 
Procedures 

Transient side-effects 

Subcortical haematoma * 
Meningitis* 
Facial paresis* 
Paresis ofleg* 
Dysarthria * 
Dyspraxia of fot 
Less effect of L-dopa 
Epileptic fits 
Increased drooling* 
Extreme tiredness* 
Confusion· 

Total 

Number of Incidence in Incidence in 
side-effects % of patients % of surgical 

procedures 

2 1.44 1.31 
1 0.72 0.65 
3 2.17 1.97 
2 1.44 1.31 
5 3.62 3.28 
2 1.44 1.31 
3 2.17 1.97 
2 1.44 1.31 
4 2.89 2.63 
3 2.17 1.97 
5 3.62 3.28 

25* 18.11 16.44 

* Since one patient could have more than one transient side-effect 
(*), the total number of patients (*) with side-effects is less than the 
total sum of side-effects. 

Fig. 1. CT scan showing a one week-old left pallidal RF lesion in a 
patient with dilated ventricles. The pallidal lesion lies 21 mm lateral 
to the midline of the third ventricle, and extends into the internal 
capsule 

that the pallidal lesion encroached on the dorsal 
amygdala (Fig. 2). Four patients had increased drool­
ing after surgery, two of them after the second con­
tralateral pallidotomy. Five patients had transient 
confusion: in one of them the surgery was interrupted 
because of intra-operative confusion. In another pa­
tient, the reduction of the anticholinergic drug after 
surgery improved the patient; and in a third patient, 
there was a preoperative history of confusion that 
was worsened by surgery, but the patient returned to 
base-line as far as confusion episodes were concerned 
within three months after surgery. 
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Fig. 2. Stereotactic 2 mm-thick axial MRI scans showing a 6 months-old RF lesion in the right pallidum. The lesion lies 22 mm lateral to the 
midline of the third ventricle at the most posteroventral edge of the right pallidum and encroaches on the dorsal amygdala, just lateral to the 
optic tract. (A putaminallacune is visualized anterior and lateral to the pallidal lesion) 

Table 2. The Nature and Incidence of Long-Term Complications in 
Percent of Patients Operated Upon, and in Percent of Total Surgical 
Procedures 

Long-term Number of Incidence in Incidence in 
complications side-effects % of patients % of surgical 

procedures 

Fatigue and sleepiness 2 1.44 1.31 
Worsening of memory 4 2.89 2.63 
Depression 0.72 0.65 
Aphonia 1 0.72 0.65 
Dysarthria - 3 2.17 1.97 
Visual field scotoma I 0.72 0.65 
Slight facial paresis- 0.72 0.65 
Slight paresis of leg- 0.72 0.65 
Delayed stroke 2 1.44 1.31 

Total 14- 10.14 9.21 

- Since one patient could have more than one long-term complica­
tion (-), the total number of patients (-) with long-term complica­
tions is inferior to the total sum of complications. 

The long-term complications, noted in 14 patients 
(10.14% of patients, 9.21% of pallidotomies), are 
shown in Table 2: two patients complained for up to 
1.5 years after surgery of increased need for sleep and 

continuous feeling of tiredness; there were no signs of 
depression in these patients. In four patients there 
was a long standing slight to moderate worsening of 
short term memory, noticeable by the patient him- or 
herself and/or by the patient's relatives. Two of these 
patients had already, before their left-side pallid­
otomy, a slight short term memory impairment, which 
worsened after surgery. The two other patients, who 
were operated on in the right pallidum, did not have a 
reported or noticeable memory impairment before 
surgery. One patient suffered long standing depres­
sion that needed psychiatric treatment. One patient 
with advanced dysphonia preoperatively was aphonic 
after surgery, and three patients had slight dysarthria. 
Only one patient had visual field scotoma after pallid­
otomy. One patient had a long standing slight dys­
arthria, and slight facial and leg paresis after surgery. 
Finally, delayed stroke appeared in two patients: in 
one patient, the stroke occurred 12 days after the sec­
ond, bilateral pallidal lesion, and the ischaemic area 
extended into the internal capsule just posterior and 
ventral to the medially located pallidotomy lesion 
(Fig. 3). 
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Fig. 3. Coronal and axial MRI scans performed 13 days after a 
second left-sided pallidotomy. Arrows indicate an infarction in the 
internal capsule, just posterior and ventral to the left-sided pallid­
otomy lesion 

Discussion 

Our experience in 152 consecutive pallidotomies 
showed that this surgical procedure is quite safe. There 
was no mortality and the morbidity, albeit present, 
was mild. Patients recovered well from the procedure 
and were discharged home usually one to two days 
after surgery. However five patients had to be re­
admitted again within 1-3 weeks from surgery because 
of delayed complications. In two patients haematoma 
occurred at the third and seventh day, respectively, 
after pallidotomy. Both patients recovered completely 
without surgery, and one of them who is a farmer 
confessed later that he was feeling so well after his 
pallidotomy that he did some heavy lifting three days 
after surgery. Both patients asked for a new pallid­
otomy on the other side at the 6 months follow up! One 
patient was re-admitted for epileptic fits occurring 4 
days after surgery, and two patients had stroke on the 
same side as their pallidotomy, 12 days and 3 weeks 
after surgery, respectively. The other listed complica­
tions neither prolonged the postoperative stay in hos­
pital of the patients, nor did they require new hospi­
talization, with the exception of the patient with severe 
depression who had to be admitted to the psychiatric 
department. 

The risks of PVP may be divided in two types: risks 
inherent to stereotactic surgery as such, and risks that 
can be attributed to the anatomical area of the brain 
targetted and eventually RF lesioned. Among the 
authors' complications, the subcortical haematomas 
and meningitis cannot be considered specific to pallid­
otomy. The same may apply to delayed stroke. On the 
other extreme, visual field scotoma is indeed a compli­
cation specific to pallidotomy, since the optic tract lies 
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very close to the ventral medial border of the postero­
ventral pallidum. However, in this series the incidence 
was extremely low (0.65%) compared to the 14% in­
cidence of the first report on PVP in 1992 [23]. 

Most of the other complications listed in this series 
of patients might have occurred had the patients 
undergone thalamotomy instead of pallidotomy. For 
30 years, thalamotomy had been the dominant stereo­
tactic procedure for patients with PD. Therefore, it 
was of interest to compare the complications ofPVP to 
those reported by some authors following thalamot­
omy [4, 9, 15, 31, 33, 36]. For complications such as 
dysarthria and paresis, that appeared in our patients, 
their incidence, and especially their severity, seemed to 
be lower than for thalamotomy. These complications 
might have been avoided if the pallidal lesion did 
not lie so medial as to encroach on the internal capsule. 
In this respect, strict medial pallidotomy, especially 
if the medial pallidotomy is made more anteriorly 
as advocated by some [26], may carry increased risks 
as had already been shown by Bertrand in 1958 [2]. 
The authors believe that posteroventral pallidotomy 
should aim at the junction of the medial and lateral 
pallidum and should encompass both lateral and 
medial aspects of the pallidum at its most posterior 
and ventral level. Aphonia occurred in one patient 
who had severe dysphonia preoperatively; perhaps 
preoperative severe dysphonia should contraindicate 
pallidotomy. 

The four patients with more or less permanent cog­
nitive impairment were old and in three of them there 
was some evidence of slight memory deficit before 
surgery. Interestingly, the two patients with pallid­
otomy on the non-dominant brain had also some 
cognitive impairment following surgery. In agreement 
with others [1, 11, 17], the authors consider that 
patients with memory problems should not undergo 
pallidotomy, on either side of the brain. Epileptic fits 
have been reported after thalamotomy, especially 
when positive contrast ventriculography was used [9]. 
In the present series of patients, no ventriculography 
was used and in one of the two patients with epileptic 
fits it was believed that the convulsions were due to the 
pallidal lesion extending slightly into the dorsal amy­
gadala ventrally. Both patients were free of epilepsy 
and without auticonvulsive medication within three 
months after surgery. 

It is beyond doubt that provided that there is a 
careful targetting procedure and meticulous macro­
stimulation for assessment of the physiological target 
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at surgery, pallidotomy does indeed carry less risks for 
the patients than thalamotomy. Furthermore, when 
complications occur, their severity is clearly less than 
after thalamotomy. Increased postural instability, sen­
sory impairment, hemiplegia, dysphasia or unsteadi­
ness upon walking, all of which are complications 
known to occur following thalamotomy [4,15,31,33, 
36] were not found in this series. It is also important to 
notice that pallidotomy-patients are generally older 
than thalamotomy-patients, and they suffer from a 
more advanced PD, since they do not only have tremor 
but often exhibit the full myriad of Parkinsonian 
symptoms including symptoms due to long-standing 
L-dopa treatment. The likelihood that these patients 
would therefore suffer more complications than the 
thalamotomy-patients cannot be sustained by this 
assessment. 

The authors elected to assess patients operated on at 
two different centers in two different countries. Both 
centres use stereotactic systems that had been designed 
initially for functional stereotactic procedures and that 
have been historically used or are still in use by their 
designers and many others in a large number of thala­
motomies and pallidotomies. Even though the number 
of patients operated on in each centre was not the 
same, the two stereotactic centres do use rather uni­
form techniques for target imaging, physiological in­
traoperative assessment of target area and incremental 
radiofrequency coagulation procedure. Therefore, the 
complications ought to be attributed to the procedure 
itself rather than reflect circumstances due to the sur­
gery being performed in this or that centre. Never­
theless the distribution of the complications differed 
somewhat between the two centres: While both cen­
tres reported one patient with haematoma complica­
tion, the two delayed strokes and the depression oc­
curred in patients of one of the centres and the two 
patients with epileptic fits and one patient with sco­
toma were operated on in the other. Although the 
incidence of complications were different in the two 
centres due to the uneven number of patients operated 
on, there was a definite correlation in both places be­
tween some of the complications and the anatomical 
location of the lesions within the pallidum: MRI or CT 
study showed that those patients who had either tran­
sient or permanent dysarthria and paresis had the le­
sion too medial and encroaching on the internal cap­
sule. In one of the patients with epileptic fits MRI 
showed that the lesion had definitely irritated the 
dorsal amygdala. 
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In comparing the authors' complications with those 
reported by others following pallidotomy, two facts 
may be stated. One is that most reported series on 
pallidotomy are still too small and some of them do 
not address specifically the issue of complications of 
this surgery. The other fact is that the use of micro­
electrode recording and micro stimulation during pal­
lidotomy may contribute to an increase in the risks of 
severe complications [25]. 

Laitinen et al. in their first paper on CT-guided pal­
lidotomy in 1992 reported 14% scotomata [23]. In fur­
ther studies, the incidence decreased to virtually nil 
[22]. In the meantime, the imaging technique was re­
fined, with axial and coronal MRI instead of CT for 
target definition and coordinate calculation. In addi­
tion, the stimulation and coagulation techniques were 
slightly modified [21, 22, 24]. In this present series, 
scotoma occurred only in one patient (0.65%). This 
patient was operated on in June 1992 with CT-directed 
target coordinates and with the old ventral to dorsal 
stimulation and coagulation technique. In patients 
operated on after 1993, MRI was the dominant target­
imaging technique, and the stimulation and incre­
mental coagulation were no longer conducted from a 
ventral to dorsal direction but from a dorsal to ventral 
direction in the posteroventral pallidum [22, 24]. 

Other stereotactic surgeons who started to perform 
pallidotomy benefited from the experience of Laitinen 
and the incidence of scotoma has now decreased so 
much that it is no longer a problem in performing pal­
lidotomy. Some state that it was the use of a micro­
electrode technique during pallidotomy that decreased 
the risk of scotoma to virtually nil [26, 27]. In the 
authors' opinion, this may not be the case since neither 
they nor Laitinen use microelectrodes and their very 
low scotoma incidence compares favourably with 
others. Furthermore, it has been shown yet not that 
the microelectrode technique improved the results or 
decreased the complications of either thalamotomy 
[16] or pallidotomy [6, 19]. 

The complications of modern pallidotomy have 
been systematically analysed only in a few reports in a 
limited number of patients [10-12]. The classical paper 
of Svennilson and the Leksell group from 1960 [35] 
remains outstanding and unsurpassed in its careful and 
detailed description of the complications of PVP. In 
their series there were no complications of scotoma but 
the cognitive side-effects and the complications result­
ing from damage to the internal capsule were far more 
common than in the present series. It may be conduded 
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that PVP today benefits from a much better imaging 
technique than was the case in the Fifties and Sixties. If 
performed with careful assessment of the target area 
with impedance monitoring and electrical stimulation, 
and if the most medial edge of the globus pallidus is 
avoided by the RF lesion, the modern posterior­
ventral pallidotomy can be considered as a very safe 
operation for cognitively alert patients with advanced 
Parkinson's disease. 
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Summary 

Deep brain stimulation (DBS) and thalamotomy are both capable 
of abolishing tremor. However, no technique is perfect and if thala­
motomy proves inadequate so that tremor recurs, presumably be­
cause of sUboptimal lesion location, the only option is to repeat the 
thalamotomy. With DBS all that has been necessary to date is to 
change the parameters of stimulation. Similarly with complications 
such as the "cerebellar" ones and paraesthesiae. If these occur after 
thalamotomy one can only wait and hope that they will subside and 
they do not always do so. With DBS, changing the parameters in the 
authors' patients has so far been successful in eliminating them. 

DBS, like thalamotomy is very effective for controlling tremor in 
Parkinson's disease (PD) and essential tremor (ET) and for im­
proving dexterity in ET, but both techniques are less useful for the 
control of dopa dyskinesia, Parkinsonian rigidity, or impaired dex­
terity in PD, though DBS may be better than thalamotomy for the 
latter condition. On the other hand, both DBS and thalamotomy are 
very effective in improving dexterity in PD and ET may depend upon 
the fact that in PD bradykinesia is a major component, whereas in 
ET only the tremor is. The advantages of DBS over thalamotomy 
have to be weighed against the peculiar risks of D BS and of course, 
its cost. 

Keywords: Deep brain stimulation (DBS); thalamotomy; Parkin­
son's disease; microthalamotomy; cerebellar tremor. 

Introduction 

From the earliest days of surgery for Parkinson's 
disease (PD), it has been known that acute electrical 
stimulation at certain brain sites arrests tremor for the 
duration of the stimulation [9]. Siegfried and Rea [7] 
have pointed out, that, influenced by this striking phe­
nomenon, Bechtereva et at., Mundinger et at., Brice 
and McLellan and Mazars and his associates all ex­
plored the possibility of using chronic stimulation in­
stead of lesionmaking to control movement disorders. 
It was not until the 1980's, however, that concentrated 
efforts were made to use this modality of treatment by 
Siegfried and his colleagues [6, 7], Benabid [1, 2] and 
his group and many others. 

The authors themselves implanted two patients in 
1985, one with PD in whom an adequate lesion could 
not be made because of incipient dysarthria, and one 
with multiple sclerosis (MS) who had had a thala­
motomy on the other side of the brain. However, 
equipment available to them at that time consisted 
only of a radiofrequency-coupled monopolar Med­
tronic PISCES electrode and they did not pursue deep 
brain stimulation (DBS) for tremor until there was 
access to more suitable equipment after 1993. 

The purpose of this paper is not to present the results 
of DBS, but rather to compare the results of 20 DBS 
implantations with those of 35 thalamotomies for 
tremor in the same hands and during the same time­
frame. 

Methods 

Technique 

The authors' stereotactic technique for thalamotomy for tremor 
using the Leksell G frame, computerized tomography (CT), or 
magnetic resonance imaging (MRI), microelectrode recording and 
microstimulation has been described elsewhere [9, 10]. DBS differs 
from thalamotomy only in that a DBS electrode is inserted at the site 
where a lesion would normally be made. Table 1 lists the equipment 
used in 20 cases all performed by one of the authors (RR T). The 
electrodes used consist of 4 stimulating rings spread over a 1.0 em 
length of electrode and these were inserted so that the centre of 
the array was located at what normally would be the thalamotomy 
lesion site. 

For comparison, all patients undergoing a total of 35 thalamot­
omies were selected, all performed by the same surgeon (RRT) for 
tremor between 1990 and 1995. If one of these patients had under­
gone a previous thalamotomy the data from that procedure were 
also included in the study regardless of how long ago the oper­
ation took place. Procedures that were abandoned or repeated 
because of tremor recurrence on the same side were not considered 
separately. 
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Table 1. DES Equipment Used 

2 
10 
8 

Neuromed time: Radiofrequency-coupled stimulator 
Medtronic X-trel: Radiofrequency-coupled stimulator 
Medtronic ITREL: Totally programmable battery powered 

stimulator 

Table 2. Follow-up Years, No. Procedures 

DBS 
N= 20 

< 1/4 5 
1/4- 1/2 3 
1/2-1 8 
1- 5 4 
>5' 0 

, Includes previous procedures on 1990-95 cases. 
Abandoned and same side repeats excluded. 
Bilateral procedures counted as 2 procedures. 

Thalamotomy 
N= 35 

10 
2 
6 

11 
6 

Same side DBS/thalamotomy counted as 2 procedures. 

Table 3. Age and Sex at Surgery, No. Procedures 

DBS 
N=20 

20- 30 yr M 0 
F 

30- 40 M I 
F 0 

40- 50 M 4 
F I 

50- 60 M I 
F 2 

60- 70 M 7 
F 0 

70-80 M I 
F 2 

Evaluation 

Thalamotomy 
N=35 

o 
2 
2 
I 
2 
6 
8 
2 
4 
6 

All patients were evaluated semiquantitatively by one of the 
authors (RRT) preoperatively and at intervals postoperatively using 
an identical protocol in which maximum tremor was graded on a 0 
(normal) to 5 scale at each body joint. Rigidity was similarly graded 
0-5 while the patient patted as quickly as possible with the opposite 
hand. Dexterity for performing handwriting, repetitive finger-thumb 
touching, finger-nose touching, wrist rotation, patting, handwriting 
and, in the case of essential (ET) and cerebellar tremor (CT), drink­
ing were also graded 0-5. 

Follow-up 

Patients were included in the study in whom adequate post­
operative data were available over at least 3 months as listed in Table 
2. Table 3 lists the age and sex of patients treated, Table 4 the in­
dications, and Table 5 the side and type of surgery. One patient with 

Table 4. Indicationsfor Surgery, No. Procedures> 

Parkinson's disease 
Essential tremor 
Cerebellar tremor including MS 

DBS 
N=20 

13 
3 
4 

, Abandoned and same side repeats excluded. 

Table 5. Side of Surgery, No. Procedures 

R 
L 
Both 

DBSN=20 

7 
9 
2 (4 operations) 
o 
I 

Repeated 
Abandoned, repeated 
Abandoned o 

DBS, thalamotomy same side I. 
Opposite 4. 
DBS, pallidotomy opposite 2. 

R. R. Tasker et al. 

Thalamotomy 
N= 35 

23 
2 

10 

Thalamotomy 
N= 35 

8 
19 
4 (8 operations) 
2R6L 
I 
2 

PD who had previously undergone an unsuccessful left thalamotomy 
underwent simultaneous bilateral DBS implantation and one patient 
with ET underwent bilateral staged DBS. Four patients, 3 with PD, 
I with CT underwent both DBS and thalamotomy on opposite 
sides of the brain while 2 patients with PD underwent pallidotomy 
on the first, DBS on the second side of the brain, the pallidotomies 
having been done in an attempt to manage bradykinesia and dopa 
dyskinesia. 

Results 

Microthalamotomy Effect 

The phenomenon of " microthalamotomy" was 
seen in 12 of the 20 DBS patients, still persisting in one 
patient at the latest follow-up of 8 months. This con­
firms how sensitive the appropriate site in thalamus is 
for tremor control when the mere introduction of an 
electrode approximately 1 mm in diameter is sufficient 
to control tremor at least temporarily; on the other 
hand the microthalamotomy effect interferes with 
testing the DBS in the early postoperative period. 

Effect on Tremor 

PD and ET 

Because of the small number of patients, tremor 
data were pooled for PD and ET as shown in Table 7. 
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Table 6. Microthalamotomy Effect 

None 
Present 
Occasionally permanent 

Table 7. PD-ET Tremor % Procedures 

Abolished or insignificant 
Slight 
Significant or total 

recurrence 
Repeated procedures in 

above series 

16DBS 

62.5 
31.3 
6.3 

o 

8 
12-1 wk- 9 mos 

22 
Thalamotomy 

63.7 
13.6 
22.7 

27.3% 

The incidence of total or virtually total (only trivial 
tremor occasionally being noted on the side contra­
lateral to the surgery) abolition by DBS and thala­
motomy were the same (62.5% and 63.7% respec­
tively). This was achieved with thalamotomy, however, 
only after 27.3% of operations had been repeated after 
initial failure; no DBS had to be repeated because of 
tremor recurrence at the time of writing. This is a high 
incidence of repetition, 15% being this groups' usual 
rate over a long period (unpublished data) and reflects 
experience in two PD, both operated upon on both 
sides, in whom it proved almost impossible to abolish 
tremor using the usual operative strategies; experience 
with 4 "patient sides" in such a small series presenting 
this problem is unusual and distorts the data. A 15% 
thalamotomy repetition rate still contrasts sharply 
with the DBS experience. 

Other Features of PD 

Table 8 compares the relative effects of DBS and 
thalamotomy on rigidity, dexterity and writing in 
patients with PD and on dexterity and drinking in 
patients with ET. The effects of the two operations on 
rigidity appeared similar. In some DBS patients, strik­
ing abolition of rigidity occurred as soon as the DBS 
was activated, in much the same way as tremor was; in 
others the effect appeared minimal. This presumably 
reflects the site of electrode placement, it generally 
being agreed that thalamotomy lesions and therefore, 
presumably, DBS insertions must be more rostral in 
order to control rigidity than for tremor [5]. Similarly, 
there appeared little difference in the effects of DBS 
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Table 8. PD-ET Surgery - Rigidity and Dexterity % Procedures 

DBS 

PD ET 

Reduced rigidity 25-50% 10 
>50% 50 

Improved dexterity 25-50% 18 
>50% 64 100 

Improved writing 25- 50% 30 
>50% 20 100 

Improved drinking 24- 50% 
>50% 100 

Table 9. Dopa Dyskinesia, No. Procedures 

Not present 
Reduced or abolished 
Not affected 

DBS 
N=13 

8 
1 (20%) 
4 (80%) 

Thalamotomy 

PD 

14.3 
64.3 
14.3 
14.3 
14.3 
7.1 

ET 

50 
50 
50 
50 
50 
50 

Thalamotomy 
N=21 

9 
6 (50%) 
6 (50%) 

and thalamotomy on Parkinsonian writing, neither 
being very effective. 

Curiously, DBS appeared more effective in improv­
ing manual dexterity in PD than thalamotomy was. 
Whether this simply reflects the superiority of one 
technique over the other or whether it is also due to the 
fact that thalamotomy may induce iatrogenic ataxia 
[3, 11] is uncertain. 

Dopa Dyskinesia 

Table 9 shows an insignificant difference between 
DBS and thalamotomy in the relief of dopa dyskinesia 
in patients for whom data were available and follow­
up adequate: - in both cases far below the degree of 
relief achieved by pallidotomy [4]. 

CT 

Four patients with cerebellar tremor (CT) (3 with 
cerebellar degeneration of unknown etiology, 1 with 
MS) underwent DBS. 10 (5 with MS, 3 with cerebellar 
degeneration of unknown etiology, 1 with post-stroke 
and 1 with post-traumatic tremor) underwent thala­
motomy as shown in Table 10. Despite the excellent 
early relief of tremor achieved in these patients by 
DBS, dexterous tasks were not dramatically better 
performed postoperatively and results were not any 
more satisfactory than with thalamotomy. 
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Table 10. Cerebellar Tremor, No. Procedures 

DBS 

Excellent Good-fair 

Tremor 3 
Dexterity 0 4 
Writing 0 0 
Drinking 0 2 

Follow-up 5, 6, 12, 17 months. 

Thalamotomy 

Excellent Good-fair 

Tremor 0 2 
Dexterity 0 0 
Writing 0 I 
Drinking I 

Follow-up 2, 2, 4, 8, 18,27 months. 

Failed 

o 
o 
4 
2 

Failed 

4 
6 
5 
4 

Table II. Residual Tremor after DBS and Thalamotomy in Same 
Patient, 3 with Parkinson's Disease, 1 with Cerebellar Tremor 

No. procedures 

None or insignificant 
Slight 
Moderate 
Recurrent 

DBS 

2 
2 

Thalamotomy 

2 

DBS and Thalamotomy in the Same Patient 

Table 11 compares the results of DBS and thala­
motomy in the same 3 patients with Parkinson's dis­
ease and in one with CT of unknown etiology reflect­
ing the same trends as the whole group of patients with 
PDandET. 

Complications 

Table 12 lists the complications peculiar to DBS and 
Table 13 those common to both procedures. Voltage 
escalation to control "breakthrough" tremor has been 
modest and has not thus far presented difficulties. One 
patient undergoing thalamotomy for ET suffered an 
intracerebral haematoma requiring craniotomy for 
evacuation with eventual recovery, including return of 
tremor. One patient with CT suffered a brief transient 
ischaemic attack consisting of upper limb monoparesis 
on the side of the body ipsilateral to the side of the 
thalamus being explored. The procedure was aborted, 

Table 12. 

% Complications - 20 DBS 

Extrusion 
Pain, swelling at receiver 
Voltage escalation 
Antenna movement 
Initial nausea, faintness 

Table 13. % Complications 

Intracerebral haematoma 
Oedema- hemiparesis 
Ipsilateral TIA 
Emotional lability 
Aggravated central pain 
Hand ataxia 
Dysarthria 
Gait disturbance 
Paraesthesiae 
Parkinsonian crisis 

20DBS 

5 same 
5 patient (t) 

lO(t) 
5(t) 
5(t) 5(p)a 
4.5(t) 
5(t) 

R. R. Tasker et al. 

5 
15 
40 

5 
10 

35 Thalamotomy 

2.9(t) 

2.9(t) 
2.9(p) 
2.9(t) 14.2(p) 
5.7(t) 2.9(p) 
2.9(t) 5.7(p) 
5.7(t) 11.4(p) 
5.7(t) 

(t) = transient or reversible, (p) = permanent, slight sequelae. 
a Appeared 3 months postoperatively, questionably a complication 
of surgery. 

no underlying cause could be found and the procedure 
was repeated uneventfully a week later. Unfortunately, 
this patient then developed severe postoperative cere­
bral oedema with disabling hemi-apraxia, paresis and 
dysphasia, which required 6 weeks to recover. She later 
went on to extrude, without infection, first, her X-trel 
which was removed, and then her DBS electrode which 
was reinserted into the subgaleal plane. 

In general, the non-implant-related complications of 
DBS and thalamotomy are similar. Both procedures 
are equally likely to induce postoperative haemorrhage 
and both induce the so-called "cerebellar" complica­
tions of dysarthria, ataxia and gait disturbance [3, 11]. 
With DBS, however, altering the parameters of stim­
ulation has thus far in the authors' experience always 
eliminated these problems whereas in some thalamot­
omy patients they constitute permanent disabilities. 

Discussion 

These results appear comparable to the much larger 
experience of Benabid and his group [2] who has re­
ported his outcome data with 80 patients with PO, 20 
with ET, 4 with MS and 13 with miscellaneous move­
ment disorders. Because of a different evaluation tech-
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nique, direct comparison of numbers cannot be made. 
They noted, at latest follow-up, that 88% of their PD 
and ET patients scored 3 or 4 on a 5 point scale for the 
upper limbs but that ET tended to recur during the 
follow-up period in 18.5% of patients. The authors 
have noted the same thing after thalamotomy for ET 
[8] whereas it is generally agreed that PD tremor rarely 
recurs if it has remained absent for 3 months after 
thalamotomy. Benabid et al found tremor to be the 
only Parkinsonian feature other than pain that bene­
fitted from DBS whereas in the Toronto hospital 
experience there were some patients whose rigidity 
improved dramatically with stimulation and both pro­
cedures produced a modest degree of improvement 
in dopa dyskinesia. Benabid's group found the same 
less satisfactory results with MS and other dyskinesias 
as in the present series. They experienced a 2.6% in­
cidence of superficial infection requiring removal of 
equipment and a 31.6% incidence of minor complica­
tions reversible by adjusting the parameters of stim­
ulation. Their optimum frequencies for tremor control 
(130 Hz) are similar to the authors (130-185 Hz). 

Conclusions 

DBS and thalamotomy are both capable of abol­
ishing tremor. DBS, like thalamotomy is very effective 
for controlling tremor in PD and ET and for improv­
ing dexterity in ET, but both techniques are less use­
ful for the control of dopa dyskinesia, Parkinsonian 
rigidity, or impaired dexterity in PD, though DBS 
may be better than thalamotomy for the latter condi­
tion. The advantages of DBS over thalamotomy have 
to be weighed against the peculiar risks of DBS and 
of course, its cost. 
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Summary 

Twenty patients with deafferentation pain were treated by chronic 
stimulation of the motor cortex. The central fissure was localized 
using stereotactic MRI and the motor cortex was mapped using 
intra-operative somatosensory evoked potentials. Seven patients with 
trigeminal neuropathic pain experienced definite pain relief varying 
between 40 and 100%. Ten patients had central pain secondary to 
central nervous system lesions. A satisfactory long-lasting pain con­
trol (pain relief> 40%) was obtained in five of them (50% of cases). 
One patient with pain from peripheral nerve injury obtained more 
than 80% pain relief. Two patients had pain from spinal cord lesions. 
One did not respond but the other obtained an excellent long-term 
result. 

The location of the effective stimulation plots was in agreement 
with the somatotopic maps of the primary motor cortex. One patient 
developed a small extradural haematoma which resolved sponta­
neously. None of the patients developed seizure activity. This study 
confirms the potential value of motor cortex stimulation in the 
treatment of certain forms of intractable pain, especially in cases 
with trigeminal neuropathic pain. 

Keywords: Deafferentation pain; intra-operative somatosensory 
evoked potentials; chronic stimulation .. 

Introduction 

So-called thalamic pain, related to a central lesion, is 
difficult to control medically [10]. Chronic stimulation 
of the posterior ventral nucleus of the thalamus, pro­
posed in the 1970s [2], also proved to be disappointing, 
as it relieved only about one third of patients [9). In 
1991, Tsubokawa et al. [10] reported an improvement 
in the management of this type of pain by chronic 
stimulation of the motor cortex. The study by Meyer­
son et al. [3] showed that deafferentation pain of the 
face could also be improved by this technique. In con­
trast, patients presenting with thalamic pain in this 
series were not improved. The somatotopic arrange­
ment of the motor cortex suggests that the stimulation 

sites to treat thalamic pain, generally affecting an entire 
hemibody, are different from those used to treat pain 
involving only the face. 

The authors used stereotactic MRI in a series of 
20 patients in order to define the ideal stimulation site 
in relation to the central sulcus and the somatotopic 
arrangement of the motor cortex for treatment of tha­
lamic pain and deafferentation pain of the face. 

Patients and Methods 

Patients 

Twenty patients presenting with refractory deafferentation pain 
were treated by chronic stimulation of the motor cortex between 
May 1993 and June 1995 (Table 1). 

Ten patients suffered from central pain secondary to a cerebral 
lesion: deep ischaemic accident (thalamic or capsulothalamic) in 4 
cases (cases 5, 6, 7 and 9), ischaemic accident involving the parietal 
lobe in I case (case 8), haematoma of the basal ganglia in 3 cases 
(cases 2,3 and 4), deep post-traumatic cerebral lesions in 1 case (case 
10) and thalamic abscess in I case (case 1). 

Seven patients suffered from deafferentation pain of a hemiface. 
Three cases (cases 15, 16 and 17) suffered from painful anaesthesia of 
the face secondary to thermocoagulation of the trigeminal ganglion. 
In 2 cases (cases 11 and 13), this pain corresponded to the sequelae 
of an operation to the paranasal sinuses. In 1 case (case 12), pain 
appeared following trauma to the base of the skull. In case 14, the 
pain was related to a lesion of the trigeminal nerve in the cer­
ebellopontine angle after several operations for recurrent acoustic 
neuroma. 

Two patients experienced pain secondary to a post-traumatic 
spinal cord lesion: paraplegia in 1 case (case 19) and quadriplegia in 
the other (case 20). Both patients suffered from diffuse pain situated 
below the level of the lesion and deep visceral pain. 

In patient 18, the pain was secondary to peripheral lesions involv­
ing the sciatic nerve, following resection of a neurofibrosarcoma 
in the context of Von Recklinghausen disease. All patients suffered 
from constant, severe pain, consisting of superficial burning pain, 
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Table I. Clinical Data and Results of Motor Cortex Stimulation 

Case Sex Age Diagnosis History Follow-up Results· (25 months) 
(years) (months) 

F 35 thalamic abscess 7 22 good 
2 M 50 basal ganglia haematoma 5 30 satisfactory -t failure 
3 M 65 basal ganglia haematoma 7 32 satisfactory 
4 M 52 basal ganglia haematoma 4 25 good -t satisfactory 
5 M 68 thalamic infarct 7 18 satisfactory -t failure 
6 M 47 thalamic infarct 5 22 failure 
7 F 58 thalamic infarct 5 28 satisfactory 
8 F 47 parietal lobe infarct 6 14 excellent 
9 M 70 thalamic infarct 5 30 good 

10 M 59 deep post-trauma lesions 6 29 failure 
11 F 75 trigeminal neuropathic pain 8 31 excellent 
12 M 55 trigeminal neuropathic pain 5 17 good -t satisfactory 
13 F 60 trigeminal neuropathic pain 7 31 excellent 
14 F 43 trigeminal neuropathic pain 8 39 excellent 
15 F 59 trigeminal neuropathic pain 6 35 satisfactory 
16 M 67 trigeminal neuropathic pain 15 27 satisfactory 
17 F 77 trigeminal neuropathic pain 10 18 excellent -t good 
18 F 21 peripheral lesion 4 14 excellent 
19 M 39 paraplegia 5 18 failure 
20 M 35 tetraplegia 7 22 excellent 

* Excellent, 80-100% reduction; good, 60-80% reduction; satisfactory, 40-60% reduction; failure, <40% reduction of pain on visual analogue 
scale. 

more or less associated with deep feelings of constriction. 13 patients 
also suffered spontaneous episodes of pain: 4 cases of facial pain, 7 of 
thalamic pain and 2 of pain secondary to a spinal cord lesion. Eleven 
patients suffered from pain triggered by contact hyperpathia, allo­
dynia and hyperaesthesia); 3 with facial pain and 8 cases with thala­
mic pain. 

All patients were examined by a neurologist specialized in the 
management of chronic pain and by a psychiatrist. The pain in­
tensity was scored by a visual analogue scale graduated from 0 to 
100. Informed consent was obtained from the patient and family in 
every case. All patients suffered from chronic deafferentation pain, 
present for an average of 6.6 years (range: 4 to 15 years) and re­
fractory to medical treatment (analgesics, anticonvulsants and anti­
depressants). At the preoperative evaluation, all patients had a score 
of between 70 and 100 on the visual analogue scale (mean score: 
90.3). None of the patients had normal everyday activity. Three 
patients (cases 3, 10 and 11) had previously undergone unsuccessful 
stimulation of the VPM nucleus of the thalamus. Patient 18 had 
been treated initially by morphine, with a very incomplete result, 
followed by DREZOtomy, with partial pain relief which lasted only 
one month. 

Surgical Procedure 

In each patient, the central sulcus was located under stereotactic 
conditions (Leksell frame), based on MRI. The operation was per­
formed under local anaesthesia. The exact site of the stereotactic 
target was verified by lateral teleradiography. A Resume 4-plot 
electrode (Medtronic, Minneapolis, USA) was introduced extra­
durally via a standard burr hole for the first patients and via a small 
craniotomy for the others. Somaesthetic evoked potentials (SEP) 
were recorded from the 4 contacts of the electrode after stimulation 

of the median, trigeminal or posterior tibial nerves, depending on the 
topography of the painful territory. In accordance with the technique 
and results reported by Wood [12], the contact situated over the 
sensory cortex recorded a negative wave, called (N20), 20 milli­
microns after the stimulation, while the contact situated over the 
motor cortex recorded a positive wave, (P20). The position of the 
central sulcus could therefore be confirmed electrophysiologically 
when an inversion of this wave was observed between 2 adjacent 
contacts. The position of the electrode was considered to be definitive 
when the anatomical data (stereotactic localization) and physio­
logical data (SEP) were concordant. Bipolar stimulation (0.6-3.5 
milliamperes, 0.1 millimicrons, 30-40 Hertz) was then applied, using 
the contact or contacts situated over the motor cortex. Ideally, the 
patient described an almost immediate reduction of pain. Intra­
operative stimulation never induced any paraesthesia. 

Installation of the stimulator (ITREL 2, Medtronic) was per­
formed about one week after the operation. Several trial stimulations 
were performed during this interval, using a connector brought out 
percutaneously. 

Stimulation Parameters 

In the majority of cases, patients were stimulated for 3-hour 
periods (including during the night), separated by intervals without 
stimulation also lasting 3 hours. Bipolar stimulation was performed 
with the negative pole situated over the motor cortex, as close as 
possible to the central sulcus. On average, the chronic stimulation 
parameters were as follows; frequency: 40.8 Hertz (25-55 Hz), du­
ration: 90 microseconds (60-180 ms), amplitude: 2.4 volts (1.3-4 V). 
In view of the impedance of the system (mean: 1082.3 Ohms, range: 
375 to 1993 Ohms), the mean intensity of stimulation was 2.75 
milliamperes (0.8-6.7 rnA). 
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Evaluation of the Results 

The pain intensity was evaluated by a visual analogue scale during 
the test-stimulation period, and then every 3 months. The result was 
classified into 4 categories: I) Excellent (80 to 100% pain reduction), 
2) Good (60 to 79% improvement), 3) Satisfactory (40 to 59% im­
provement) and 4) Failure « 40% improvement). 

In order to establish correlations between the clinical result and 
the site of stimulation, the position of the electrodes was plotted in 
relation to the central sulcus on diagrams for the various patients. To 
allow combined analysis of the data, the central sulcus was repre­
sented graphically by a straight line drawn between its superior and 
inferior extremities. The superior point of the central sulcus was 
quite easy to determine on MRI. The inferior extremity of the central 
sulcus, situated at a variable distance from the lateral sulcus, is also 
fairly easy to recognize anatomically, but is not always quite so easy 
on MRI. It was found much easier and more reproducible to take, as 
the lower limit of the central sulcus, the midpoint of the superior in­
sular line which constitutes a classical landmark, validated in par­
ticular by the anatomical and arteriographic studies conducted by 
Szikla [7]. Diagrams on which the position of the electrodes was 
identical in the various patients were obtained by standardizing these 
data. It was considered that a reliable mapping, including central 
sulcus landmarks and the position of the various stimulation plots, 
was obtained in 16 of the 20 patients. 

Results 

Results on Pain 

Fifteen patients (75% of cases) were significantly 
improved (pain reduction of between 40 and 100%) in 
the long-term (mean follow-up: 25.1 months, range: 14 
to 39 months). The result was considered to be good or 
excellent in 10 cases (50% of cases). 

Twelve patients obtained a clear improvement of 
their pain during the intra-operative stimulation test. 
In the majority of these cases, this improvement was 
spontaneously maintained for an interval varying be­
tween 24 and 48 hours (post-effect). 

All patients with deafferentation pain of the face 
were improved. The result was considered to be excel­
lent or good in 4 cases (57% of cases) and satisfac­
tory in 3 cases (43% of cases). All of the patients who 
obtained a good or excellent result resumed normal 
everyday activities, and virtually no longer required 
any analgesic medication. The result deteriorated 
over time in patients 12 and 17. 

Of the 10 patients presenting with central pain, 3 
obtained an excellent or good improvement and 2 ob­
tained a satisfactory improvement. Patients I and 8 
resumed an almost normal everyday life and 3 patients 
(cases 1, 8 and 9) markedly reduced their analgesic 
medication. In 3 patients (cases 2, 4 and 5), the initial 
improvement was better than the long-term improve-
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ment. In addition to constant background pain, pa­
tient 9 had also presented with major paroxysmal pain 
which totally disappeared during periods of stimula­
tion. Patient 5 experienced a marked accentuation of 
pain when he mobilized the proximal part ofthe upper 
limb homolateral to the painful syndrome. This pain 
was markedly improved, allowing a certain degree of 
resumption of the main everyday activities. 

One (case 20) of the 2 patients presenting with pain 
secondary to spinal cord lesions obtained an excellent 
result. This patient essentially experienced deep vis­
ceral pain which totally resolved. Diffuse pain situated 
in territories below the lesion was also improved. 
An excellent result was obtained in the patient with 
peripheral pain (case 18). 

In the patients with facial pain, the improvement 
affected continuous pain as well as paroxysmal epi­
sodes and evoked pain. Continuous pain was im­
proved in only 4 of the 10 patients with thalamic pain. 
Conversely, paroxysmal episodes were improved in 6 
out of 7 cases and evoked pain was improved in 6 out 
of8 cases. 

A marked post-effect, with improvement of pain 
persisting for several hours or even several days after 
stopping the stimulator, was observed by the 1st 
month in the majority of cases. It was consequently not 
always easy to adjust the stimulator during the post­
operative period, due to the persistent improvement of 
many patients following intraoperative stimulation. 
The duration of the post-effect decreased to 2 or 3 
hours after the 1st or 2nd month. Due to this persistent 
effect, the follow-up visits were performed on the basis 
of a day-only admission, which allowed the perfor­
mance of one or several modifications of the stim­
ulation parameters, as required. 

Adverse Effects 

In 3 patients, stimulation at an intensity higher than 
3 rnA induced dysaesthesia appearing right from the 
start of stimulation and resolving after stopping the 
stimulator. Dysaesthesia affected the little finger in 
patient No.3, and the hemiface in patients 12 and 15. 
In patient 6, the high intensity stimulation (6.6 rnA) of 
the dominant hemisphere induced speech disorders 
which resolved as soon as the intensity was reduced. In 
16 patients, in whom the stimulation did not induce 
any clinical phenomena, the efficacy of stimulation on 
pain was evaluated under double-blind conditions, in 
which the patient and one of the examiners did not 
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know whether or not the stimulator was turned on. 
One patient developed a small extradural haematoma, 
detected on the postoperative CT scan, with no 
clinical manifestations, which subsequently resolved 
spontaneously. 

Stimulation did not induce any motor activation 
phenomena or any episodes of epilepsy in any of the 
patients. 

No technical problems related to the equipment and 
no infections were observed. 

Correlations Between Results and Position of the 
Electrodes 

The use of a 4-plot electrode allowed testing 4 dif­
ferent stimulation sites in each patient. Each stim­
ulation plot was tested in each of our 20 patients (total 
of 80 plots). Stimulation did not induce any beneficial 
effects in 3 patients, regardless of the stimulation plot 
used. In 13 patients, the effective stimulation zone was 
found to be very isolated, as the patients were only re-
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Fig. 1. Schematic lateral representa­
tion of central fissure (CF) and loca­
tion of 4 polar stimulating plots in 
16 patients. X axis corresponds to 
the level of the superior insular line 
(SIL) and Y axis is perpendicular to 
SIL at the level of it midpoint. The 
effective stimulation plots are circled. 
Light grey: trigeminal neuropathic 
pain. Dark grey: central pain. Black: 
quadriplegic pain. White: peripheral 
pain. Most of the effective stimula­
tions plots are situated over the motor 
cortex and are in agreement with the 
main somatotopic maps 

lieved by stimulation of a precise plot, and trial stim­
ulations of the other plots were totally ineffective. In 3 
patients (cases 5, 14 and 20), this zone was found to be 
larger, as a practically equivalent clinical result was 
obtained in 2 adjacent plots. The position of the elec­
trodes in the 6 patients with deafferentation pain of the 
face is shown on Fig. 1. These sites were grouped in the 
middle third of the sensorimotor region. 

The positions of the electrodes of the 7 patients with 
central pain and the 2 patients with pain secondary to 
a spinal cord lesion are shown on Fig. 1. The stim­
ulation sites which improved central pain (cases 1, 5 
and 8) were grouped in the upper third of the pre­
central region. 

Discussion 

It is now generally accepted that stimulation of cer­
tain structures of the central nervous system can in­
duce analgesia [8]. Several studies have demonstrated 
that stimulation of the nucleus ventralis postero-
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lateralis of the thalamus can control some forms of 
so-called deafferentation pain related to peripheral 
nerve lesions or central lesions [1, 2]. However, this 
technique was found to be fairly disappointing in the 
treatment of central pain, which, on average, is only 
improved in about 30% of cases [9]. Deafferentation 
pain of the face has also been found to be difficult to 
control [1]. Tsubokawa [10] recently reported satis­
factory improvement of pain related to a central lesion 
by chronic stimulation of the motor cortex. The results 
obtained in 11 patients were initially very satisfac­
tory, as 73% of patients were improved during the 
postoperative period. However, persistent long-term 
improvement was obtained in only 45% of cases. 
Meyerson [3] reported a series of 10 patients treated 
according to Tsubokawa's technique. The 6 patients 
with deafferentation pain of the face were considerably 
improved in the long-term, while patients with pain 
related to a central lesion or peripheral neuropathic 
pain were not improved. 

The technique described by Tsubokawa [8, 10, II] 
is mainly based on identification of the central sulcus 
by analysis of intra-operative somaesthetic evoked 
potentials. The position of this sulcus is indicated by 
inversion of the potential recorded 20 ms after stim­
ulation of the median nerve (potential N20-P20) [12]. 
In order to confirm that the electrode is actually situ­
ated in the motor cortex, Meyerson [3] tried to induce 
muscular contractions in the contralateral arm or 
hand by high intensity and low frequency cortical 
stimulation. Tsubokawa [8, 10, II] obtained motor 
responses in the lower limb by stimulating the supe­
rior part of the gyrus. 

Somatotopy of the Motor Cortex 

According to Penfield's studies on the somatotopy 
of the motor cortex [4], the electrode should be posi­
tioned in the inferior zone of the mediolateral part of 
the motor cortex in order to treat pain localized to the 
face. The data in the literature concerning the repre­
sentation of the upper limb are also fairly concordant 
[12]. This zone is situated in the superior part of the 
gyrus, just above that corresponding to the repre­
sentation of the face. The data in the literature con­
cerning the lower limb are more discordant [6, 13]. 
Classically, in man, the zone of representation of the 
lower limb is situated in the medial surface of the 
hemisphere [4]. It has been shown, in man, that this 
zone could extend largely onto the lateral face of the 
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hemisphere [6, 13]. This could explain why Tsubokawa 
obtained improvements in pain of the lower limb by a 
stimulation of the lateral surface of the precentral cor­
tex. The authors results would support this hypothesis, 
but appear to be in contradiction with the results 
reported by Peyron [5], who recommended that the 
electrode be inserted in the subdural space, in direct 
contact with the cortex of the medial surface of the 
hemisphere to treat pain involving the lower limb. 
The authors results are in agreement with the classical 
data concerning the representation of the upper limb 
and the face. Facial pain was improved by stimulation 
in the inferior part of the lateral surface of the pre­
central region and pain of the upper and lower limbs 
was improved by stimulation in the superior part of the 
precentral region. The good concordance between 
the effect of stimulation and somatotopic data appears 
to indicate that no major modification of the somato­
topic arrangement was observed in these patients. 
However, such modifications appeared obvious in 
one of the patients presenting in this study with 
quadriplegia, in whom improvement of bilateral pain 
of the lower limbs by unilateral stimulation appeared 
to be a surprising result. This result needs to be con­
firmed in a larger series of cases. 

The efficacy of stimulation on pain related to a 
peripheral nervous lesion has not been clearly estab­
lished. One of the 2 cases in Meyerson's series [3] was 
not improved. The authors obtained an excellent result 
in one patient with pain of the lower limb related to a 
neoplastic lesion of the trunk of the sciatic nerve. In 
this patient, morphine was virtually ineffective and 
DREZotomy had only very transiently improved the 
pain. 

Localization of the Motor Cortex 

Anatomical localization of the central sulcus is more 
easily performed using MRI than CT scan. It was 
found that it was very important to confirm, by intra­
operative x-rays, that the electrode was correctly situ­
ated in the previously selected position and that it had 
not changed position during the procedure. The use of 
intra-operative SEP proved to be particularly useful 
to confirm the position of the central sulcus [12]. The 
localizing value of the motor effects of cortical stim­
ulation appeared to be less reliable, as many studies 
have shown that these effects can be obtained by stim­
ulation applied anteriorly as well as posteriorly to the 
central sulcus [4, 13]. Furthermore, large zones of the 
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pre- and post-central region are able to give identical 
motor responses after stimulation, especially in terms 
of their site [13]. Functional magnetic resonance 
imaging will probably be very useful as it appears ca­
pable of generating somatotopic maps of the primary 
motor cortex in individual subjects [6]. 

The clinical effects of stimulation on pain can also 
facilitate positioning of the electrode, as, in several 
cases in this series, intra-operative cortical stimulation 
induced an almost immediate improvement of pain, 
thereby validating the correct positioning of the elec­
trode. Although very inconstant, this effect justifies 
performing the procedure under local anaesthesia and 
selection of patients able to reply coherently during the 
operation. 

Complications 

The risks of the technique are still incompletely 
known. Complications directly related to the operative 
procedure appear to be very rare. Detachment of 
the dura mater can predispose to the formation of an 
extradural haematoma, as in one patient. The use of 
a small craniotomy, rather than a simple burr hole 
would help to avoid this complication. The risk of in­
ducing real epilepsy has to be considered. This com­
plication has not been reported in any of the patients 
published in the literature [3, 5, 8, 10, 11]. However, 
great caution is required in relation to this potential 
complication and experimental studies are needed, as 
the long-term effects of chronic stimulation on the 
structure of the cortex are not known. 

Mechanism of Action 

The mechanism of action of chronic stimulation of 
the motor cortex is unknown. Tsubokawa proposed 
several hypotheses which have not yet been confirmed, 
in particular a long-term neuroplastic effect [8, 11]. 
Two aspects need to be discussed: 

(i) The effect of stimulation on the cortex itself, 
which could vary as a function of the cortical layers 
submitted to stimulation. A relatively high stimulation 
frequency could also induce a tonic depolarization and 
cortical inactivation effect, which is known to inhibit 
thalamic relays [8]. Conversely, stimulation could ex­
cite certain pyramidal neurons. Experimental studies 
are required to analyse in more detail the physiological 
effects of this type of stimulation at the cellular level. 
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(ii) It may appear paradoxical that the stimula­
tion plots placed over the motor cortex rather than 
over the parietal cortex exerted the more effective 
analgesic effect. This could be explained by an effect 
on the cortex itself (especially frontal cortex, intra­
cortical connections, parietal cortex) and/or on sub­
cortical structures (lateral and median thalamic relays 
or reticular nucleus) [5] or even a role of inhibitory 
pyramidal connections on spinal somaesthetic relays 
[8]. 

Conclusion 

This pilot study is in line with the main series of the 
literature and confirms the potential value of chronic 
stimulation of the motor cortex in the treatment of 
certain forms of neurological pain refractory to other 
treatments. The anatomical localization of the central 
sulcus by MRI and optimization of the positioning 
of the stimulation plots appear to be essential both 
to improve the results of treatment and to allow a 
better understanding of the mechanism of the analgesic 
effects. 
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Summary 

Considerable but uncontrolled evidence suggests that stereotactic 
capsulotomy by means of thermolesions may provide symptomatic 
relief for patients with otherwise therapy refractory "malignant" 
obsessive compulsive disorder (OCD). Unlike in other functional 
stereotactic interventions, target localization for capsulotomy is 
based upon anatomical definition only. Few systematic attempts 
have been made to correlate the site and size of the capsular lesions 
with postoperative clinical outcome. Between 1976 and 1989 bi­
lateral thermo-capsulotomy (TC) was performed in 22 OCD pa­
tients. In 19 patients complete quantitative pre- and postoperative 
psychiatric rating of OCD symptoms and long-term postoperative 
MRI studies were available. Cohorts of patients fulfilling criteria 
for good or poor outcome were contrasted, cases with intermediate 
treatment effect being excluded. Median postoperative MRI follow­
up was 8.4 years (2.4-20.3 y). 9/19 patients fulfilled criteria for good 
postoperative outcome. In these patients all lesion sites overlapped 
covering a small area within the right anterior limb of the internal 
capsule. Lesions within the group of patients with poor outcome 
(n = 5) were located elsewhere, mostly further anterior in the in­
ternal capsule. Differences of lesion overlap between the two out­
come groups were significant for the right side (Fisher's Exact Test: 
p < 0.005). Common topographic features of lesion sites within the 
right internal capsule were identified in OCD patients responding 
favourably to capsulotomy. 

Keywords: OCD; anterior capsulotomy; thermolesion; post­
operative control. 

Introduction 

Obsessive-compulsive disorder (OeD) is one of the 
most prevalent and chronic forms of mental disorders 
in the general population. Presently favoured neuro­
biological hypotheses of OeD assume that the disease 
is caused by or associated with an imbalance in the 
cortico-striatal-thalamo-cortical circuit [12]. A great 
number of patients relapse after pharmacological 
treatment or do not respond at all. About 20% experi­
ence a progressively disabling course and are ref rac-

tory to psycho- and pharmacotherapy. Some of these 
patients are candidates for surgical anti-obsessive 
therapy. 

A limited number of patients with a chronic deteri­
orating clinical course, intractable by all current non­
surgical therapeutic options, have been operated with 
bilateral anterior thermo-capsulotomy. Only few sys­
tematic attempts have been made to correlate the 
anatomical location of these lesions to the individual 
postoperative clinical outcome [10]. 

The current retrospective study was designed to 
define the lesion sites in OeD patients treated with 
bilateral stereotactic thermo-capsulotomy. A geome­
tric system for interindividual comparison of lesion 
parameters was developed based upon postoperative 
long-term MRI investigations. The preliminary results 
are reported. 

Patients and Methods 

Between 1976 and 1989 22 patients with otherwise therapy re­
fractory OCD were treated with bilateral Thermo-Capsulotomy 
(TC) at the Karolinska Hospital Stockholm. The patients fulfilled 
the diagnostic criteria of the current DSM for OCD, their duration of 
illness exceeded 5 years causing severe subjective suffering and con­
siderable reduction in psychosocial functioning. All non-operative 
treatment options had been tried systematically without appreciable 
effect [11]. The clinical morbidity was monitored prospectively using 
standardized psychiatric rating scales (CPRS-OC) as described 
earlier in detail [8-11]. Nineteen patients with complete pre- and 
postoperative psychiatric ratings and long-term postoperative MRI 
studies (male/female: 8/11) fulfilled all criteria for further evaluation. 
Their median age was 39 years (range 26.8-53.3 y; mean 40.3 y). All 
patients were right-handed. 

Patients were assigned to two outcome categories based upon 
percent change over time in their CPRS-OC rating: Nine patients 
experienced more than 50% postoperative symptom relief and were 
classified as having a good clinical outcome and 5 patients showed 
no clinical change. Data pertaining to the two groups of patients 
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fulffiling criteria for good or poor outcome were contrasted, cases 
with intermediate treatment effect being excluded for the current 
quantitative evaluation. 

Operative Technique 

The details of the stereo tactical operative technique 
[5, 11] have been described before. In brief, the bi­
lateral capsulotomy lesions were placed between the 
anterior and the middle thirds of the anterior limb of 
the internal capsule as defined on CT or MRI tomo­
grams at the approximate level of the foramen of 
Monro [11]. The radiofrequency lesions were intended 
to be about 20 mm in height and 8 mm in width [5]. 
The basal portion of the capsule was to be included in 
the lesion. The coagulation electrode was aligned to 
the internal capsule's 25-30 degree angulation from 
the vertical plane [11]. 

Quantitative Anatomical M Rl Evaluation 

Median postoperative MRI follow-up was 8.4 years 
(range 2.4-20.3 y; mean: 8.5 y). All MRI studies were 
performed on a 1.5 Tesla Signa Advantage Unit 
(General Electric). In order to achieve optimal ana­
tomical orientation, T2 proton weighted (pulse gated 
fast spin) echo sequences (TR 4000 ms and TE 35 + 80 
ms) in the axial plane were selected. Slice thickness was 
5 mm and interslice gap 2 mm. Field of view was 25 em 
and matrix size 256 x 256 covering the whole brain. 
A well demarcated hyperintense signal change within 
the anterior limb of the internal capsule on proton 
weighted sequences was defined as a lesion. Images 
were reformatted on the MRI console with an equal 
angulation parallel to the AC-PC line as individually 
defined in all cases. The resulting reformatted slice 
thickness was 0.86 mm. 

For quantitative interindividual comparison of 
lesion localization the following anatomical landmarks 
were selected: for definition of the stereotactic z-plane 
the anterior commissure, the foramen of Monro and 
the internal cerebral vein. The lesion extent within the 
internal capsule in the x- and y- planes was measured 
on a superimposed ruler in relation to the adjoining 
putamen: the part of the anterior limb of the internal 
capsule at the lateral edge of the putamen was assigned 
to constitute the 0 coordinate, the capsular part adja­
cent to the medial putaminal edge was defined as the 
100 coordinate. A lesion's start- and endpoint on this 
virtual ruler was measured in every reformatted MR 
slice and expressed in discrete numbers allowing inter-
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individual comparison. Right and left sided lesions 
were analyzed separately. 

Results 

Quantitative Analysis 

Nine out of 19 patients fulfilled the criteria for good 
clinical postoperative outcome. All lesions in these 
patients overlapped covering a volume in the middle of 
the right anterior limb of the internal capsule at the 
level of the foramen of Monro (coordinates 38-64) 
and (4 mm above) on the plane with the internal cere­
bral vein (coordinates 48-50). By contrast, lesions 
within the group of patients with poor outcome were 
located elsewhere, mostly further anterior in the in­
ternal capsule. Differences of lesion overlap between 
the two outcome groups were significant for the right 
side (Fisher's Exact Test: p < 0.005). Left sided lesions 
showed no corresponding differences with regard to 
outcome. 

The detailed neuropsychiatric results will be re­
ported elsewhere. 

Discussion 

The present results demonstrate a correlation be­
tween outcome and capsulotomy lesion site, and pro­
vides some evidence for the right-sided lesion in the 
successfully treated patients. Nine out of these 19 
otherwise therapy refractory patients manifested clin­
ical improvement following the stereotactic inter­
vention. The lesioned volume, common to all those 
patients with a favourable outcome, is located within 
the right-sided anterior limb ofthe internal capsule. By 
contrast, no such overlap could be demonstrated on 
the left side. 

So far only a few systematic attempts have been made 
to correlate the anatomical location of the functional 
lesions to postoperative clinical outcome or side-effects 
[6, 10]. In an early MRI study without quantitative 
anatomical assessment Mindus et al. reported that 
MRI had failed to visualize distinct, bilateral lesions in 
two patients with unsarisfactory outcome after capsu­
lotomy with the Gamma Knife, whereas all success­
fully treated patients had shown adequate lesions [10]. 

In the present study patients were subjected to a 
standardized operative technique, MRI protocol and 
quantitative psychiatric assessment, in order to re­
duce difficulties in the interindividual comparison. The 



Obsessive Compulsive Disorder and the Right Hemisphere 

problem of quantitative anatomical comparison was 
addressed by using standardized digitally reformatted 
MRI images in combination of anatomical landmarks 
and numerical measurements. Since lesion coordinates 
were expressed relative to common anatomical land­
marks, MRI distortion was considered negligible for 
the current investigation. Remaining potential sources 
for inaccuracies are subjective judgments with regard 
to the lesion extent and the lack of sub-millimeter mea­
surements on the MRI console. 

The present data can contribute to a further opti­
mization of the anatomical target identification for 
capsulotomy lesions. The study provides evidence for 
the relevance of right sided lesions in the successful 
stereotactic treatment of OCD. Likewise metabolic 
PET studies indicate the importance of right hemi­
spheric structures in the aetiology and treatment of 
OCD: The basal ganglia and the orbitofrontal cortex 
are accepted as playing a crucial role [1-3]. PET studies 
of patients with obsessive-compulsive disorder exposed 
to individual symptom provoking stimuli demon­
strated right caudate activation [7, 13] and right [7] and 
bilateral [13] orbitofrontal activation in the sympto­
matic state. Mc Guire et al. reported positive correla­
tions between symptom intensity and rCBF in the lower 
portion of the right inferior frontal gyrus and caudate 
nucleus [7]. Several studies describe therapy dependent 
regional metabolic effects in OCD patients and dem­
onstrate orbitofrontal hyperactivation on the right side 
before treatment [4, 14, 15]. Capsulotomy is supposed 
to interrupt thalamo-cortical projections within the 
anterior limb of the internal capsule [12] and may be 
assumed to interfere with the inappropriate activation 
of the orbitofrontal cortex associated with OCD. 

The current results reflect the potential importance 
of a minimallesioned volume defined by the mid-part 
of the right anterior limb of the internal capsule at the 
level of the foramen of Monro and the internal cerebral 
vein. The evaluation of more recently treated patients 
and of patients subjected to radiosurgical capsulotomy 
with the Gamma Knife will further help to optimize 
the target identification. A prospective study is planned 
with a unilateral right-sided capsulotomy target as de­
fined by the current anatomical investigation in order 
to reproduce the topographical parameters. 
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Lesionectomy in Epileptogenic Temporal Lobe Lesions: 
Preoperative Seizure Course and Postoperative Outcome 

M. Casazza, G. Avanzini, E. Ciceri, R. Spreafico, and G. Broggi 

Istituto Nazionale Neurologico "C. Besta", Milano, Italy 

Summary 

A series of S4 patients operated on for temporal epileptogenic 
lesions is reported: 36 had slow growing turnours, 18 supratentorial 
cavernous angiomas. The patients were divided into two different 
groups according to the presence of seizures controlled (group I) or 
not controlled (group 2) by antiepileptic drugs (AEDs). 

All the patients underwent preoperative scalp EEG and magnetic 
resonance imaging (MRI). They were operated on by pure lesionec­
tomy, associated with amygdalo-hippocampectomy in 8 cases of 
uncontrolled seizures. Postoperatively they underwent MRI exami­
nation which revealed an incomplete lesionectomy in 12 cases. 

Patients were followed up after surgery for at least 2 years, 6 
of them were reoperated on for the persistence (or regrowth) of the 
turnour. The results of epilepsy outcome are reported. These cases 
underline the importance of preoperative electroclinical study, in 
order to determine the relationship between lesion location and 
epileptic focus. If good concordance is present, a complete lesionec­
tomy is enough to cure the patient. In other cases associated amyg­
dalo-hippocampectomy leads to better results, while more compli­
cated cases may need preoperative stereo-EEG studies. 

Keywords: Epilepsy; temporal lobe lesion; lesionectomy; amyg­
dalo-hippocampectomy. 

Introduction 

MRI leads to the preoperative identification of ana­
tomic lesions in a very high percentage of patients 
with epilepsy, particularly with temporal lobe epilepsy 
(TLE). The identification of the morphologic change, 
responsible for seizures can help in localizing the epi­
leptogenic zone, but the presence of a structural lesion 
in a patient with seizures does not allow a statement of 
cause and effect. These considerations are increased in 
the temporal lobe by the presence of such structures as 
the hippocampus which are often implicated in seizure 
generation [10]. It has also been suggested that a sec­
ondary mesiotemporal focus may develop indepen-

dently from a distant lesion, which may also induce 
morphological changes in the hippocampus [12]. 

The most frequent histological types of epilepto­
genic temporal lesions are slow growing gliomas such 
as astrocytomas, gangliogliomas and dysembryoplas­
tic tumours [19], but malignant degeneration in some 
of them has been reported [3]. Only biopsy or excision 
can lead to histological diagnosis so that traditional 
surgery is considered convenient by many authors for 
oncological reasons in all of these cases [14]. 

Arterio-venous malformations and cavernous an­
giomas are often observed in cases of epilepsy [8, 18]. 
In these patients the risk of spontaneous bleeding is not 
completely assessed [7, 18] but it is well documented by 
MRI [20] and has been related to epilepsy onset, per­
sistence or deterioration [16]. All these considerations 
underline the importance of establishing a correct sur­
gical and medical approach to radiologically evident 
lesions in patients with epilepsy, in order to give a 
prognostic indication for the various options in pre­
surgical investigations and in surgical techniques [2, 5, 
13]. The authors have reviewed critically their patients, 
who underwent lesionectomy in recent years, to deter­
mine a positive integrated approach to epileptic pa­
tients with temporal lesions. 

Methods and Material 

The patients of this study were selected from 1988 to 1994 from the 
surgical series of the authors' institute. They were operated on for 
ternporallobe lesions presenting with one or more epileptic seizures. 
Clinical data on preoperative epileptic seizures, with particular re­
gard for symptomatology, were collected. The patients underwent 
preoperative scalp EEG: in S patients sphenoidal electrodes were 
successfully used to record seizures and in 3 of them foramen Hovale 
electrodes have also been employed. All patients were studied with 
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pre- and postoperative MRI (Philips Gyroscan 0.5 Tesla, Philips 
Gyroscan ACS 1.5 Tesla). Standard examination included T1 
weighted images (w.i.) sagittal and coronal sections, proton density 
and T2 w.i. (Spin Echo: TE 50, TR 2000; TE 100, TR 2000) axial and 
coronal sections. Contrast medium (gadolinium) was used only in 
selected cases. 

Patients were divided into two groups: group I included those with 
sporadic or controlled seizures and group 2 was formed by patients 
with refractory seizures. 

Forty-six patients underwent pure lesionectomy. In 5 cases they 
were reoperated on for the persistence of seizures associated with 
incomplete lesionectomy, and surgery was extended to amygdalo­
hippocampectomy in 3 cases. One patient had further surgery for 
tumour regrowth. 

In 8 patients lesionectomy was combined with the removal of 
amygdala and hippocampus. Follow-up lasted more than 2 years in 
all cases. Postoperative MRI and seizure outcome, using Engel clas­
sification [9], are considered. 

Results 

Mean age at seizure onset appears higher in patients 
with cavernomas (Table 1) than with tumours, while 
mean illness durations is much shorter only in caver­
nomas of group 1. The 14 patients of group 1 had only 
isolated preoperative seizures controlled by AEDs. 
Eight of them had a cavernous angioma, temporo­
lateral in 7 cases and mesial in 1 case. Six had a slow 
growing tumour (4 low grade astrocytomas, 1 gan­
glioglioma, 1 teratoma), located temporo-Iaterally in 
3 cases, mesially in 1 case, mesially and laterally in 
1 case. 

In these patients surgical approach Was lesionec­
tomy, complete in all cavernomaS and in 6 tumours, 
incomplete in 2 tumours. 

The mean follow-up is 5 ± 1.2 years. One patient 
with psychiatric disorders dropped out. Six patients 
with cavernomas are postoperatively in Engel class IA 
and one in class IC. Only one patient with a mesial 
cavernous angioma had a postoperative worsening of 
her seizures (class IV C), probably due to surgical com­
plications: she had in fact a temporo-basal malacia. 

Two patients with tumour are in class lA, but one 
of them relapsed 5 years postoperatively coinciden­
tally with tumour regrowth. She has recently been 
reoperated on and no postoperative data are yet 
available. 

One patient with incomplete lesionectomy of a me­
sial tumour is in class IC while another with a residual 
lateral tumour, which recurred postoperatively and 
required reoperation (performed elsewhere) and radio­
therapy, is in class III B. Another patient from this 
group is in class IV C: she had a lateral teratoma 
pressing on mesial structures. After a complete lesion-
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Table 1 

Mean age at Mean illness Mean age at 
onset duration surgery 

Cavernomas group I 30.1 ± 14.7 2.1 ± 2.6 32.1 ± 14.8 
group 2 28.9 ± 10.3 10.9 ± 8.7 39.6 ± 10.9 

Tumours group I 21.9 ± 14.1 9.2 ± 8.2 31 ± 10.2 
group 2 18.4 ± 9.4 9.6 ± 6.1 28 ± 8.2 

Table 2. Preoperative Seizure Course (Group 2) 

Cavernous Tumours 
angiomas 

Seizure frequency 
1-12/year 0/10 1/30 
>1/month 7/10 8/30 
>1/week 1/10 14/30 
>I/day 2/10 7/30 
Seizure semeiology 
Aura 8/10 27/30 
Impairment of consciousness 
- preceded by aura 6/10 22/30 
- not preceded by aura 2/10 3/30 
Somatomotor phenomena 3/10 7/30 
Secondary generalization 3/10 13/30 

ectomy she was seizure free for only one year. Seizures 
then recurred and are difficult to control. 

In group 2, 10 patients had cavernomas (7 lateral, 2 
lateral and mesial, 1 mesial) and 30 had slow growing 
tumours (15 mesial, 12 lateral, 3 mesial and lateral): 
11 were gangliogliomas, 7 low grade astrocytomas, 
5 oligodendr()gliomas, 2 calcific telangiectatic hamar­
tomas, 2 ependymomas, 1 each oligoastrocytoma, 
neurinoma, epidermoid and dysembryo-neuroepithe­
lioma. These patients had refractory seizures. 

Preoperative seizure frequency and semeiology are 
reported in Table 2: while frequency is higher in 
tumours than in cavernomas, there are no differences 
in the semeiology of seizUres, particulary with regard 
to the impairment of consciousness and effects of ex­
tratemporal diffusion (somato-motor phenomena and 
secondary generalization). Interictal EEG was normal 
in 3 patients, showed non-specific theta activity in 2 and 
slow (theta-delta) and epileptiform focal activity spa­
tially concordant with the site of the lesion in 34 pa­
tients. In 4 of these this activity diffused contralaterally 
and in 3 it was associated with epileptiform contra­
lateral asynchronous abnormalities. In one case, only 
contralateral sharp-waves were observed. 
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Table 3. Postoperative Outcome (Group 2) 

Mean 
follow-up 

Cavernous 
angiomas 

Tumours 

4.6 ± 1.8 
years 

Class No. 

IA 5 

ID 2 
IIC 2 

IVB 
IA 14 
ID 2 
lIB 2 
IIC 2 
IlIA 2 
IVA 1 
IVB 6 
IVC 

(relapse only at drug withdrawal) 
(1 with multiple angiomas, 1 with 

temporomesial angioma) 
(contralateral hippocampal atrophy) 
(4 incomplete lesionectomies) 

In sixteen patients seizures were recorded, in 12 
cases from the scalp, in 5 also with sphenoidal elec­
trodes and in 3 with foramen ovale electrodes. Four 
patients had multiple scalp recordings with sphenoidal 
and/or foramen ovale electrodes. In 15 patients sei­
zures fitted with lesion site. In the only one case in which 
they did not the outcome was IV B. Patients with cav­
ernomas were operated on by lesionectomy, which re­
sulted in complete removal in all cases. In patients with 
tumours, lesionectomy was shown as complete on the 
postoperative MR control in 12 cases and incomplete 
in 10. Five of these patients therefore received further 
surgery and in 3 of them the lesionectomy was en­
larged to amygdalo-hippocampectomy. 

In 8 patients electroclinical data led to a different 
surgical approach, i.e. lesionectomy plus amygdalo­
hippocampectomy. 

Mean follow-up has lasted 4.6 ± 1.8 years. Post­
operative seizure outcome is rather different in caver­
nomas and tumours (Table 3). Most patients with 
cavernous angioma are in class I (70%), 2 of them 
in class ID: they relapsed only on withdrawal of 
AEDs, seizures were promptly controlled by the re­
sumption of their medication. The only patient in class 
IV B of this group had interictal epileptiform activity 
contralateral to the cavernoma and a mild hippo­
campal atrophy on that side. Seizures were not re­
corded and had no lateralizing signs. 

Only 50% of the patients with tumours are in class 
I. Four of them had an incomplete lesionectomy, 
due to the extension of the lesion, but an amygdalo­
hippocampectomy for electroclinical reasons (Figs. 1 
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Fig. I. MR coronal images with gadolinium (SE 600/20). Thirty­
three-year old patient with refractory mesio-temporal seizures. The 
intensely enhancing lesion (ganglioglioma) involves the posterior 
part of the left amygdala and the anterior part of the hippocampus 

Fig. 2. MR coronal images with gadolinium (SE 600/20). In the 
postoperative follow-up the complete removal of the intra-axial 
lesion with partial amygdalo-hippocampectomy is well demon­
strated. The patient is seizure free 

and 2). Three patients, in whom the hippocampus was 
not involved in the lesion and seizures did not have 
mesiotemporal semeiology, were cured by the com­
plete lesionectomy. 

Among those with peristence or worsening of sei-
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Table 4. Semeiology of Seizures and Outcome 

Outcome Temporal Extratemporal Loss of contact Loss of contact not Somatomotor Total 

aura aura preceded by aura preceded by aura phenomena 

IA 16 1 
ID 4 0 
lIB 2 0 
lIe 4 0 
IIA 2 0 
IVA 0 0 
IVB 4 
Ive 0 

Table 5. Outcome of Patients with Recorded Seizures 

IA 
ID 
lIB 
lIe 
lIlA 
IVB 

12 
2 
2 
4 
2 
0 
4 

7/16 
1/16 
2/16 
3/16 
1/16 
2/16 

zures, extratemporal aura, loss of contact not preceded 
by localizing aura and somatomotor phenomena are 
more frequent than in patients of class I (Table 4). The 
recording of ictal EEG by itself is not enough to im­
prove the outcome (Table 5). Only in one patient did 
recorded seizures not fit with tumour location. This 
patient is in class IV B, and had an operation for a 
temporo-lateral oligodendroglioma. Two other cases 
with lateral tumours and complete lesionectomy are in 
class IV B. In both cases there is no localizing effect 
from seizure semeiology. 

In 5 patients seizures were compatible with the 
location of the lesion, but lesionectomy as demon­
strated by postoperative MR imaging was incomplete. 
Two cases may have double pathology: in one the 
temporal lobe homolateral to the partially excised 
mesio-temporal astrocytoma has a complex malfor­
mative aspect, in another a temporo-lateral epider­
moid probably induced a structural rearrangement of 
mesio-temporal structures. Even after complete re­
moval of the tumour seizures were unchanged (Figs. 3 
and 4). 

Discussion 

In slow growing hemispheric tumours epilepsy is 
present in 70% of cases [11] and seizures are often 
refractory to AEDs [1]. In addition, cavernous angio-

2 3 19 
0 2 4 
0 0 2 
0 2 4 
0 0 2 
1 0 1 
2 3 7 
0 

Fig. 3. MR coronal images (SE 2000/100). Twenty-one-year old 
patient with refractory seizures of possible mesio-temporal origin. A 
large, extra-axial hyperintense lesion is well demonstrated in the 
right ponto-cerebellar angle extending into the ambiens cistern. The 
middle temporal lobe structures are markedly compressed (arrows) 

mas provoke epileptic seizures in almost 50% of cases 
[17]. 

MRI now fairly easily and precisely gives the size 
and location of these lesions but it does not provide 
information on their epileptogeneity [4, 6]. The tem­
porallobe has been studied widely for its involvement 
in seizures, mostly due to mesio-temporal structures 
[10]. It is therefore the most frequent target of non­
lesional epilepsy surgery with encouraging results [3]. 
In the presence of a lesion and refractory epilepsy, 
the surgical approach is discussed: if seizures are trig­
gered by the lesion, a pure lesionectomy can cure the 
patient, but the presence of a distant electric focus 
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Fig. 4. MR coronal images (SE 2000/1(0). Postoperative follow-up 
shows the complete removal of the supra-tentorial part of the epi­
dermoid. No postoperative seizure modifications 

of non-concordant semeiology requires a tailoring of 
surgery of associated cortectomy [15, 19, 21]. Post­
operative results confirm this approach: patients are 
cured in 95% of cases after a more extensive approach 
to the lesion, and 50% after pure lesionectomy in 
the series of Spencer [19]. Wyllie [21] also emphasises a 
better prognosis in the presence of a complete excision 
of an electrical focus, even if the lesionectomy itself is 
incomplete. Awad [1] however, reports a better control 
of seizures if lesionectomy is complete. 

In the authors' series patients with sporadic seizures 
(group 1) and with refractory epilepsy (group 2) have 
been considered separately. In group 1, where lesio­
nectomy is the treatment of choice, failure in control of 
seizures is due either to postoperative complications 
to incomplete lesionectomy or to tumour regrowth. 
In only one case did the presence of an extracerebral 
tumour (teratoma) lead probably to mesiotemporal 
compression and to postoperative seizures, e.g. a case 
of epidermoid in group 2, in whom a radiological 
structural rearrangement of those structures was 
also observed. In group 2 a complete lesionectomy, 
demonstrated by MRI, correlates with better results 
if seizures arise from the lesion, as shown by pre­
operative electroclinical studies. This is particularly 
true for mesio-temporallesions. In the cases in which a 
residuum of the tumour does not involve the epileptic 
focus, patients may be seizure free postoperatively. 
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A careful electroclinical evaluation of seizures may 
suggest the combined approach of lesionectomy and 
amygdalo-hippocampectomy, even without deep elec­
trodes or EeoG studies. Such an approach has led in 
the authors' series to good results. VideoEEG is an 
important tool, but sometimes may not be sufficient 
to distinguish a temporo-mesial from a lateral seizure 
onset. The clinical pattern of seizures can be even more 
important than ictal recording, while in more compli­
cated and selected cases with non-localizing convulsive 
features, stereoEEG is the only means of identifying an 
epileptic focus. 

In conclusion, the association of seizures and tem­
porallesions must be critically considered in order to 
establish the indications for surgery, distinguishing an 
oncological from an epileptologic approach. In the 
latter case preoperative studies should be directed to 
the demonstration of concordance between the lesion 
and seizures or its absence. 
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Summary 

In approximately 30% of patients with intractable partial epilepsy, 
an intra-axial cerebral lesion is the aetiology of the seizure disorder. 
Lesions adjacent to mesiotemporal structures often result in second­
ary epileptogenicity in the same region. 

The authors present 22 cases oflow-grade gliomas associated with 
intractable epilepsy. In 15 cases the location was temporal (8 extra­
hippocampal and 7 with invasion of the amygdalo-hippocampus), 
7 cases were extratemporal in eloquent areas. The eight extra­
hippocampal tumours were originally treated with lesionectomy. 
The seizure outcome was class I in only 4 cases, the remaining 4 were 
class 4 according to Engel's classification. The 4 cases with class 4 
outcome required additional temporal lobectomy associated with 
amygdalo-hippocampectomy for seizure control. The 2 cases with 
associated hippocampal atrophy at MRI after lobectomy had out­
come class I. The 2 cases without hippocampal atrophy at MRI 
presented outcome class 2. The 7 cases with invasion of amygdala 
and hippocampus were treated with selective lesionectomy + amyg­
dalo-hippocampectomy. In all these cases convergence of focal 
structural abnormality, ictal onset of epileptiform EEG abnormality 
and interictal epileptiform EEG abnormality provided powerful 
evidence of focal epileptogenicity. AIl these patients had a favour­
able epilepsy outcome (class 1-2). In the seven extratemporal cases 
the first step was lesionectomy. In I case located in the parietal re­
gion intraoperative mapping was required. 5 had class I outcome, 
one case had outcome class 2 and one case had an outcome class 4. 
The last patient required a second step operation with intraoperative 
strip and deep electrode monitoring that led subsequently to a frontal 
lobectomy. This patient is seizure free 2 years after surgery. 

There was no perioperative mortality and post-operative morbid­
ity was 3/22. 

This study indicates that lesionectomy may be the first step pro­
cedure if the structural abnormality is localized to extra-temporal 
eloquent cortex and concordance is documented. Patients may sub­
sequently be candidates for a cortical resection as a second step pro­
cedure if the lesionectomy does not provide an adequate reduction in 
seizure tendency. 

Since MRI identified hippocampal atrophy was predictive in 
this study of an unsatisfactory seizure outcome after lesionectomy, 
MRI defined dual pathologies consisting of a temporal lesion plus 
hippocampal atrophy necessitate temporal lobectomy + amygdalo­
hippocampectomy. 

In patients with negative MRI findings of hippocampal atrophy 
and temporal lobe lesions, intraoperative electrocorticography and 
deep electrode monitoring are indicated for planning the surgical 
strategy. 

Keywords: Partial epilepsy; lesionectomy; amygdalo-hippo­
campectomy; low-grade gliomas. 

Introduction 

In approximately 30% of patients with intractable 
partial epilepsy an intra-axial cerebral lesion is the 
aetiology of the seizure disorder [1-3]. The concor­
dance of focal structural abnormality, ictal onset 
and inter-ictal epileptiform EEG abnormality and 
neuronal dysfunction in a given region of the brain 
provides powerful evidence of focal epileptogenicity 
[4, 5]. In instances where there is no such absolute 
concordance the neurosurgeon should be suspicious 
of possible mislocalization of epileptogenicity [6, 7]. 
The tumour exerts a pathological effect on nearby 
brain parenchyma rendering this region of the brain 
epileptogenic. The effect of a mass lesion on sur­
rounding brain parenchyma may be mechanical, 
causing increased pressure and/or ischaemia or may be 
related to specific trophic factors derived from blood 
leakage or haemosiderosis [8, 9]. Lesions adjacent 
to mesiotemporal structures often result in secondary 
epileptogenicity in these structures. The incidence of 
mesio-temporal sclerosis and extra-hippocampal tu­
mour in the temporal lobe has ranged from 8 to 22% 
[7]. In some cases the brain around the lesion is irre­
versibly kindled so as to remain epileptogenic despite 
lesion resection. This phenomenon appears to be 
greater in patients with temporal extra-hippocampal 
lesions. 
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Material and Methods 

All the patients with the exception of the group with critical extra­
temporal location of the tumour entered the seizure protocol includ­
ing prolonged video-EEG monitoring, neuropsychological testing, 
MRI hippocampal volumetry and intraoperative deep electrodes 
monitoring and corticography. WADA test was administered in 
8 cases. 

Results 

Twenty-two cases of low grade gliomas are pre­
sented associated with intractable epilepsy, classified 
as partial complex seizures. The mean age of the 
patients was 36 years (range 16-52) and the mean 
duration of intractable seizure disorder was 5.6 years 
(range 2-14). In 15 cases the location was temporal 
(8 extra-hippocampal and 7 with invasion of the 
amygdalo-hippocampus), 7 cases were extra-temporal 
in eloquent areas (Table 1). The eight temporal extra­
hippocampal tumours were originally treated with 
lesionectomy (Fig. lA). In 4 out of 8 cases intra­
operative deep electrodes and corticography showed 
independent de synchronized epileptic activity in the 
amygdala and hippocampus. The seizure outcome was 
class 1 in only 4 cases, the remaining 4 in which deep 
electrodes were showing autonomous de synchronized 
activity were class 4 according to Engel's classification. 
The four cases with class 4 outcome required addi­
tional temporal lobectomy associated with amygdalo­
hippocampectomy for seizure control. The 2 cases 

a b 

71 

Table 1. Site of Cerebral Lesions and Relationship to Outcome of 
Seizure Activity after Microsurgical Lesionectomy 

Localization Engel's class Follow-up 
(months) 

I II III IV mean 

Temporal, extrahippocampal 
Hippocampal 

4 
5 2 

4 16 
18 

Frontal 
Parietal 
Occipital 
Fronto-parietal 
Temporo-parietal 
Parieto-occipital 

2 
1 

18 
28 
22 
35 
35 
37 

with associated hippocampal atrophy at MRI (Fig. IB) 
after temporal lobectomy and amygdalo-hippocam­
pectomy had outcome class 1. The 2 cases without 
hippocampal atrophy at MRI, after the same surgical 
procedure, presented outcomes class 2. 

The 7 cases with invasion of amygdalo and hippo­
campus (Fig. 2A) were treated with a trans-Sylvian 
tumourectomy and selective amygdalo-hippocampec­
tomy (Fig. 2B). In all these cases convergence of focal 
structural abnormality, ictal onset and inter-ictal epi­
leptiform EEG abnormality confirmed epileptiform 
activity confined to the amygdala and hippocampus. 
Intra-operative deep electrode recordings and cortico­
graphy provided powerful evidence of focal epilepto­
genicity. All these patients had a favourable epilepsy 
outcome (class 1-2). 

Fig. 1. (a) Axial MRI after lesionec­
tomy of a grade II temporal as­
trocytoma. The patient showed persis­
tence of partial complex seizures after 
surgery. (b) Coronal T2 weighted MRI 
of the same patient shows left hippo­
campal atrophy in association with the 
surgically treated temporal lesion. The 
patient underwent as 2nd step surgery 
temporal lobectomy and amygdalo-hip­
pocampectomy which allowed complete 
control of epilepsy 
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a b 

Fig. 2. (a) Coronal MRI with gadolinium injection of a 21 years old man suffering from partial complex seizures since the age of 7. The 
enhancing lesion invading the left amygdala and hippocampus at histology was classified as ganglioglioma. (b) Coronal MRI with gadoli­
nium injection after tumourectomy and selective amygdalo-hippocampectomy through a trans-Sylvian approach. This procedure allowed 
complete control of the epilepsy 

a 

b 

In the seven extra-temporal cases (Fig. 3A) the first 
step was lesionectomy because of the location in elo­
quent areas (Fig. 3B). In 1 case located in the parietal 
region intraoperative mapping was required. Five pa­
tients had class 1 outcome, one case had class 2 and 
the other had class 4 outcome. The last patient re­
quired a second step operation with intraoperative 
deep electrodes and corticography which subsequently 
led to a frontal lobectomy. This patient is now seizure 
free 2 years after surgery. 

The histological diagnosis was astrocytoma grade II 
in 8 cases, oligodendroglioma grade I in 3 cases and 
grade II in 2 cases, ganglioglioma in 6 cases and DNT 
(dysembryoblastic-neuroepithelial-tumour) in 3 cases. 
Hippocampal gliosis with cell loss associated with 
temporal tumour was documented at the histological 
examination in 4 cases. In these 4 cases de synchronized 
epileptiform activity was documented intraoperatively 
in the amygdala and hippocampus independently 
from the perilesional area. At the preoperative MRI 
volumetry only 2 out of 4 cases of hippocampal atro­
phy were confirmed from the quantitative study (Table 
2). 

Surface electrodes and deep electrodes implanted 
within the tumours did not show epileptiform activ-

Fig. 3. (a) Axial T2 weighted MRI of a 16 years old boy suffering 
from partial complex seizures since the age of 14 years. The lesion, 
spontaneously hyperintense, localized in the supramarginal gyrus 
on histology was classified as astrocytoma grade II. (b) Sagittal MRI 
after gross total removal of the lesion through a trans-sulcal ap­
proach. The lesionectomy allowed complete control of the epilepsy 
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Table 2. Correlation of Hippocampal Formation Atrophy and Surgical Outcome in Patients with Extra-Hippocampal Temporal Lobe Lesions 
and Partial Epilepsy 

Patients Seizure Hippocampic atrophy Pathology Outcome Deep 
electrodes 

MRI Histology Lesionectomy TLand 
volumetry AHE 

left left + astrocytoma IV + 
2 right right + ganglioglioma IV + 
3 right no + oligodendroglioma IV II + 
4 right no astrocytoma I 
5 left no DNT I 
6 left no oligodendroglioma 
7 right no astrocytoma I 
8 left no + astrocytoma IV II + 

TL and AHE = temporal lobectomy and amygdalo-hippocampectomy. 

ity with the exception of 3 out of 4 cases of DNT in 
which epileptifonn activity, synchronized with the peri­
lesional region, was observed. There was no peri­
operative mortality and surgical morbidity consisted 
of right transient hemiparesis in a patient with a left 
parietal oligodendroglioma, transient anomic aphasia 
in a patient with a left medial postero-temporal 
grade II astrocytoma and Kluwer-Bucy syndrome in 
a patient with an oligodendroglioma infiltrating the 
amygdalo-hippocampus. 

Discussion 

This study indicates that lesionectomy may be the 
first step procedure if the tumour is localized to extra­
temporal eloquent cortex especially when preoperative 
studies show concordance. Patients may subsequently 
be candidates for a cortical resection as a second step 
epilepsy procedure if the lesionectomy does not pro­
vide an adequate reduction in seizure tendency. 

MRI identified hippocampal atrophy was predictive 
in this study of an unsatisfactory seizure outcome after 
lesionectomy in cases of dual pathology. All patients 
with documented MRI evidence of hippocampal path­
ology had an unfavourable outcome after resection of 
the extra-hippocampal lesion alone. The absence of 
MRI identified hippocampal atrophy however did not 
have the same prognostic importance. The authors con­
clude that MRI defined dual pathologies consisting of 
a temporal lesion and hippocampal atrophy necessitate 
temporal lobectomy and amygdalo-hippocampectomy. 
In patients with intractable epilepsy with negative 
MRI findings of hippocampal atrophy and presenting 
with a temporal lobe tumour, preoperative prolonged 
video-EEG and intraoperative deep electrodes record-

ings with corticography are indicated for planning the 
surgical strategy. 

When electrodes implanted in the amygdala and 
hippocampus record a desynchronized independent 
activity from the perilesional region the authors 
recommend the combination of an amygdalo-hippo­
campectomy and temporal lobectomy with the lesio­
nectomy. This should be perfonned even in the ab­
sence of a structural abnonnality of the mesial 
temporal structures visualized by MRI hippocampal 
volumetry. Indeed, there is no infonnation in the liter­
ature about how long it would take for a functional 
anomaly of the hippocampus to became morpho­
logically visible at MRI. Four out of eight extra­
hippocampal temporal tumours showed autonomous 
desynchronized activity in the amygdala and hippo­
campus and this was predictive of poor epilepsy con­
trol with lesionectomy only. 

The opposite phenomenon of hippocampal tumour 
provoking autonomous desynchronized activity in the 
cortical surface of the temporal lobe did not occur in 
this series. It is more likely for a tumour at the surface 
of the temporal lobe to "kindle" the mesiotemporal 
structures than for a tumour of the hippocampus to 
"kindle" the temporal cortex. This is confinned by 
the good results obtained with the simple tumour 
removal through a trans-sylvian tumourectomy and 
amygdalo-hippocampectomy in cases of hippocampal 
tumours. 

The same 4 cases which showed during the intra­
operative deep electrodes recording desynchronized 
activity of the amygdala and hippocampus from 
the perilesional region presented at the histological 
study gliosis with cell loss, but in only two cases 
this was visible at the preoperative MRI volumetry as 
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Fig. 4. Surgical strategy in mass lesions associated with intractable 
seizures 

hippocampal asymmetry. Deep electrodes recording 
in this series was superior in predictive value than 
MRI volumetry and correlated better with ana tomo­
pathological findings (Fig. 4). 

DNT, finally, represent from the functional and 
anatomical point of view, a different class of tumours. 
The presence of intervening functional neuronal tissue 

D. Lombardi et al. 

causes these tumours not to be electrically silent but to 
present intrinsic epileptic activity. 
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Incorporation of Ultrasonic Imaging in an Optically Coupled Frameless 
Stereotactic System 

H. Hirschberg and G. Unsgaard 

Departments of Neurosurgery, The National Hospital Oslo and The Regional Hospital Trondheim, Norway 

Summary 

Frameless stereotactic interactive tracking systems relate a point 
in the surgical field to a corresponding point on the patients MR or 
CT scans in multiple planes. A basic weakness with these systems is 
that they cannot compensate for movement of target points due to 
brain shift caused by CSF drainage or lesion removal. Real time im­
ages can be obtained using ultrasonic techniques but the poor quality 
and definition and the ill-defined scan plane make interpretation 
difficult and reduce the usefulness of this modality. The authors have 
combined these two modalities by mounting light emitting diodes 
(LEDs) on the ultrasonic probe, thus allowing a "virtual tip" to be 
developed in the centre of the ultrasonic beam, and tracked via an 
optically coupled frameless stereotactic system (Radionics, OTS). 
This has allowed a direct correlation between pre-operative MR and 
the per-operative ultrasonic images using reformatted MR images. 
Ultrasound images are obtained through a separate skull opening 
and the image plane is determined by the position of the virtual tip. 
The ultrasonic and MR images are presented side by side for visual 
comparison. Minimally invasive tumour resection or haematoma 
removal could be carried out under ultrasonic guidance with direct 
interactive relation to the preoperative MR scans. Alternatively in­
teractive image directed surgical procedures can be up-dated in real 
time by dynamic ultrasonic images taken in clearly defined scan 
planes. 

Keywords: Image directed surgery; ultrasonic imaging. 

Introduction 

Interactive image directed stereotactic systems, 
(neuronavigation, frameless stereotaxy), rely on 
transformation of the imaging digital data to the 
stereotactic operative field space. Various technologies 
have been adapted to implement this goal, using both 
framebased and frameless stereotactic systems. Most 
of the frameless systems developed employ some sort 
of pointing device either coupled mechanically in the 
form of an articulate arm [4-6, 15] or via sonic [1, 2, 
13], optical [3, 16] or magnetic [11] transmission. 

The authors have employed a system, where light 

emitting diodes (LEDs) mounted on various surgical 
instruments, have been used as an armless pointing 
device and which, mounted on the surgical micro­
scope, has allowed the focal plane of the microscope 
to be correlated with the relevant CT/MR scan (OTS, 
Radionics Inc Burlington, Mass, USA) [7]. 

Any mechanical shift in the brain during surgery will 
not be reported by these systems since they use "his­
torical" data sets as images. On the other hand ultra­
sonic imaging techniques give real time information 
but their lack of definition and poorly defined scan 
planes make their interpretation difficult. The authors 
have combined these two modalities by mounting two 
-three LEDs on the ultrasonic probe allowing a virtual 
tip to be developed in the centre of the ultrasonic 
beam. MR images indicating the position ofthe virtual 
tip were displayed along with the corresponding ultra­
sonic image. This greatly increased the value of the in­
formation obtained from the ultrasonic scans. They 
present here their preliminary experience with this 
system. 

Materials and Methods 

The optical digitizer employed in this study uses three linear tele­
vision cameras to define a volume in three dimensional space (IGT 
Boulder Col.). The position of up to 15 infrared light emitting diodes 
can be determined in this three dimensional volume and each one 
independently tracked. The size of the defined three dimensional 
volume and the accuracy of the system is dependent on the distances 
from the array to the operative field. Light emitting diodes have been 
attached to bipolar forceps, to a frame mounted on the operating 
table to compensate for movement of the table during surgery, on a 
frame mounted on the surgical microscope and two or three LEDs 
on a 7 Mhz ultrasonic probe (B&K Medical Copenhagen Deumark). 

Coordinates generated by the digitizer are transferred to a Hew­
lett-Packard workstation running specialised software (RSA OTS 
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1,1 Burlington Mass). Axial, coronal and sagittal images are dis­
played or the images can be reformatted in the plane of the probe. 
The ultrasonic images were displayed on a separate monitor where 
the images could be rotated to correspond to the format of the MR 
scans. 

Patients all had intra-axial tumours and were not previously 
operated. Phantom studies were performed on a gelatine filled box 
with MR visible targets embedded inside and registration fiducials 
on the surface. 

Image Acquisition 

MR scans were performed on a Sieman's Impact MR scanner, 
using the Turbo-flash mode The produced slices are contiguous and 
are approximately 2.2 mm in thickness and consist of 64 scans. All 
scanning was done in the axial plane. A remountable non-invasive 
stereo-adapter was used to carry 6 MR visible markers and to im­
mobilise the patient's head during the 7 minutes required to perform 
volumetric scan [8, 10, 14]. The use of a remountable guide allows 
great flexibility in the scheduling of the operative procedure. The 
phantom was scanned in an identical manner but using surface 
fiducials. 

Image Registration 

The fiducial points were identified and marked on the display. 
Four fiducials are necessary for the registration process and they are 
selected to give a good distribution around the volume of the head 
and the surgical field. On the day of the operation the stereo-adapter 
was remounted in an identical fashion to that used during the MR 
scanning procedure and the patient's head immobilised in a con­
ventional manner using the Mayfield 3 point fixation system. The 
fiducial markers are small plastic doughnuts permanently filled with 
MR contrast and show up as two points on the scans regardless of 
the directional orientation. Each fiducial is identified on the corre­
sponding axial scan, then the tip of the probe placed in the central 
hole of the selected fiducial and the coordinate recorded. The re­
mountable guide is then removed and the burr hole for the ultrasonic 
probe and a separate skin flap and craniotomy opening can now be 
planned using the system and a special probe with a variable distance 
between the probe tip and the two mounted LEOs which allows 
simulated penetration of the brain identical to the ultrasonic virtual 
tip. The configuration of the stereotactic ultrasonic probe is shown in 
two planes in Fig. I. 

Studies were first performed on a ultrasonic compatible gelatin 
phantom where MR and ultrasound visible targets were imbedded. 
After scanning the phantom was registered in the OTS via 4 surface 
fiducials. Fig. 2 shows the three MR views of the scans determined by 
the virtual tip of the ultrasonic probe and the corresponding ultra­
sonic image. The ultrasonic image is in a similar plane to the axial 
MR. The MR "map" greatly simplifies the interpretation of the ul­
trasonic images. The degree of target shift could also be approxi­
mated in this model. 

Five patients were also operated on using this combined modality. 
Fig. 3 shows a set of images from a patient with a cystic glioma. A 
small separate burr hole (10 mm) was made for the ultrasonic probe 
and the tumour was sonicated at a different angle to the operative 
trajectory to allow the ultrasonic visualisation of the surgical instru­
ments used (Fig. I). The tumour was removed through a separate 
craniotomy opening (30 mm). A cortical incision of approximately 
10 mm was used and a silicon catheter was first placed from the 
cortical surface to the tumour with the OTS navigation system. This 
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Fig. 1. The configuration of the stereotactic ultrasonic probe and 
its relationship to the skull in two planes. The beam is 60 degrees in 
width in the horizontal plane (axial) and 15 degrees in the vertical 
plane. The virtual tip can be either at a fixed (2 LEOs, 135 mm) or 
variable (3 LEOs) distance from the probe tip. The ultrasonic pic­
ture will now correlate with the MRI scans 

allowed immediate identification of the operative trajectory with 
minimal damage to brain tissue. The tumour was removed with the 
ultrasonic aspirator under ultrasonic guidance. Local brain shift in 
this case was about 20 mm due to cyst drainage although tumour 
shift was less owing to its proximity to the falc cerebri as seen on 
the images. Similar techniques were used in the other cases, three 
of which were glioblastoma and one cerebral metastasis. The addi­
tion of ultrasonic derived information was valuable in all of the 
cases. 

Discussion 

Modem interactive image directed systems offer the 
neurosurgeons a new degree of precision and cost 
effectiveness. Most of the systems available today have 
an accuracy in the mm range determined using phan­
toms or other forms for models. During actual surgery, 
however, the degree of precision is greatly reduced 
due to movement of the brain compared to its position 
during initial scanning and patient registration with an 
intact skull. System accuracy of greater than 2 mm is 
therefore not really useful in open surgery since the 
large errors caused by brain shift are much greater 
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than this value. Various solutions to this problem have 
been proposed such as small craniotomies, adjusting 
patient position or by marking the boundary of the 
tumour with stereotactically placed catheters or dye 
injection. The authors have employed the latter tech­
nique with the injection of isotonic methylene blue in 
6 to 8 tracks around the periphery of the tumour 
determined by the contrast ring in MR scans. The dye 
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Fig. 2. MR and ultrasonic images of a gelatin phantom. The phan­
tom consisted of a plastic rectangular box filled with hardened gelat­
ine. Hollow tubes (10 mID diameter) containing vitamin capsules were 
imbedded in the gelatin in various planes. The phantom was scanned 
in the axial plane and registered in the OTS via 4 surface fiducials. (a) 
Shows the reformatted MR images in all three planes corresponding 
to the "virtual tip" in the ultrasonic beam as indicated by the cross 
hairs. (b) Shows the axial ultrasonic image of the target at this level. 
The tube wall and the MR target are clearly identified from the re­
flection artifacts 

was injected using image directed guidance before re­
section of the tumour was started employing a special 
probe and OTS equipment. The tumour was then 
resected until the dye became visible. In two cases 
using this technique large infiltration of macrophages 
was noted in the histological specimens. This could 
be caused either by rapid migration of macrophage 
infiltration due to the dye itself or increased staining of 
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macrophages which are usually found within gliomas 
by the dye making them more visible. 

These techniques are only approximate and require 
multiple injection tracks into the brain or tumour. 

H. Hirschberg and G. Unsgaard 
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Fig. 3. (a) Refonnatted MR scans of a patient harbouring a cystic 
glioma. The virtual tip is shown at the superior lateral border of the 
tumour. (b) Corresponding ultrasonic image sonicated through a 
separate burr hole clearly shows the tumour and the fale cerebri. The 
image was obtained after puncture of the cyst which caused signif­
icant local shift. The tumour was removed through a small craniot­
omy and cortical opening with ultrasonic guidance 

Cystic tumours are especially difficult if the cyst is 
punctured and drained at an early stage in the oper­
ation causing significant shifts. 

Direct image registration based on anatomic surface 
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marking is another technique which theoretically, to a 
certain degree, could compensate for brain shift. This 
technique, however, is still in an experimental stage 
and no commercial systems based on it are available at 
the present moment. 

Intraoperative imaging using ultrasonic techniques 
can provide real time information concerning the 
position of structures and surgical instruments in the 
brain [9, 12]. It can also follow changes caused by 
manipulations of the brain. Ultrasonic imaging, how­
ever, is often difficult to interpret due to its poor res­
olution, lack of contrast and difficulty in defining the 
scan planes at which the images are produced. A high 
order of echogenicity is necessary for reasonable res­
olution of structures in the brain. 

Even the simple method presented here of develop­
ing a so-called virtual tip in the ultrasonic beam (cen­
tred close to the pathology of interest) and then using 
the ultrasonic probe as a stereotactic pointing device 
keyed to MR images has shown itself to be quite help­
ful. As presently implemented the ultrasonic beam 
should be in the plane of the axial images to allow 
direct correlation. Work is in progress to reformat the 
MR-images in the plane of the beam in almost real 
time so that a direct visual correlation between ultra­
sonic and reformatted MR-images can be obtained at 
any scan angle. Sweeping through the image volume of 
interest with the probe, would, since the corresponding 
MR slices are known and can be used as a three di­
mensional "map", also allow the generation of three­
dimensional ultrasonic images to be built up rapidly. 
The addition of a frame grabber in the computer 
will also allow the presentation of the ultrasonic image 
directly on the same display which is now used for 
displaying the MR views. 

Some neurosurgical procedures can be carried out 
quite effectively under ultrasonic guidance alone, for 
example aspiration of brain abscesses and removal of 
intracranial haematomas. These can be performed 
using a minimally invasive technique requiring only 
a small opening in the cortex. The addition of navi­
gation information via an interactive image guidance 
system greatly increases the accuracy of such a proce­
dure and even the simple matter of placing burr holes 
or bone flaps to allow optimum visualisation and soni­
cation of pathology is greatly simplified. It has also 
been suggested that by using advanced computer 
technology it should be possible to employ directly the 
knowledge obtained from ultrasonic images of shifting 
normal structures to "distort the MR image in such a 
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way that they are brought up to date. This technique, 
though, will require powerful computers and high res­
olution ultrasonics to make it feasible. 

The introduction of both pre-operative and per­
operative imaging techniques have proven highly 
valuable to the neurosurgeon. On the other hand they 
can be unnecessarily distracting in the OR. One most 
not lose sight of the fact that surgery is still primarily 
guided by direct visualisation of the brain and its 
pathology. Image guidance system merely give an 
occasional update and cannot in their present form 
replace the skills and experience necessary for success­
ful neurosurgery. 
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Magnetoencepbalograpby (MEG) in Epilepsy Surgery 
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Summary 

Whole-scalp MEG has proved to be a suitable tool for pre­
operative evaluation of patients suffering from drug-resistant focal 
epilepsy. MEG recordings are non-invasive and safe for the subject, 
and no demanding preparations of the patient are needed before 
measurement. The MEG recordings may reveal several epileptic 
foci, and the order of activation can be resolved in millisecond scale. 
In addition, epileptic cortex can be localized with respect to impor­
tant functional areas, such as sensorimotor or visual cortices, and 
these areas can be visualized in a same brain reconstruction. This 
helps in patient selection and planning of the operation. Moreover, 
prior MEG localization of epileptic foci and functionally important 
areas aids in placing the intracranial electrodes to right places, when 
needed. 

Keywords: Magnetoencephalography; localization; epilepsy. 

Introduction 

Brain surgery has become increasingly important in 
the treatment of patients suffering from focal, drug re­
sistance epilepsy. Preoperative evaluation of suitable 
candidates is of crucial importance for the success of 
the surgery. New imaging techniques are continuously 
searched for to reduce the need of time consuming and 
demanding invasive recordings, which are not totally 
without risk for the patient. With good spatial and ex­
cellent temporal resolution, magnetoencephalography 
(MEG) is one of the new promising non-invasive 
methods in locating epileptogenic cortex. 

Methods 

During any brain function at least thousands of pyramidal cells in 
the cerebral cortex are activated almost simultaneously. The apical 
dendrites of these cells lie parallel to each other and perpendicular to 
the cortical surface, which is thus also the main direction of the 
intracellular currents. These synchronized intracellular currents of 
the pyramidal cells are the source of cerebral magnetic fields, which 
can be measured non-invasively outside the head with very sensitive 

magnetometers. This method is called magnetoencephalography 
(MEG). 

In electric recordings, skull and scalp distort the electric potentials 
recorded on the scalp which makes the exact localisation of active 
areas very difficult. These structures, however, are practically trans­
parent to magnetic fields, and therefore they do not disturb MEG 
measurements. MEG measures tangential currents which arise from 
fissural activity; radial currents are magnetically silent outside of the 
head. Usually several cortical areas are simultaneously activated and 
therefore MEG's selectivity to tangential currents is an advantage in 
practical work, because it makes the interpretation of the data more 
simple. MEG detects mainly cortical activity, but the depth from 
which activity can be detected depends on the strength of the source. 
Sources of evoked fields are usually a few centimetres below the sur­
face of the skull, but very strong activity, such as epileptic spikes, can 
be recorded also from deeper structures. 

The whole-scalp Neuromag-122™ magnetometer ofthe Helsinki 
University of Technology houses 122 superconducting SQUID sen­
sors in liquid helium. The helmet shaped bottom of the magneto­
meter covers the whole scalp and therefore allows detection of 
simultaneous activity of several sources all over the cortex. The 
measurements are performed in a magnetically shielded room to 
reduce the effect of environmental noise (Fig. I). 

The exact location of the head with respect to the sensors is found 
by measuring the magnetic signals produced by currents in three 
head position indicator coils placed at known sites on the scalp. The 
locations of the coils with respect to anatomical landmarks on the 
head are determined with a 3-D digitizer to allow alignment of 
the MEG and MRI coordinate systems. For further technical details 
of the MEG/MR integration, see [3]. The spatial resolution of MEG 
for cortical sources is a few millimeters under favourable conditions, 
and the temporal resolution is better than a millisecond, which 
makes it possible to follow the extremely fast spatio-temporal 
changes in brain activity. 

When a large group of neurons act in synchrony, the resulting net 
current can be approximated by a current dipole. The equivalent 
current dipole (ECD) that best accounts for the measured signals can 
be calculated on the basis of the measured magnetic field distribu­
tion. As a result the dipole's location in three-dimensional space, its 
orientation and strength may be obtained. The ECDs can then be 
superimposed on the subject's MRI to show the source location with 
respect to anatomical structures. Although the areas activated in as­
sociation with epileptic seizures are usually large, the ECD locations 
represent centre of gravity of epileptic activity. 

Already from the early 1980s, sharp localization of irritative MEG 
activity has been succesfully performed [1, 5]. In MEG recordings, 
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Fig. 1. Whole-scalp Neuromag-122™ neuromagnetometer. The 
measurements are performed in a magnetically shielded room 

the epileptic focus can be localized with respect to functional land­
marks [8, 9]. At present, multichannel MEG instruments covering 
whole scalp are available, and a number of epileptic patients have 
been studied with MEG as part of their preoperative evaluation. 

Patient Examples 

Patient 1 [4] demonstrates MEG's ability to separate 
the primary and secondary epileptic foci. The patient is 
a 18-years old female who had suffered from epilepsy 
over 11 years. Scalp EEG showed interictal activity 
over the right hemisphere in the centroparietal region. 
In videotelemetry the right-sided epileptic activity was 
occasionally associated with smaller amplitude spikes 
in the left parietal region. 

MEG measurements revealed two epileptic foci, one 
in the right and the other in the left hemisphere. The 
activity in the left hemisphere was constantly delayed 
by 20 ms compared with the right (Fig. 2). The epi­
leptic foci were located about 1 em posterior to SI 
hand area in both hemispheres, and the epileptic ac­
tivity was probably conducted from right to left hemi­
sphere via callosal connections. No independent epi­
leptic activity was observed in the left hemisphere, 
suggesting that removal of the right-sided focus would 
be sufficient. 

N. Forss 
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Fig. 2. Top: Magnetic field patterns of Patient 1 during a single 
time moment of one spike. The sensor array is viewed from left, 
top, and right. The shadowed areas indicate magnetic flux out of 
the head. The white arrows show the sites and orientations of the 
two dipoles required to account for the field pattern. Bottom: Di­
pole moments of the two dipoles as a function of time. Each trace 
corresponds to one unaveraged spike. (Modified from [4]) 

Patient 2 [2] is a 38-year-old man, who has suffered 
from epilepsy since teenage. The seizures begin with 
an odd feeling or pain in the left gums, after which 
develop left-sided facial twitches. CT and PET were 
normal. In MRI the right hippocampus was thinner 
than the left. Several EEG and videotelemetry record­
ings showed either a left temporobasal or a right mid­
temporal focus. Despite all these studies the epileptic 
focus was not reliably identified. 

Figure 3 shows the patient's MEG traces during a 
self-triggered seizure with left hemifacial convulsions. 
At the beginning of the seizure, spikes started to 
emerge more frequently and became polyphasic in 
morphology in the right frontoparietal channels. 
About 6 s after the beginning of the discharges the 
seizure spread to the left. The seizure continued for 
about 14 s and ended abruptly. The following activity 
was clearly dampened, and the interictal spikes, fre­
quently seen at the beginning of the measurement, re­
emerged only after 65 s from the end of the seizure. 

Sources of somatosensory evoked fields to median 
nerve stimulation and auditory evoked fields to tone 
beeps served as functional landmarks. Sources of both 
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Fig. 3. Epileptic discharge in Patient 2. The curve at the top shows 
the whole seizure recorded from the the channel over right fronto­
temporal region. In the lower part selected periods (I, 2, and 3) are 
expanded, and corresponding signals from the left side are shown 
for comparison. Bottom right: Locations of dipoles for ictal and 
interictal spikes (grey cluster) and for auditory (AEF) and somato­
sensory (SEF) evoked fields (white spheres) superimposed on the 
patient's MRI surface rendering. The Rolandic and Sylvian fissures 
are highlighted. (Modified from [2]) 

ictal and interictal spikes clustered anterior and lateral 
to the hand area of the SI, indicating that discharges 
originated in the face representation area of the right 
primary motor cortex. The left-sided activation fol­
lowed the right-sided signals with a constant delay of 
22 ms, suggesting a secondary focus in the left frontal 
area. 

Patient 3 [7] is an 8-years old girl who suffers from 
Landau-Kleffner syndrome. In this syndrome the pa­
tients may lose their ability to understand speech after 
normal initial development, and their EEG often show 
epileptic spikes. Continuous epileptic spiking in the 
cortical auditory areas may prevent the patient from 
proper analysis of auditory stimuli [6]. The ability to 
use language may be improved if epileptic activity can 
be dampened. 

Figure 4 summarizes the preoperational MEG data 
and peroperational electrocorticography and electric 
stimulation data of this child. EcoG picked up epi­
leptic activity from two regions, smaller and larger 
ones around the supratemporal auditory cortex. The 
smaller area agreed well with MEG source area, and 
therefore it was first trans-sected. That procedure 
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Fig. 4. A cortical surface map of the Patient 3's functional brain 
anatomy. Preoperative MEG localization of the primary auditory 
cortex (AEFs) and hand area of the left primary somatosensory 
cortex (SEF) is indicated by black spots and spike generator area 
by white area. Peroperative cortical stimulation elicited left hand 
motor movements (grey spot), and ECoG revealed spikes over a 
smaller (dashed line, # 1) and a larger (dashed line, #2) areas in 
the temporal lobe. The MEG source agreed completely with smaller 
area of ECoG; multiple subpial transsection on the intrasylvian 
planum temporale and the adjoining angular gyrus abolished all 
epileptic activity. (Modified from [7]) 

managed to stop all the epileptic activity, and no 
further resections were needed. 

Combination of MEG and PET 

Positron emission tomography (PET) is widely ac­
cepted as a reliable tool for preoperative evaluation of 
epileptic patients. Combination of PET's spatial accu­
racy with MEG's excellent temporal resolution might 
significantly improve the value of preoperative evalu­
ation. In the present ongoing study in co-operation 
with Turku University Hospital, 10 temporal lobe 
epilepsy patients, who were candidates for surgical 
treatment, have been studied with whole-head MEG 
and PET. In 7 out of 10 patients, the PET and MEG 
results were in good agreement. In two patients MEG 
suggested bilateral foci whereas the PET findings 
suggested a unilateral one. However, even in these 
two patients the epileptic activity in MEG was clearly 
stronger in the hemisphere showing significant blood 
flow changes in PET. 
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Other Applications of MEG in Neurosurgery 

Because of large inter-individual variation in the 
patterns of cortical sulci, it is difficult to define loca­
tions of important functional areas on the basis of 
anatomy alone. The task is even more difficult if a 
brain tumour or other lesion has altered the brain 
structure. With MEG it is possible to reliably and 
non-invasively locate certain functional areas such as 
the sensorimotor strip, and to visualize that area with 
respect to the brain. Recordings of somatosensory 
evoked magnetic fields agreed with electrocortico­
graphic (ECoG) data in determining the course of the 
central sulcus [8]. 

Conclusion 

Whole-scalp MEG has proved to be a suitable tool 
for preoperative evaluation of patients suffering from 
drug-resistant focal epilepsy. MEG recordings are 
non-invasive and safe for the subject, and no demand­
ing preparations of the patient are needed before mea­
surement. The MEG recordings may reveal several 
epileptic foci, and the order of activation can be re­
solved in millisecond scale. In addition, epileptic cor­
tex can be localized with respect to important func­
tional areas, such as sensorimotor or visual cortices, 
and these areas can be visualized in a same brain re­
construction. This helps in patient selection and plan­
ning of the operation. Moreover, prior MEG local­
ization of epileptic foci and functionally important 
areas aids in placing the intracranial electrodes to the 
right place, when needed. 
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Integration of Functional Brain Mapping in Image-Guided Neurosurgery 
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Summary 

Magnetoencephalographic (MEG) brain mapping was performed 
in 90 patients with lesions associated with eloquent sensorimotor 
cortex. The MEG-derived sensorimotor mapping information was 
utilised for risk analysis and planning. Subsequently, these patients 
underwent either stereotactic volumetric resection, stereotactic bi­
opsy or non-surgical management of their lesions. 

In seventeen patients, the MEG sensorimotor localization was in­
tegrated into an operative stereotactic database (consisting of cr, 
MRI and digital angiography) to be used in an interactive fashion 
during computer-assisted stereotactic volumetric resection proce­
dures. The spatial relationship between the MEG derived functional 
anatomy, the structural/radiological anatomy and the pathology 
could then be viewed simultaneously, thereby affording a safer tra­
jectory and approach. In addition, the real-time availability offunc­
tional mapping information in an interactive fashion helped reduce 
surgical risk and minimise functional morbidity. All of these patients 
had resection of their lesions with no change in their neurological 
status. 

In conclusion, MEG is a non-invasive, accurate, and reproducible 
method for pre-operative assessment of patients with lesions asso­
ciated with eloquent sensory and motor cortex. The interactive use of 
MEG functional mapping in the operating room can allow for a 
safer approach and resection of these eloquent cortex lesions. 

Keywords: Magnetoencephalography; brain mapping; stereotactic 
neurosurgery; image-guided neurosurgery. 

Introduction 

Resection of brain lesions in the vicinity of eloquent 
cortex, such as sensorimotor or speech cortices, is a 
formidable task. Accurate preoperative and intra­
operative localization of functional cortex is para­
mount for planning surgical resection with minimum 
morbidity. Sole reliance on anatomical criteria to 
localise functional cortex can result in inaccurate 
identification of cortical areas [20], which may contrib­
ute to post-operative morbidity. Traditionally, direct 
cortical mapping has been used intraoperatively to 
establish the relationship between eloquent cortex 

and the lesion. Recent advances in functional imaging 
have provided clinicians with a variety of non-invasive 
methods of mapping functional cortex pre-operatively. 
Magnetoencephalography (MEG) is a noninvasive 
functional imaging modality that has been demon­
strated to localise accurately sensorimotor cortex in 
normal individuals. The authors are routinely em­
ploying MEG for preoperative mapping, and have 
developed a technique integrating MEG functional 
imaging data with stereotactic neurosurgery. 

Methods 

Patient Population 

From 1994 to 1996, 90 patients, all of whom har­
boured lesions in the vicinity of sensorimotor cortex 
as seen on initial MRI and CT scans, underwent pre­
operative MEG mapping. Forty-two females and 48 
males were studied, ranging in age from 9 to 60 years. 
There were 65 tumours and 25 arteriovenous malfor­
mations studied. 

As a test of the reproducibility and precision of 
MEG mapping, thirty normal adult controls under­
went high-resolution MRI scanning and repeated 
MEG sensorimotor mapping. 

MEG Mapping 

MEG mapping was performed using a MAGNES 
37 channel or dual 37 channel MEG system (Bio­
magnetic Technologies, Inc. San Diego, CA) located 
at the Center for Neuromagnetism at NYU Medical 
Center. At the start of the recording, the three refer­
ence points (the left and right preauricular regions and 
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the nasion) defining the MEG head-based coordinate 
system, as well as two additional reference points on 
the forehead, were identified using a stylus-type trans­
mitting wand [5, 7, 14, 20]. Somatosensory cortical 
localization was performed using repetitive tactile 
stimulation (air-puff or buzzer stimulation) of the 
digits of the hand, the lips, the face and the toes [9, 14, 
15, 25]. Motor mapping was done using a button 
paradigm involving alternating flexion and extension of 
the third finger or first toe in response to a visual cue. 
The evoked responses were averaged and localised into 
the three dimensional space of the head-based coor­
dinate system using a single dipole model [9, 14, 15, 
25,28]. 

Immediately following the MEG procedure, the 
aforementioned MEG reference points were marked 
with MRI visible Vitamin E markers, and a high­
resolution MRI was performed for each patient. The 
MEG data were then overlaid onto the MRI data both 
in two dimensions (axial, coronal and sagittal planes) 
as well as onto three-dimensional reconstructions of 
the MRI images, thus providing a clear visualization 
of the location of sensorimotor cortex with respect to 
the lesion. 

Intraoperative Integration 

Seventeen patients had their MEG results in­
corporated into the COMPASS (COMPASS inter­
national, Rochester, MN) neurosurgical stereotactic 
database. This database includes CT, MR, and digital 
subtraction angiography information and is routinely 
used for computer-assisted stereotactic volumetric re­
sections [11, 12]. A mathematical vector transforma­
tion procedure [20] was used to transform the MEG 
dipole locations into the corresponding stereotactic 
coordinates. These transformed MEG dipole sources 
could then be visualised in an interactive fashion via 
heads-up display on the operating microscope or on 
video monitors in the operating room. Additionally, 
standard intraoperative electrocorticographic mon­
itoring of somatosensory and motor evoked potentials 
was performed for all patients. 

Results 

Repeated MEG measurements in the control group 
revealed highly precise and reproducible mapping of 
sensorimotor cortex. A typical localization is shown in 
Fig. 1. The central sulcus can thus be easily identified 
based on the functional data. 

A. R. Rezai et at. 

Fig. 1. Nonnative MEG data: MEG localization of sensorimotor 
cortex in a nonnal (28 year old right-handed female) adult. Sensory 
and motor evoked magnetic fields were recorded in response to 
tactile stimulation of and motor activity of the left middle finger, 
respectively. The equivalent magnetic source dipoles were mapped 
onto MRI scans. These dipoles localise the precentral motor cortex, 
the postcentral sensory cortex and the central sulcus 

In the 90 patients studied, MEG provided definitive 
information as to the proximity of the lesion to sen­
sorimotor cortex. This information was then used in 
the subsequent management of these patients, specifi­
cally influencing the decision whether to proceed with 
lesion resection, biopsy or non-operative management. 
Figure 2 displays the MRI scans of a patient with a 
right frontal lobe lesion along with the overlaid MEG 
motor and sensory sources. Whereas the location of 
central sulcus may not be obvious based on the MRI 
alone, the MEG localises the motor cortex to be at the 
posterior margin of the lesion, and the location of the 
central sulcus is clearly identifiable. 

Interactive MEG guidance provides continuous 
orientation and localization with respect to the tumour 
and the surrounding functional and structural anat­
omy. An example of an interactive MEG-guided 
computer-assisted volumetric resection is shown in 
figure 3. In Fig. 3a, a bony trephine with the under­
lying cortex and tumour is shown in a three-dimen­
sional MRI reconstruction. Cross-sectional represen­
tations of the tumour as well as MEG sensorimotor 
sources at those levels are displayed in this volumetric 
reconstruction. Figure 3b demonstrates a representa­
tive cross-section as it would appear intraoperatively 
on a monitor or on a heads-up display. None of the 
patients undergoing this procedure had any permanent 
neurologic sequelae subsequent to the surgery. 
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Fig. 2. (a- c) Patient data: Localization of sensorimotor cortex in an adult with a right frontal lesion. The patient is a 24 year old left-handed 
male who presented with a 2 year history of focal as well as generalised seizures. Neurological testing revealed no deficits. Imaging studies 
demonstrated a large, irregularly shaped hypodense lesion in the right frontal lobe. Preoperative MEG mapping was performed revealing 
index finger motor (triangle) and thumb sensory (square) dipole sources. These sources are shown projected onto sagittal (a), axial (b), and 
coronal (c) MRI images. On the basis of MEG localization of the central sulcus, the tumour was determined to be immediately anterior and 
adjacent to, but not involving, the motor cortex 

Discussion 

Traditionally, preoperative localization of eloquent 
cortices has been accomplished using structural/ 
anatomical criteria from imaging data (e.g. CT and 
MRI), as well as via stereotactic atlases based on sur­
face landmarks [2, 21, 26]. There is evidence to suggest, 
however, that sole reliance upon these methods is in­
adequate. Large mass lesions have been demonstrated 
to distort the normal brain anatomy, and cerebral 
oedema may obscure the usual radiographic gyral/ 
sulcal pattern [2, 4, 10, 18,21,23,24]. Moreover, intra­
operative mapping via direct cortical stimulation has 
demonstrated variability in the functional architecture 
of the brain [1, 8, 17, 27]. Additionally, human cortical 
plasticity, i.e. the dynamic reorganization of sensory 
and motor maps, has been demonstrated following 
both transient and permanent injuries/alterations in 
both the central and peripheral nervous system [3, 13, 
14, 19,23]. 

Functional brain imaging techniques such as PET, 
fMRI, and MEG, are increasingly being employed in 
clinical settings [4, 6, 7, 14, 15, 18, 24, 27], each tech­
nique having its own particular advantages. PET and 
fMRI, which reflect metabolic changes, have a long 
integration time which may be beneficial for higher 
level activities such as language and complex motor 
paradigms. Moreover, these modalities can simulta­
neously detect concurrent activity at multiple sites 

which can be useful for mapping a distributed brain 
function. PET, however, is limited by its low temporal 
resolution (minutes), as well as by its invasive nature, 
necessitating intravenous injections of radiolabelled 
substances. Functional MRI is particularly advan­
tageous since it is available at many clinical centres, 
necessitating only an upgrade to already available 
conventional MRI equipment [16, 22]. The temporal 
resolution of functional MRI, however, is currently on 
the order of seconds, and that of PET in the order 
of minutes, and thus not suitable for mapping such 
activity as epileptogenic foci. 

Magnetoencephalography (MEG) is entirely non­
invasive, and has the additional advantages of high 
spatial (millimeter) and temporal (millisecond) resolu­
tion. Numerous studies have demonstrated the accu­
rate and reproducible localization of sensorimotor 
cortex using MEG [6, 7, 14, 15, 18, 25]. The authors 
have been using MEG at their institution for pre­
operative mapping and surgical planning since 1993, 
and to date have performed pre-operative mapping 
and risk analysis in 90 patients. 

The interactive use of MEG information intra­
operatively provides a number of benefits. Specifically, 
it allows for smaller craniotomies and safer approach 
planning. Furthermore, continuous visualization of 
anatomy, functional anatomy and pathology allows 
for more aggressive yet safer resections. 

Future applications of this technology include the 
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Fig. 3. Interactive MEG Guidance and computer-assisted volu­
metric resection. Right: A three-dimensional MRI reconstruction 
of the patient's head is shown. Volumetric cross-sectional levels 
(1 mm thick) through the tumour are depicted underneath an in­
traoperative photograph of the tumour and surrounding brain tis­
sue. The MEG source dipoles for motor and sensory cortex are 
shown on the relevant cross sections as grey circles. Left: A repre­
sentative sample of the cross sectional data as it appears in the 
COMPASS stereotactic database. This corresponds to the middle 
section (right figure part). The circle represents the 1.5 inch diame­
ter bony trephine. The cross-sectional tumour volume derived from 
the contrast-enhanced CT and T1 MRI with contrast is depicted in 
white and grey, respectively. The location of the MEG motor and 
sensory dipoles in stereotactic space are seen as grey squares 

integration of MEG data into other image-guided 
frame-based and frameless systems. Additionally, in­
tegrating a variety of different functional imaging mo­
dalities into such systems may provide complementary 
information not obtainable via one modality alone. 
Thus, the management of lesions associated with elo­
quent cortex should continue to become safer and more 
efficacious as these technologies continue to develop. 
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Summary 

Epilepsy is the leading symptom in low grade gliomas. In order to 
evaluate the effect of interstitial radiosurgery on seizure incidence the 
authors retrospectively analysed the outcome of 80 patients with 
temporal grade II astrocytomas and a history of epilepsy. Patients 
were treated by 125-iodine temporary implants using 60 Gy as ref­
erence dose. The dose rate was 9.6 ± 1.6 cGy/h. Median follow-up 
was 4.1 years. In 20 patients benzodiazepine receptor imaging was 
performed using single photon emission computed tomography and 
iomazenil. Treatment with carbamazepine alone led to a significant 
reduction in seizure incidence with 28% of patients being seizure-free 
(p < 0.05). Interstitial radiosurgery led to a further reduction of 
seizures rendering 40% of patients seizure-free after 3 months. After 
6 months only 21% of patients still had seizures that were refractory 
to medical treatment (p < 0.01). SPECT imaging revealed that all 
tumours had a significant reduction of benzodiazepine receptors 
which also applied to the surrounding brain. Mter interstitial radio­
surgery of tumours, receptor density increased in brain adjacent to 
the tumour (0.68 to 0.94 ratio ipsi to contralateral brain, p < 0.01) 
coincident with significant tumour shrinkage. Thus, in epileptogenic 
temporal low grade gliomas, interstitial radiosurgery not only re­
duced the tumour burden but also effectively treated the concomitant 
epilepsy, resulting in 79% of patients being seizure-free after com­
bined treatment by radiosurgery and anticonvulsive medication. 

These results compare favourably to the outcome after resection in 
lesional epilepsy raising the issue of radiosurgery as a less invasive 
alternative to open epilepsy surgery. 

Keywords: Low grade glioma; epilepsy; interstitial radiosurgery; 
benzodiazepine receptors. 

Introduction 

Epileptic seizures are the most common presenting 
symptom in low grade gliomas before the neuroradio­
logical evaluation reveals a space occupying lesion. In 
these benign gliomas with a slow - though age related­
tendency to grow, symptomatic epilepsy may be the 
leading and primary symptom for a long time before 
other neurological deficits evolve. Therefore treatment 
of symptomatic epilepsy of low grade gliomas is of 

significant relevance in these patients who otherwise 
remain functional for a long period. As the tumour 
itself can be treated effectively by interstitial radio­
surgery [7] the question arises as to whether interstitial 
radiosurgery might also have a positive effect on the 
concomitant epilepsy. To evaluate the effect of inter­
stitial radiosurgery on seizure incidence the authors 
examined retrospectively a group of 80 patients with 
temporal low grade gliomas who presented with epi­
leptic seizures. The last 20 patients of this group were 
also evaluated by pre- and post-radiosurgery SPECT 
imaging of central benzodiazepine receptors in the 
tumour and adjacent brain. The objective of the study 
was to establish the effect of interstitial radiosurgery 
on seizure incidence in temporal low grade gliomas. 

Material and Methods 

80 patients treated between 1986 and 1995 were used for retro­
spective evaluation of their seizure history. All patients were diag­
nosed as having astrocytomas grade II of either the right (N = 34) or 
left (N = 46) temporal lobe. Diagnosis was established by serial 
stereotactic biopsy. Epileptic seizures were classified according to the 
International Classification of the Epilepsy Liga. Anticonvulsant 
medication was recorded as well as the seizure incidence and, if 
available, serial screening of serum levels of anticonvulsive drugs. 

Patients were treated by interstitial radiosurgery using temporary 
implants with iodine-125. The reference dose to the tumour margin 
was 60 Gy and the effective dose rate was 9.6 ± 1.6 cGy/h for all 
tumours. Mean patient age was 31.6 ± 6.2 years. 48 patients were 
male, 32 were females. Median follow-up was 4.1 years. 

In 20 patients pre- and 3 months post-radiosurgery SPECT studies 
were performed using iodine-l 23 labelled iomazenil, a specific ligand 
to benzodiazepine receptors [1]. Mean activity applied was 110 MBq. 
Examinations were performed using a single head SPECT system 
(Siemens orbiter) with a full width half maximum spatial resolution 
of 8 x 8 mm. Imaging was performed 10 minutes and 2 hours after 
i.v.injection. Images were obtained with 64 views over 360 degrees to 
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create a 64 x 64 matrix. A Shepp-Logan-Hanning filter was used for 
image reconstruction. 

Statistical analysis was performed as univariate analysis con­
cerning seizure incidence pre- and post-radiosurgery and seizure in­
cidence pre- and post-anticonvulsant medication. The iomazenil 
binding pre- and post-radiosurgery was also quantitatively evaluated 
and analysed using both two-way ANDV A and the chi-square test. 

Results 

Out of the 80 patients who were enrolled into the 
study 72 presented with seizures which required medi­
cal treatment before the initiation of radiosurgery. The 
most widely used drug in this population cohort was 
carbamazepine which in 28% of all patients completely 
abolished seizure activity. Out of the 80 patients 58 
received carbamazepine as the primary and only 
treatment. 12 patients received phenytoin as primary 
treatment and 10 patients were treated with pheno­
barbital. The longitudinal analysis of seizure incidence 
before and after radiosurgical treatment is outlined in 
Fig. 1. Immediately after explantation of the radio­
active source, which took place after a median time 
lag of 26.2 days, there was a nonsignificant increase 
in seizure incidence. This increase was attributed to 
spherical blood-brain barrier breakdown due to the 
rapid formation of a radionecrotic centre inside the 
tumour and the concomitant perifocal oedema. Three 
months after interstitial radiosurgery a significant re­
duction in seizure incidence without any change in 
medication was seen, with another 40% of patients 
being seizure-free. Six months after radiosurgery 
another significant reduction occurred resulting in 
only 21% of the total patient population still having 
seizures. Further follow-up after 12 and 24 months 
showed no further significant reduction in seizure in­
cidence. Thus, overall, around 20% of the patients with 
temporal low grade astrocytomas still had seizures 
after radiosurgery. 

The effect of interstitial stereotactic radiosurgery on 
benzodiazepine receptor expression before and six 
months after treatment is shown in Fig. 2. All tumours 
showed significant reduction of benzodiazepine re­
ceptor expression compared with contralateral mirror­
imaged brain areas. After radiosurgery a small but 
non-significant increase of benzodiazepine receptor 
expression could be seen in the tumour itself. The brain 
adjacent to the tumour which also showed a significant 
reduction of benzodiazepine receptors before radio­
surgery showed a significant increase in ligand binding 
after radiosurgery, with a concomitant shrinking of the 
area of low receptor density. 
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Fig. I. Longitudinal incidence of seizures in temporal astrocytomas 
grade II before and after interstitial radiosurgery. The y-axis shows 
the actual number of patients with seizures. The x-axis depicts the 
time points at which seizure incidence was evaluated 
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Fig. 2. Imaging of central benzodiazepine receptors in temporal 
astrocytomas grade II and surrounding brain before and after radio­
surgery (6 months). Whereas within the tumour there was no signif­
icant effect of interstitial radiosurgery on receptor binding, there was 
a significant increase in the brain adjacent to the tumour 

Discussion 

Though limited by the retrospective nature of this 
study, it could be shown that in epilepsy-prone tempo­
ral lobe grade II astrocytomas treated by interstitial 
radiosurgery a significant reduction of seizure in­
cidence could be achieved. A decrease in seizure 
incidence using low dose rate implants with a mean 
dose rate of9.6 cGy/h and a tumour reference dose of 
60 Gy occurs earliest, 3 months after radiosurgery 
concomitant with tumour shrinking. A further de­
crease in seizure incidence could be seen six months 
after interstitial radiosurgery whereas longer follow-up 
did not show any further reduction in seizure activity. 
Although all patients were also on anticonvulsive 
medication, drug treatment contributed only a little to 
the overall decrease in seizure incidence as carbama­
zepine treatment alone resulted in a mere 28% of 
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patients being seizure-free whereas interstitial radio­
surgery significantly improved outcome by reducing 
the percentage of patients still having seizures six 
months after radiosurgery to only 21%. Thus the main 
contribution towards relief from epilepsy in temporal 
low grade astrocytomas came from the radiosurgical 
procedure itself. Earlier reports with much lower 
numbers of patients have hinted already at the benefi­
cial effect of interstitial radiosurgery on symptomatic 
epilepsy in low grade gliomas [10] and experimental as 
well as clinical work has shown the efficacy of radio­
surgery using linear accelerators on epileptic foci [2, 
3, 5]. However, the mechanism by which seizure in­
cidence is reduced or seizures are abolished remains 
unknown. In analogy to surgical resection of epileptic 
foci, one could speculate that the creation of radio­
necrosis and the necrotizing of the epileptic focus may 
be responsible for the effect of interstitial radiosurgery 
on the patient's epilepsy [4]. Furthermore, as the 
authors could show by SPECT imaging, the shrinking 
of the tumour volume as induced by interstitial radio­
surgery leads to a re-expression of central benzodiaze­
pine receptors in the brain adjacent to the tumour 
especially in the overlying cortex. This might be the 
result of a re-established normal ion homeostasis in the 
extracellular space which was previously disturbed by 
the tumour. 

Overall the results of interstitial radiosurgery in 
temporal low grade gliomas in the control of epilepsy 
compare favourably with the results of classical surgi­
cal resection of these epileptogenic tumours [6, 8, 9]. 
With the use of advanced imaging techniques, more 
and more temporal epilepsy syndromes which are 
subjected to surgery turn out to be truly lesional epi­
lepsies and, with the demonstrated efficacy of inter-

stitial radiosurgery in epileptogenic low grade gliomas, 
radiosurgery alone may be an attractive alternative 
treatment for lesional epilepsy in an even more refined 
and less invasive way than classical resection. 
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Summary 

The authors present their experience in the use of an atlas-based 
computer system for preoperative functional neurosurgery planning 
and postoperative analysis. It has also some potential for intra­
operative support. The system is based on a deformable electronic 
version of "Atlas of Stereotaxy of the Human Brain" by Schalten­
brand and Wahren. This atlas is used for interactive segmentation 
and labelling of clinical data in two- and three dimensions, and for 
definition of stereotactic targets. The Schaltenbrand-Wahren atlas 
rnicroseries are digitized, enhanced, segmented, labelled, aligned 
and organized into atlas volumes. They are mutually preregistered, 
and three-dimensional models of the structures are constructed. The 
atlas may be interactively registered with an actual patient's data. A 
computer system is developed which provides data interpolation, 
reformatting, registration, visualization, navigation, mensuration 
and path display and editing in two- and three dimensions. The sys­
tem increases the accuracy of target definition, reduces the time of 
planning and the time of the procedure itself. It also constitutes a 
research platform for the construction of more advanced neuro­
surgery supporting tools and brain atlases. 

Keywords: Brain atlas; functional neurosurgery; rnicroelectrodes; 
registration. 

Introduction 

Microelectrode studies have been carried out in the 
human brain to help the neurosurgeon localize brain 
sites to be manipulated for the control of movement 
disorders, epilepsy, chronic pain and psychiatric ill­
ness. In the traditional approach, indirect measure­
ments based on the AC-PC line are used to define the 
target. Deformable brain atlases can also be useful for 
interactive segmentation and labelling of clinical data 
[13]. The authors have constructed a multiple brain 
atlas database followed by the development of the 
atlas-based neuroimaging system [3-7]. This neuro­
imaging system provides: interactive 3D atlas-data 
registration; 3D display and real-time manipulation 
of cerebral structures; continuous navigation in the 

multiple atlas-data space; 2D, 2.5, and 3D presenta­
tion; anatomical indexing; image processing; volume 
interpolation and reformatting; 3D quantification of 
structures; file handling and conversion. The combined 
anatomical index contains about 1000 structures per 
hemisphere, and over 400 sulcal patterns. This neuro­
imaging system is extended here for preoperative 
functional neurosurgery planning, intraoperative sup­
port and postoperative analysis. 

Methods and Materials 

The atlas-based functional neurosurgery planning procedure is 
shown schematically in Fig. 1. The actual patient's data is first 
reformatted, if not acquired in the intercommissural plane, and then 
registered with a deformable electronic brain atlas based on the 
Talairach global registration (i.e. proportional grid system trans­
formation) [11]. The accuracy of registration within a region of 
interest can later be enhanced by using any local landmarks. After 
completing the registration procedure, the neurosurgeon is able to 
navigate in the atlas-data space, as well as to plan the target and the 
entry point(s) in two- and three dimensions. 

Electronic Brain Atlas 

A number of print brain atlases are available, such 
as Schaltenbrand and Bailey [9], Schaltenbrand and 
Wahren [10], Talairach and Tournoux [11], Referen­
tially Oriented Talairach and Tournoux [12], Afshar­
Watkins-Yip [1], Van Buren and Borke [14], Andrew 
and Watkins [2], Ono-Kubik-Abernathey [8]. The 
print atlases have several limitations including static 
knowledge; print representation not suitable for elec­
tronic handling, processing and storing; static pre­
sentation and no means of atlas-to-data registration. 
On the other hand, electronic brain atlases are more 
convenient and flexible to use. They can also provide 
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Fig. 1. Atlas-based neurosurgery planning: boxes denote oper­
ations and ovals represent data 

additional and powerful features not available in the 
print atlases. 

Ciemed* has developed electronic versions of the 
classic Thieme brain atlases: Talairach and Toumoux, 
Referentially Oriented Talairach and Toumoux, 
Schaltenbrand and Wahren, and Ono-Kubik-Abema­
they [3, 5-7). They feature high quality data, fully 
segmented and labelled structures, mutually preregis­
tered atlases, registration with actual patient's data, 
three-dimensional extensions, among others. These 
atlases are also available on CD-ROM distributed by 
Thieme [4). 

In order to define stereotactic targets, the authors 
use the "Atlas of Stereotaxy of the Human Brain" by 
Schaltenbrand and Wahren [10). The Schaltenbrand­
Wahren (SW) brain atlas is constructed based on 111 
brains. It contains photographic plates of macroscopic 
and microscopic sections. The anatomical index has 
about 600 structures. The microscopic myelin-stained 
sections show in great detail cerebral deep structures. 

The original microseries' photographic plates are 
digitized, aligned and organized into atlas volumes, i.e. 
stacks of atlas images corresponding to a given hemi­
sphere [6). The electronic images are extended in com­
parison to the print plates such that they cover both 
hemispheres (compare Fig. 2). The axial and coronal 
plates are mirrored along the AC-PC line, and the 
sagittal plates are replicated along the midsagittal 
plane. Three atlas volumes are built: 

• Ciemed: Center for Information-enhanced Medicine, a joint 
center between the Institute of Systems Science in Singapore and 
Johns Hopkins University, Baltimore. 

T. T. Yeo and W. L. Nowinski 

1. SW coronal: Brain LXVIII, right hemisphere (20 
sections) 

2. SW sagittal: Brain LXXVIII, left hemisphere 
(17 + 17 sections) 

3. SW axial: Brain LXXVIII, right hemisphere (20 
sections). 

The SW overlays are also digitized, and then seg­
mented (contoured), labelled, and preregistered with 
the SW atlas volumes. All structures on the micro series 
are contoured by manually tracing the digitized over­
lays. Each contour is assigned a label (or labels) con­
sistent with the original overlays. The contours are 
suitably mirrored and replicated to cover both hemi­
spheres. These contours are also utilized to reconstruct 
three-dimensional (3D) models of the SW structures 
which are useful for analysis and visualization of 
shapes as well as for neurosurgery planning [3]. All 
three SW atlas volumes are mutually preregistered 
such that any point in the SW stereotactic space can 
simultaneously be displayed on the axial, coronal and 
sagittal planes. The preregistered SW orthogonal 
images can be visualized together as the triplanar. The 
triplanar and 3D SW models are also preregistered and 
can be displayed jointly (see Fig. 2). 

All the atlases are fully segmented and labelled in 
two- and three dimensions. The segmented atlas struc­
tures can be displayed as images with superimposed 
contours, contours alone or 3D models. The contours 
are useful for atlas-to-data registration since they do 
not obscure the actual patient's data (compare Fig. 3). 
The contours, atlas labels and 3D models are de­
formation independent. By conforming the atlases to 
the actual patient's data, this data can be segmented 
and labelled in two- and three dimensions in real-time. 

Functional Neurosurgery Supporting System 

The atlas-based computer system for functional 
neurosurgery supports preoperative planning, intra­
operative procedures and postoperative analysis. Pre­
operative planning includes registration in multiple 
directions, target definition and target mensuration. 
The stereotactic path can be displayed and edited in 
two- and three dimensions. 

The system facilitates postoperative evaluation of 
the patient. It displays the actual patient's data as 
the axial, coronal, sagittal views and the triplanar 
supported by continuous navigation in the atlas-data 
space and high accuracy mensuration. It can also be 
used off-line to collect and analyze the functional data 
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Fig. 2. Electronic Schaltenbrand-Wahren brain atlas: the axial (bottom-left), coronal (top-left) and sagittal (top-right) sections covering both 
hemispheres. Bottom-right: the SW triplanar the original of which corresponds to the location of the box cursor on the orthogonal sections; 
3D thalamic structures preregistered with the SW triplanar 

in order to construct more advanced tools and new 
brain atlases. 

Load data and atlas. The atlas-based system inputs 
the actual patient's data, interpolates it and provides 
the neurosurgeon with its axial, coronal and sagittal 
views. Moreover, the triplanar view shows a 3D image 
of all three planes, along with 3D SW structures. These 
views are smoothly and continuously resizeable to 
allow the neurosurgeon to direct attention to a par­
ticular view. 

The SW atlas volumes can be displayed individually 
or superimposed on the actual patient's data. The atlas 
images are overlayed onto the patient's data with 
a user controlled degree of blending. The 3D SW 
structures can also be presented individually or jointly 
with the data. The neurosurgeon may select any sub­
set of these structures for displaying and real-time 
manipulation. 

Register. The brain atlas constitutes a model suit­
able for data quantification. The atlas is conformed 
to an individual patient's brain scan by means of 
3D landmark-based registrations [3]. The placement of 
landmarks is interactive, and the atlas deformation is 
a real-time operation. The SW brain atlas volumes, 

contours, triplanar and 3D models are mutually pre­
registered, and the registration of a single atlas volume 
with the actual patient's data automatically registers 
all other atlas volumes, contours and 3D models with 
this data. The atlas plates are piecewise-linearly warped 
and overlayed onto the data images. The contours are 
warped in a similar way and the 3D atlas structures 
are piecewise-linearly transformed to be visualized in 
relation to the triplanar (compare Figs. 3 and 4). 

Measure and reformat. The position of a point 
target can be measured in the SW stereotactic space 
[10]. The locations of the reference axes in this space 
are defined by the registration grid displayed and edit­
able on all three orthogonal views and in 3D (compare 
Fig. 4). High accuracy mensuration allows the neuro­
surgeon to set the coordinate system, get target coor­
dinates and measure distances (compare Fig. 5). 

Mensuration of angles is provided on all 2D views 
and is associated with data reformatting. The user can 
interactively measure the angle between the horizontal 
line and AC-PC line on the sagittal view, as well as 
the angles between the vertical line and longitudinal 
cerebral fissure on the coronal and sagittal views, and 
suitably reformat the data. 
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Fig. 3. System user interface. Top-left: main work window with four smoothly and continuously resizeable views containing orthogonal data 
sections registered with the SW contours, and the atlas/data triplanar (note the SW contours are also displayed on the data triplanar). Right: 
scrollable anatomical index with the selected Vim nucleus highlighted. Bottom: scrollable control panel providing multiple atlas and data 
operations 

Path display and edit. The location of the stereo­
tactic path is shown in relation to the atlas-segmented 
actual patient anatomy. The path is displayed and 
manipulated in 3D, and as its projections on the 
orthogonal views are drawn. The lists of structures 
encountered along the path are given for all three 
orientations. The 3D mono or stereo display of the 
path along with the actual data triplanar (with super­
imposed contours) and 3D SW structures assist the 
neurosurgeon in editing the entry point and enhancing 
the path. 

Results 

The atlas-based computer system providing oper­
ations as discussed in the previous section is developed, 

and its clinical validation is underway. Figure 3 shows 
the complete user interface with its main components: 
work window with four views, anatomical index, and 
control pane1. The atlas-defined target structure (in 
this case the nucleus ventrointermedius extema) is 
contoured on the axial, coronal and sagittal planes, as 
well as on the triplanar. 

By clicking on a 2D structure, its name is high­
lighted in the anatomical index, and the structure is 
contoured on all three orthogonal planes and on the 
triplanar (see the Vim nucleus in Fig. 3). By pointing 
to any 2D or 3D structure, its anatomical name is 
displayed. 

The data and atlases are explored by means of con­
tinuous navigation [5]. The neurosurgeon is able to 
continuously navigate in the atlas-data space such that 
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Fig. 4. Superimposition of the SW atlas onto an MRI data. Left: the axial view with the Talairach proportional grid. The SW atlas images, 
contours and 3D models (see on the right) are elongated laterally (compare e.g. the putamen) and dorsally to illustrate deformation capa­
bilities. Any comer of the proportional grid is a movable landmark. When a comer is pointed to, the cursor turns into a circle. The neuro­
surgeon can then drag these circles to fit the grid to the data. Right: the reference planes along with the 3D bounding box in the 3D view 
containing the data/atlas triplanar and 3D SW models 

any structure(s) from the anatomical index can be 
traced continuously in this space. The continuous 
navigation, fully controlled by the mouse buttons, in­
cludes continuous resizing of the views in the work 
window, continuous scaling of images in each view 
while maintaining the aspect ratio, continuous resizing 
of 3D structures and the triplanar, and continuous 
atlas - actual patient's data blending. Interactive 
operations are provided to rotate and move the tripla­
nar or 3D structures in real-time. 

The superimposition of the SW atlas onto an actual 
patient's data is shown in Fig. 4. The system displays 
the Talairach proportional grid in the orthogonal views 
and the reference planes along with the 3D bounding 
box in the 3D view. Any comer of the proportional 
grid is a movable landmark. By dragging these land­
marks, the neurosurgeon conforms the atlas to the data. 

High accuracy mensuration supported by con­
tinuous navigation allows the neurosurgeon to con­
tinuously resize the images. This way the neurosurgeon 
can magnify the image and measure it with high, sub­
pixel accuracy. 

Mensuration works in two modes: distance or read­
out. The readout measures the distance from the set 
origin, as well as giving the lateral, anterior and ventral 
coordinates of the target, see Fig. 5. The origin is set by 
the user, and it can be the intercommissural midpoint, 
anterior commissure, or user defined. In the latter case, 
for instance, by setting the microelectrode tip as a user 
defined origin, the neurosurgeon can easily measure 
the distances between the tip and its surrounding 
structures. 

Fig. 5. Postoperative mensuration of the location of an electrode 
implanted in the right thalamus. Top: MRI image with the super­
imposed contours (the Vim.e nucleus is highlighted and labelled) 
and Talairach grids are highly magnified, and the target (marked by 
the cross) is measured with subpixel accuracy. Bottom-right: men­
suration control panel segment. The intercomrnissural midpoint 
(MP) is set as the origin. The distance to the target, and the target 
lateral, anterior and ventral (L, A, V) coordinates are displayed 

Discussion 

The system provides the neurosurgeon with a very 
flexible and powerful display, and continuous yet sim-
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pIe navigation in the atlas-data space. The atlas and 
data are presented in the 2D and 3D views which are 
smoothly and continuously resizeable to allow the 
neurosurgeon directing attention to a particular detail 
in a chosen view. 

The authors' registration procedure has numerous 
advantages, and is superior to MRI guided definition 
as well as traditional indirect measurements based on 
the AC-PC line. The scaling is done not only along the 
AC-PC distance but also dorso-ventrally and laterally. 
The registration landmarks can be determined on any 
of the axial, coronal and sagittal planes. This gives the 
neurosurgeon more flexibility in selecting clearly visi­
ble landmarks, increasing in this way the accuracy of 
registration. Three different, mutually preregistered 
SW atlas volumes are conformed to the actual pa­
tient's data enhancing the accuracy of target definition. 
The atlases are extended to cover both hemispheres 
and can also be used for planning bilateral cases. The 
deformation of images, contours and 3D objects is 
real-time, so the neurosurgeon can smoothly drag any 
landmarks and observe immediately the results. In 
addition, the registration can be supported by some 
other atlases preregistered with the SW atlas [6, 7]. The 
current user interface supports the placement of land­
marks for the Talairach proportional grid system 
transformation. However any set of landmarks can be 
used with this approach, e.g. to compensate for the 
width of the third ventricle or internal capsule. The 
presentation of the contours on the orthogonal planes 
and on the triplanar and 3D shaded mono or stereo 
display of structures along with the stereotactic path 
facilitates neurosurgery planning. 

Several factors limit the overall accuracy of atlas-to­
data registration and target definition. They can be 
divided into two groups: inaccuracies of the print 
atlases, and inaccuracies of the electronic data and 
operations. The print atlas plates are sparse in some 
regions, the slice distance ranging from 0.5 mm to 
4 mm. The SW axial plates are not exactly in the AC­
PC plane. The shapes of the 3D models reconstructed 
from the original SW contours are convoluted and 
sometimes unrealistic. The sources of inaccuracy of the 
electronic version include digitization, image mirror­
ing, construction of atlas volumes, contouring, pre­
registration of contours and preregistration of the atlas 
volumes with the overlays. 

The system can be used intraoperatively to facilitate 
anatomico-physiological correlation. The intraopera­
tive support displays the actual position of the micro-
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electrode, constructs and draws a functional map, and 
assists the neurosurgeon to plan the insertion of the 
next microelectrode tracks. 

The position of the microelectrode tip is displayed in 
3D as well as on the orthogonal views. This gives the 
neurosurgeon a better correlation between the tip and 
its surrounding anatomy, and especially the location of 
some critical structures e.g. the optic tract during pal­
lidotomy, the damage of which has to be avoided. By 
setting the tip as a user defined origin, the distances 
between the tip and its surrounding structures can be 
easily measures. The procedure usually requires in­
sertion of multiple microelectrode tracks to fully map 
the area neurophysiologically. The functional map 
correlated with atlas-segmented actual patient anat­
omy guides the insertion of the next microelectrode 
track(s). 

The system can also be used off-line to study post­
operative cases (compare e.g. Fig. 5), as well as to 
collect and analyze the functional data in order to 
construct new brain atlases. The postoperative MRI 
scan contains the actual (functional) target which can 
be compared with the planned (atlas-derived) target. 
This information can be used for the enhancement of 
the registration procedure. 

In summary, the atlas-based functional neuro­
surgery supporting system increases the accuracy of 
target definition, reduces the time of planning and the 
time of the procedure itself, and constitutes a research 
platform for the construction of more advanced neu­
rosurgery supporting tools and brain atlases. 
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Summary 

The potential of gene therapy strategies for malignant gliomas 
that are based on retrovira1-mediated transfer of a "suicide gene" 
such as Herpes Simplex Virus-thymidine kinase HSV -tk and sub­
sequent treatment by a prodrug (gancic1ovir, for example), has been 
emphasized by the promising results obtained by several groups. 
However, further experimental data as well as preliminary clinical 
results indicate that the low efficiency of retrovira1-mediated gene 
transfer in vivo as well as difficulties for the diffusion of the prodrug 
inside the tumour mass can limit the efficacy of this form of gene 
therapy. 

To achieve a more effective limitation of tumour growth other 
approaches may be combined with the "suicide gene" strategy and 
the enhancement of the immunological response to the tumour by 
cytokine gene transfer is prominent among these approaches. The 
authors' experiments in nude mice confirm the antineoplastic role of 
IL-4 and encourage testing the effects of the simultaneous transfer of 
IL-4 and HSV-tk genes in immunocompetent animals. 

Keywords: Malignant gliomas; gene therapy; suicide gene; ganci­
c1ovir; retrovirus; interleukin-4. 

Retroviral-Mediated Transfer of a Suicide Gene 

The expression of the Herpes Simplex Virus thymi­
dine kinase (HSV -tk) gene can make tumour cells 
sensitive to the nucleoside analogue ganciclovir (GCV). 
GCV phosphorylation by HSV -tk and by endogenous 
kinases causes the formation of GCV triphosphate 
which will compete with GTP during DNA synthesis. 
The incorporation of GCV triphosphate will stop the 
further elongation of DNA, and kill cells that are 
actively cycling, such as neoplastic cells. HSV-tk gene 
transfer and GCV treatment should therefore be able 
to selectively kill neoplastic cells in the brain, since 
these cells are actively growing in an environment of 

post-mitotic cells. A further contribution to the selec­
tivity of this therapeutic system is by the use of retro­
viruses as vectors for gene delivery, since the DNA 
deriving from reverse transcriptase-mediated tran­
scription of viral RNA will only integrate into actively 
dividing cells. Thus, the toxic effects of HSV-tk­
metabolized GCV should only affect tumour cells and 
not the surrounding tissue. 

Several groups have reported eradication of estab­
lished gliomas by retroviral transduction in vivo of the 
HSV-tk gene and by subsequent GCV treatment [1,8, 
lO]. On this basis, a phase I clinical trial in patients 
with glioblastoma multiforme has been performed in 
the US. The preliminary results of this trial as well as 
other pre-clinical experiments, have suggested that this 
novel therapy might be limited by the low-efficiency of 
in vivo gene transfer [7, 15]. 

The authors evaluated the therapeutic potential of 
the treatment with the Herpes Simplex Virus thymi­
dine kinase (HSV-tk) gene and GCV in killing ex­
perimental rat gliomas grafted in the brain of Sprague­
Dawley rats. Rats were anaesthetised, and 4 x 104 C6 
cells (C6 is a highly malignant cell line derived from a 
rat glioblastoma) alone or mixed with the same num­
ber of viral producer cells were injected into the left 
striatum. 

Two sets of experiments were performed to compare 
the efficacy of in vitro and in vivo transfer of the HSV­
tk gene in tumour cells, inoculating either C6 cells 
selected in vitro for HSV-tk expression (C6.SBA cells) 
or mixtures of C6 and HSV -tk retroviral producer 
cells (SBA cells) in rat brain [6]. Even if rats injected 
with C6/SBA mixtures and treated by GCV survived 
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longer than controls, the difference was not statistically 
significant. 

This result may, at least partially, be caused by the 
low in vivo efficiency of retroviral-mediated trans­
duction of the therapeutic gene. Recent in vitro ex­
periments, based on the identification of antibiotic­
resistant cells after replating cells from a tumour 
transduced in vivo, indicated that not more than 10% 
of neoplastic cells had been reached by the retroviral 
particles [16]. Data from other laboratories were in the 
same range [7]. To increase transduction efficiency 
adenoviruses are presently the most attractive candi­
dates, since they are more stable than retroviruses and 
can be obtained in very high concentrations: titres of 
1010 -1011 pfu/ml can be reached while for retroviruses 
titres do not go beyond 107 . 

The poor diffusion of GCV into the tumour mass 
might also be a limiting factor for this form of gene 
therapy. This is well explained by the observation that 
although GCV treatment of tumours obtained from 
C6 cells previously engineered to express HSV -tk 
(C6.SBA cells) caused a significant prolongation of 
rat survival [3], these tk+ tumours could not be 
completely eradicated. Interestingly, C6.SBA cells, 
replated after in vivo growth and GCV treatment, 
retained GCV sensitivity in vitro . This experiment 
suggests that an impaired diffusion of the drug into 
the tumour, rather than mutations or inactivations of 
HSV -tk, are responsible for the lack of a cure of HSV­
tk tumours. One way to deal with such a limited dif­
fusion is suggested by the possibility of administering 
GCV more directly either through reservoirs that 
are communicating directly with tumour cavities or 
through drug releasing devices, named "wafers" [17]. 

Bystander Effect and Immunological Responses Against 
the Tumour 

To have a more complete picture of the features re­
lated with the HSV-tk/GCV system for the treatment 
of malignant gliomas one should also consider other 
factors that might enhance the efficacy of this system. 
These factors are part of the so-called bystander effect, 
the phenomenon by which HSV -tk negative tumour 
cells nearby HSV-tk-positive cells are also killed by 
GCV administration [8]. Gap junctional intercellular 
communication (GJIC) seems to be one component of 
this effect. Gap-junctions are inter-cellular channels 
constituted by juxta-position of connexons. Each con­
nexon is constituted by six units of connexins, mem-
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brane proteins with different tissue-specificity that are 
characterized by the presence of four membrane­
spanning domains, highly conserved among different 
species and in different tissues, and by a cytoplasmic 
tail [4]. GJIC allows the passage of GCV -triphosphate 
from tk-positive to tk-negative contiguous cells [11]. 

The authors previously confirmed that in vivo 
delivery of the HSV -tk gene and GCV treatment can 
restrain the growth of U-87 gliomas in nude mice 
and investigated some of the molecular features of the 
bystander effect in this model [6]. This data suggested 
that the release of apoptotic vesicles caused by GCV­
mediated death of glioma cells can co-operate with the 
presence of gap-junctions to spread GCV -triphosphate 
to surrounding cells and the present investigation con­
tinues into whether the combined transfer of connexins 
and HSV -tk genes is a way to increase the efficacy of 
GCV administration. 

Immunological reactions linked to GCV -induced 
tumour death might also have a role in the generation 
of the bystander effect and "combination" therapies, 
attempting to enhance such a role, have recently been 
proposed [2]. These approaches are based on the con­
temporaneous delivery of HSV -tk and cytokine genes 

. to the tumour. The combined transfer of HSV-tk and 
interleukin-2 genes, for instance, allowed the develop­
ment of a systemic anti-tumoural immunity, associated 
with the presence of tumour-specific CD8+ T lym­
phocytes [21], against challenges of parental tumour 
cells inoculated at distant sites. On the contrary, no 
enhancement of tumour eradication was observed by 
adding the IL-2 gene in the HSV-tk vector used for the 
transduction of9L gliomas [15], a finding that could be 
related partly to the low expression of the p55 subunit 
of the IL-2 receptor in gliomas. 

Interleukin 4 (IL-4) is a cytokine whose anti-tumour 
effects have been described in different tumours [18, 
19]. In particular, Yu et al. [23] observed a significant 
growth inhibition of U-87 human gliomas inoculated 
subcutaneously and intracerebrally in athymic nude 
mice in association with an IL-4 secreting cell line. 
More recently, Wei et al. [22] demonstrated the higher 
therapeutic efficacy of the intratumoural grafting of 
retroviral producer cells that transduce the IL-4 
gene compared to the implantation of fibroblasts 
engineered to express and release IL-4. These data, 
obtained in athymic mice, confirm that the activation 
of the IL-4-mediated immune reaction is not strictly 
dependent on T lymphocytes and can be suitable for 
the treatment of glioblastoma patients, who suffer 
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from a well-documented depression of the T cell arm 
of the immune response [5,12,20]. 

The authors evaluated whether the transfer of the 
IL-4 gene can strengthen the anti-tumour immune 
response elicited by the treatment with HSV-tk and 
GCV [2, 21] and mediate a long-term tumour re­
jection. Preliminary experiments were performed in 
athymic nude mice to evaluate the role of the initial, T 
lymphocyte-independent, response induced by in vivo 
transduction of IL-4 gene and to test the effects of the 
combined transduction with the HSV -tk gene. Three 
groups of mice were inoculated subcutaneously with 
C6+ IL-4 retroviral producer cells (L4SN cells, derived 
from the psi-two packaging cell line [14], C6+SBA or 
C6+ L4SN +SBA cells and the last two groups were 
treated with GCV. It was found that transduction of 
the IL-4 gene could restrain tumour growth similarly 
to HSV-tk/GCV. The combined transduction ofIL-4 
and HSV-tk provided a higher anti-tumour effect 
compared to the transfer of a single therapeutic gene, 
but the differences were only significant for the first 
three weeks (Fig. 1). This could be explained by the 
two-step response induced by IL-4: the initial tumour 
destruction is, in fact, mediated by the cytotoxic and 
phagocytic activity of eosinophils and macrophages 
and is therefore aspecific, while the delayed and spe­
cific response, which requires the activation ofT and B 
lymphocytes, can lead to a definitive tumour rejection 
and to the establishment of a long term immunological 
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Fig. I. In vivo growth of C6 gliomas injected sub-cutaneously in 
nude mice. The graph is showing the growth rate of C6 cells 
(American Type Culture Collection) alone or injected in combina­
tion with retroviral producer cells expressing the HSV-tk gene 
(SBA cells; [6]), the IL-4 gene (USN cells; [14]) or both. Nude 
mice (Charles-River Italia) were inoculated subcutaneously in one 
flank with 3 x 105 C6 cells, alone or mixed in a I: I ratio with SBA 
or USN cells. Osmotic pumps (Alzet, Charles River Italia) were 
used to deliver GCV at 30 mg/kg/die for about two weeks. The size 
of subcutaneous tumours was evaluated by multiplying the two 
major diameters (cross-sectional area). The statistical analysis of 
the results is presented below the graph 

memory [9, 14]. In nude mice, only the early and 
aspecific response can take place and the anti tumour 
effect observed is therefore limited in time. On the 
other hand, HSV-tk expression also restrains tumour 
growth for a limited period after GCV administration. 
These two observations can explain why the neoplastic 
proliferation re-occurs after the combined transfer of 
HSV -tk and IL-4 genes. 

Preliminary Observations on IL-4 Gene Transfer in 
Immunocompetent Rats 

The authors expected that in immunocompetent 
animals the immune response elicited by IL-4 trans­
duction could induce a stronger anti-tumour reaction 
and ensure a long term survival of the treated animals. 
To test this, stereotactic injections were performed in 
the brain of 13 rats with equal amounts of C6 and 
L4SN cells and their survival compared to that of a 
control group inoculated with C6 cells alone (n = 17). 

Tumour growth was demonstrated by histological 
analysis and/or MRI. Initially, a good correlation was 
found between MRI and the normal anatomy of the 
rat brain, as defined by a stereotactic atlas. MRI could 
demonstrate the presence of tumour growth as early 
as 10 days after the injection of 4 x 104 C6 cells in 
rat brain. Thus, MRI follow-up was instrumental in 
establishing the presence and the growth of the tumour 
(Fig. 2), since in 15-20% of the animals such growth 
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Fig. 2. Magnetic resonance imaging (MRI) of a control rat brain 
injected in the left hemisphere with 4 x 104 C6 cells 12 (part A) and 
21 (part B) days, respectively, after the injection. MRI was per­
formed using a 1.5 T equipment with a 10 em surface coil. Coronal 
and sagittal Vol 2 mm-Tl-FFE, Vol 2 mm T2-TSE and inter­
mediate and T2-WSE sequences were obtained. The FOV was 160 
and the acquisition matrix 256 x 256. Part A: vol Tl FFE 2 inm 

image showing a tumoral enhancement in the left hemisphere. Lat­
eral ventricles are also recognizable. The few artifacts are due to 
the previous injection. Part B: post-contrast Tl FFE 2 mm image 
demonstrating the dramatic growth of the tumour with intense 
dishomogeneous enhancement. The arrow points to a displaced and 
enlarged ventricle 

does not take place. The feasibility of further evalua­
tions to size the tumours in the presence of different 
therapeutic modalities is presently under scrutiny. 
The analysis of this group of animals demonstrated 
that C6+IL-4-treated rats, overall, lived significantly 
longer than controls (52.6+ / -9.6 days vs 25.3+ / -1.8, 
p = 0.0038). Histological analysis of some of the long 
term survivors by hematoxylin-eosin staining, revealed 
the presence of a lymphocytic infiltrate at the borders 
of the neoplastic lesion (Fig. 3), demonstrating the 

103 

Fig. 3. Haematoxylin Eosin staining of a C6 brain glioma in one 
animal injected with C6 and USN cells. Rat brains were fixed by 
Camoy, embedded in paraffin and examined by light microscopy. 
In addition, immunohistochemical analysis was performed using 
antibodies against GF AP (gliofibrillary acidic protein) and vimentin 
(not shown here). The rat died 66 days after injection: lymphocytes 
infiltrating the neoplastic cells are clearly visible 

occurrence of an inflammatory reaction which, at least 
for several weeks, counteracted tumour growth. 

Perspectives 

The therapeutic potential of the "suicide gene" 
strategy, based on the treatment with HSV-tk and 
GCV for the cure of malignant gliomas, has been em­
phasized by the promising results described by some 
authors [1, 2, 8, 10], but the outcome of clinical studies 
[15] as well as the results obtained by Cool et al. [7] and 
by the authors' concur to define the limits of this system. 

To achieve a complete tumour eradication other 
approaches may be combined with the "suicide gene" 
strategy and the enhancement of the immunological 
response to the tumour by cytokine gene transfer 
seems to offer an interesting perspective. The authors' 
experiments in nude mice seem to confirm the anti­
neoplastic role of IL-4 [3] and encourage the testing 
of co-transduction of IL-4 and HSV-tk genes in im­
munocompetent animals. However, since the retro­
viral producer cell line L4SN is derived from first 
generation "psi-two" packaging cells, recombination 
events can take place and lead to the formation of a 
replication competent virus (helper virus), facilitating 
the spreading of IL-4 and HSV-tk genes, but consid­
erably increasing the risk of insertional mutagenesis. 
The preparation of retroviral producer cell lines de­
rived from third generation packaging cells [13], cur-
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rently underway in this laboratory, should efficiently 
counteract the occurrence of replication competent 
retroviruses. 

The authors hypothesised that in immunocompetent 
rats a lymphocyte-mediated response against the tu­
mour could be activated by IL-4 transduction and en­
sure a longer survival of treated animals. Preliminary 
results seem to confirm this hypothesis, but the anti­
neoplastic effect ofIL-4 was only observed in a fraction 
of the treated rats. It is not known whether this different 
response is due to a diverse individual reaction of the 
animals to the treatment or to the low amount of IL-4 
secreted in the tumour microenviroment. This second 
hypothesis will be tested by using another IL-4 viral 
producer cell line, able to release higher levels of the 
cytokine. In addition there will be an evaluation as to 
whether the combined in vivo transduction of HSV -tk 
and IL-4 genes can strengthen the anti-tumour effect of 
the IL-4 transfer alone. Preliminary results seem to be 
promising and encourage the use of similar combina­
tion therapies for the treatment of gliomas. 
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Summary 

Glioblastoma, one of the best vascularized tumours in humans, 
appears well suited for an antiangiogenic therapy. VEGF (vascular 
endothelial growth factor), the most important angiogenesis factor 
identified to date, is highly expressed in glioblastoma. VEGF is par­
ticulary upregulated in palisading cells adjacent to necroses and 
has subsequently been shown to be hypoxia-inducible in glioma 
cells in vitro. VEGF-receptor tyrosine kinases, VEGF-RI (fit-I) and 
VEGF-R2 (Ilk-I), are induced in a tumour stage dependent manner 
during glioma progression and are exclusively expressed in tumour 
vascular endothelial cells. 

These observations suggest that VEGF-receptors are promising 
targets for tumour endothelial cell specific therapy. The ability to 
block VEGF-signalling by the VEGF-R2 dominant-negative mutant 
identifies the VEGF /VEGF-R2 system as amajorregulator of glioma 
angiogenesis. Several experimental approaches demonstrate that in 
rat gliomas tumour growth can be prevented by the inhibition of 
angiogenesis. These findings are of pivotal importance for the devel­
opment of anti-angiogenic therapies in glioblastoma patients. 

Keywords: Glioblastoma; tumour angiogenesis; angiogenic 
growth factors; VEGF-R2 (Ilk). 

Introduction 

The molecular tumour genetics of gliomas pose 
many unanswered questions. 

Are Malignant Gliomas Suitable for Anti-Angiogenic 
Therapy? 

Malignant gliomas are neuroectodermal tumours 
which most commonly arise in the white matter of 
the cerebral hemispheres [1]. They are rapidly dividing 
and highly invasive tumours. Glioblastoma is the most 
common and most malignant brain tumour in humans 
and up to date is incurable because of its resistance to 
all available therapies. Histologically, glioblastomas 
are highly vascularised tumours and display large 

areas of necrosis. An event that accompanies glioma 
progression is the onset of angiogenesis [21, 23]. Dur­
ing development from a low-grade to a high grade 
glioma an increase in vessel density can be observed. 
Low-grade gliomas are moderately vascularised 
whereas high-grade gliomas display areas of high vas­
cular density. Therefore, glioblastoma growth seems 
to be angiogenesis-dependent. The authors are inter­
ested in the molecular mechanisms underlying tumour 
angiogenesis and in the development of therapeutic 
strategies based on angiogenesis inhibition. 

How is Angiogenesis Regulated in the Developing Brain 
and in Brain Tumours? 

Angiogenesis is defined as the sprouting of capil­
laries from pre-existing vessels. Angiogenesis is ob­
served during embryonic brain development but is 
downregulated in the adult brain. Angiogenesis may 
be reinduced under pathological conditions such as 
brain tumour growth [19], reviewed in [9, 24]. Folk­
man et al. have proposed that tumours require the 
formation of new blood vessels to grow beyond a 
minimum volume [8]. The most common model of 
tumour angiogenesis is that tumour cells secrete 
angiogenic factors that act on endothelial cells [21]. 
In addition, the expression of growth factor receptors 
must be induced on the endothelial cell surface. The 
angiogenesis factor secreted by the tumour cell binds 
to endothelial cells which express the respective re­
ceptor(s) and via receptor-signalling the endothelial 
cell becomes activated. Endothelial cell activation is 
characterised by the synthesis of proteolytic enzymes 
which serve for the degradation of the extracellular 
matrix, and by subsequent migration and proliferation 
of the endothelial cell. This process results in the for-
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mation of new capillaries which supply the tumour 
with oxygen and nutrients. 

Which Molecules are Involved in Endothelial Cell 
Growth and Differentiation? 

At present, four receptors have been identified 
which are known to be exclusively expressed on the 
endothelial cell surface. Two of them, flt-I and flk-I 
(KDR) belong to the PDGF-receptor family of 
receptor tyrosine-kinases. Both consist of an extra­
cellular part characterised by seven immunoglobulin­
domains, a transmembrane domain and an intra­
cellular split kinase domain. The ligand of both 
receptors is VEGF (vascular endothelial growth fac­
tor) [6, 30]. Therefore flt-l and flk-I/KDR are also 
denominated VEGF-receptor I (VEGF-RI) and -2 
(VEGF-R2), respectively. 

The two other endothelial cell specific receptors, 
tie-I and tie-2 (tek) belong to a new class of receptor 
tyrosine kinases with an unusual structure of the ex­
tracellular part containing three fibronectin type III 
domains and three domains with epidermal growth 
factor homology [18, 27]. The ligand(s) for these two 
receptors are still unknown. 

Results 

VEGF and its Receptorsflt-Ilflk-l (KDR) are the 
Prime Candidates/or the Molecules which Regulate 
Glioma Angiogenesis 

In contrast to other angiogenesis factors, VEGF is a 
secreted endothelial cell specific mitogen and potently 
stimulates angiogenesis in vivo [5, 14]. 

The important role of VEGF and its receptors in 
developmental angiogenesis was demonstrated by 
several groups. A transient expression of VEGF dur­
ing mouse brain development was observed. VEGF­
transcripts were abundant in the ventricular neuro­
ectoderm of embryonic and postnatal brain but were 
reduced in the adult brain [2]. Correspondingly, 
VEGF-receptors were highly expressed in proliferating 
endothelial cells of vascular sprouts and branching 
vessels of embryonic and early postnatal brain but 
were drastically downregulated in adult brain [IS]. 

The authors addressed the question of whether 
VEGF and its receptors are involved in the regulation 
on angiogenesis in human gliomas [19, 22]. In situ­
hybridisation analysis of VEGF-RI expression re-
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vealed that VEGF-RI was upregulated in a tumour 
stage dependent manner in glioma endothelial cells, 
since VEGF-RI-mRNA was not detectable in normal 
adult brain but was present in low grade glioma 
and was highly expressed in the vasculature of glio­
blastoma. VEGF-R2 analysis showed a similar 
expression pattern as VEGFR-l. VEGF-R2-mRNA 
could not be detected in the vasculature of normal 
brain and of low-grade gliomas but was highly ex­
pressed in the endothelial cells of glioblastomas. 

The expression of the ligand of both receptors was 
also analysed. VEGF, like its corresponding receptors, 
is highly expressed in glioblastoma but to a lower 
extent in glioma WHO-grade II and even lower in 
normal brain. 

Interestingly, only a subset of glioblastoma cells 
expressed VEGF. VEGF was upregulated in a specific 
subset of tumour cells which were located immediately 
adjacent to necrosis. Due to their characteristic mor­
phology, these cells have been denominated palisading 
cells. 

The above findings suggested that VEGF-expression 
in glioblastoma is regulated by oxygen-tension. 
Hypoxia-inducibility of VEGF was demonstrated in 
C6 glioma cells in vitro [12, 20]. Northern blot analysis 
of RNA isolated from C6 cells which were incubated 
either under norm oxic conditions or under hypoxic 
conditions showed that VEGF-mRNA expression 
is drastically upregulated in response to hypoxia. 
Western blot analysis confirmed that VEGF-protein 
is hypoxia-inducible in C6 glioma cells in vitro. The 
question was then addressed whether palisading cells 
represent hypoxic glioma cells in vivo. Rat glioma 
cells, stably transfected with a lacZ-expression vector 
under control of hypoxia-responsive elements of the 
VEGF gene, showed a strong reporter gene expression 
in pernecrotic palisading cells, but not in cells distant 
from necrosis (A. Damert, M. R. Machein, W. Risau, 
K. H. Plate, personal communication). These findings 
support the hypothesis that palisading cells are hy­
poxic glioma cells and suggest that hypoxia is a major 
regulator ofVEGF-expression in glioma cells in vivo. 

The authors suggest that glioma cells try to over­
come tissue hypoxia by upregulating VEGF in order 
to induce angiogenesis and increase their blood supply. 
VEGF secreted by the glioma cells acts as a paracrine 
growth factor that binds to endothelial cells which 
express VEGF-receptors. Therefore VEGF receptors 
represent a promising target for endothelial cell spe­
cific anti-angiogenic therapy. 
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Development of an Animal Model for Glioblastoma 
Angiogenesis 

To study the possibility of anti-angiogenic glioma 
therapy an animal model of tumour angiogenesis was 
developed by the authors [20]. Rat C6 glioma cells 
were transplanted intracerebrally into syngeneic rats. 
The resulting C6 gliomas exhibited morphological 
characteristics of human glioblastoma such as necrosis 
and high vascularisation. Analysis of VEGF-receptor 
expression by in situ-hybridisation revealed that both 
receptors VEGF-Rl and VEGF-R2 were upregulated 
in C6-tumour endothelial cells as they were in human 
glioblastoma. Tumour cells did not express VEGF­
receptors. VEGF-receptors were specifically expressed 
in the endothelial cells of C6 tumour but not in those of 
the surrounding normal brain. Blood vessels in normal 
brain outside the tumour did not express VEGF re­
ceptors whereas vessels immediately at the tumour­
brain-interface and vessels in the tumour did express 
VEGF-receptors. The expression of the ligand VEGF 
was also analysed in C6 glioma. VEGF-expression was 
low in normal brain and in tumour cells at the periph­
ery of the tumour. However VEGF was highly up­
regulated in glioma cells lying close to necrotic areas 
in the centre of the tumour. Similar to human glio­
blastoma, only tumour cells located at the border of 
necrotic tumour areas expressed high levels ofVEGF. 

Since the expression pattern ofVEGF and its corre­
sponding receptors in rat glioma was indistinguishable 
from human glioblastoma this animal model provided 
an excellent tool to study the putative effects of an anti­
angiogenic therapy. 

Anti-Angiogenic Gene-Therapy by Dominant-Negative 
Inhibition offlk-l 

This anti-angiogenic gene therapy approach [15-17] 
is aimed to inhibit tumour-angiogenesis by specifically 
inhibiting signal transduction in tumour endothelial 
cells which express VEG F -R2 (flk -1). The strategy used 
is called trans-dominant-negative inhibition of recep­
tor signalling. This was achieved by the construction of 
a mutant VEGF-R2 (called flk-l TM) which in con­
trast to the wild-type-receptor lacks the intracellular 
kinase domain and therefore is signalling -defective [16]. 

A recombinant retrovirus was used for in vivo gene­
transfer of the dominant-negative VEGF-R2 deletion 
mutant flk-l TM. Retrovirus producing cells deliver 
the virus particles which infect proliferating endothe­
lial cells. For mediating signal transduction the wild-
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type receptor must form dimers on the endothelial cell 
surface upon ligand-binding. The truncated receptor 
is able to bind VEGF and to dimerise with the wt­
receptor but the resulting heterodimers are inactive 
and signal transduction is not possible. It was expected 
that disruption of receptor-signalling achieved by 
overexpression of mutant VEGF-R2 in tumour­
invading endothelial cells should prevent vascularisa­
tion of the tumour and consequently suppress tumour 
growth. For the analysis of the efficacy of flk-l TM 
retrovirus therapy two different glioma cell lines, C6 
and GS-9L, were tested. Tumours were either trans­
planted subcutaneously into nude mice or stereo­
tactically implanted into the brains of syngeneic rats. 
The effect of retrovirus treatment on tumour growth, 
tumour angiogenesis and survival time of the animals 
was examined. Co-transplantation of virus producer 
cells together with rat C6 glioma cells into nude mice 
led to a dramatic inhibition of tumour growth as com­
pared to the control groups. In control groups animals 
were either not treated with virus producing cells or a 
virus producing a mutated form of c-fms (c-fms TM) 
was used which has no function in angiogenesis. In 
both control groups tumours showed the same growth 
behaviour [16]. 

In a second experiment GS-9L glioma cells were 
transplanted either alone (untreated control) or to­
gether with the retrovirus producing cells subcuta­
neously into syngeneic host rats. The reduction in 
tumour size in the flk-l TM retrovirus treated animals 
was directly correlated with the inhibition of tumour 
angiogenesis. In untreated mice the border zone be­
tween infiltrating tumour and normal skin was well 
vascularised displaying capillaries and larger vessels 
whereas in the growth inhibited tumours this zone was 
completely devoid of blood vessels [17]. 

In a third set of experiments, C6 or GS-9L glioma 
cells were implanted stereotactically into the brains of 
syngeneic rats. Animals with C6 gliomas which were 
co-implanted with the virus producer cells developed 
smaller tumours than rats implanted with C6 cells 
alone. Moreover the survival time of rats with intra­
cranial 9L-gliomas was prolonged by dominant­
negative inhibition of the flk-receptor signalling. 
Twenty days after tumour implantation, survival was 
50% in the untreated group, compared to 100% in the 
retrovirus-treated group. After 29 days all animals 
succumbed in the control group, while in the treated 
group 80% were still alive and stayed alive until the 
end of the study on day 39. 
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Fig. 1. Effect of different starting points of Ilk 1-TM retrovirus 
treatment on tumour weight increase 

In addition, the authors examined the infiuence of 
tumour size on the therapeutic efficacy of the flk-I 
dominant-negative retroviral treatment (Fig. 1). When 
106 tumour cells and 106 virus producing cells were 
cotransplanted at the beginning of the study, they ob­
served a 92% decrease in tumour weight compared to 
untreated control animals during a period of 39 days. 
When the treatment with 106 virus-producing cells 
started 9 days after transplantation of 106tumour cells, 
a 43% decrease in tumour weight was observed as 
compared to controls. However, tumour growth could 
not be significantly inhibited when treatment with 106 

virus-producing cells started on day 18 or later after 
tumour cell transplantation. In these animals (which 
were designated "late treatment group"), no growth­
inhibitory effect could be observed as compared to 
untreated control tumours (Fig. 1). 

Discussion 

The above experiments demonstrate that the in­
hibition ofVEGF-mediated signal transduction by the 
dominant negative VEGF-R2 inhibits tumour growth 
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and prolongs survival in rats with intracranial gliomas. 
These results are consistent with observation by Kim et 
al. [13] who used neutralizing anti-VEGF-antibodies 
to treat nude mice with subcutaneous gliomas. The 
authors observed inhibition of tumour growth and de­
creased vascular density. 

Similar results were obtained from a recent ex­
perimental approach used by Cheng et al. [3] and Saleh 
et al. [25] who introduced an antisense-VEGF expres­
sion construct into glioblastoma cells. These cells were 
not able to sustain tumour growth in immunodeficient 
mice and the density of in vivo blood vessel for­
mation was reduced. Claffey et al. [4] used the same 
approach to demonstrate reduced melanoma growth 
in nude mice after introduction of an antisense VEGF­
construct into human melanoma cells. Flk-I as a target 
for tumour growth inhibition was also proposed 
by Strawn et al. [29] who recently identified anti­
angiogenic compounds that specifically inhibited flk-l 
tyrosine kinase activity and subsequently blood vessel 
formation in the chorio-allantoic membrane assay. In 
summary, there is accumulating evidence that specific 
inhibition of tumour angiogenesis is possible by tar­
getting VEGF or its receptors and that this inhibition 
will significantly reduce tumour growth. 

At present, there are four major questions which 
need to be considered in more detail before the above 
described dominant-negative anti-angiogenic gene 
therapy approach can be transferred to the clinics. 
Firstly, is fit-I, the other VEGF-receptor, involved in 
glioma angiogenesis? Secondly, what is the function of 
the two other endothelial cell specific receptors, tie-I 
and tie-2 (tek), whose ligands are still unknown? 
Thirdly, can stereotactically transplanted retrovirus­
particles leave the brain and infect other organs or 
other organisms? Finally, the low infection rate of 
retroviruses in vivo represents a major problem. 

The function of fit-I, the other VEGF-receptor, in 
tumour angiogenesis is unknown. However since fit-I 
is highly upregulated in glioma vessels, a role in 
tumour angiogenesis seems likely. One possibility is, 
that in the dominant-negative experiments, fit-I func­
tion was inhibited via heterodimerisation of the wild­
type fit-I with the mutant fik-I receptor. 

There is also limited information about the other 
two endothelial tyrosine kinase-receptors tie-l and 
tie-2 (tek) the ligands of which have not yet been iden­
tified. Upregulation of tie-I was described in glioma 
endothelial cells [11] but in vivo inhibition data in a 
tumour model are not yet available. It is important to 
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Table 1. Endothelial Cell Specific Receptor Tyrosine Kinases (EC endothelial Cells) 

RTK flt-l (VEGF-Rl) flk-l (VEGF-R2) tie-l tie-2 (tek) 

Ligand VEGFPIGF VEGFVEGF-C ? ? 
Expression during mouse 

embryonic development 
in EC from E 8.0 in EC and hemangio- in EC from E 8.5 in EC from E 8.0 

blasts from E 7.0 
K. O. mice die at E 8.5 die at E 8.5-9.5 die at P 0 die at E 10.5 
Phenotype ofk. o. mice disorganized blood vessels, no vasculogenesis, no normal vascular network, dilated vessels, no 

EC migrate and prolif- angiogenesis, no "leaky vessels" oedema, capillary sprouts, 
erate, EC phenotypically hematopoiesis hemorrhage malformations of 

Expression in tumour 
vascularEC 

Tumour reduction by 
receptor-inhibition 

abnormal 
yes 

? 

yes 

yes 

identify putative functions of these receptors in tumour 
angiogenesis, since tie-I and tie-2, as well as flt-I and 
flk-I, are necessary for normal blood vessel formation 
during embryonic development and distinct roles for 
each receptor were shown recently in transgenic 
knock-out mice (Table I) [7, 10,26,28]. 

Dominant-negative inhibition offlk-I may interfere 
with physiological flk-l function in the kidney or with 
wound healing. Although there is no evidence so far 
that intracerebral injection of virus producing cells into 
the brain leads to infection of other organs, this point 
needs to be carefully considered. The authors have 
however so far been unable to observe any undesired 
effects which could be attributed to flk-I inhibition. 

In the dominant-negative flk-I experiments de­
scribed, gene transfer efficacy was a limiting factor of 
the retrovirus-mediated therapy, since a 20-fold excess 
of virus producing cells to tumour cells was necessary 
to reach a maximal effect in the nude mouse model 
[16]. The authors observed a significant (e.g. more than 
90%) growth inhibition with an equal ratio of tumour 
cells and virus producing cells. In these experiments, 
failure of tumour growth inhibition in the late treat­
ment groups (e.g. treatment of 106 transplanted tu­
mour cells grown in vivo for 18 days or more) most 
likely represents inadequate gene transfer rates, since 
the number of tumour cells was in large excess com­
pared to the number of virus producer cells. It needs to 
be seen whether improved vector systems or the use of 
specific low molecular weight inhibitors will help to 
overcome these problems in the future. 
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Summary 

The authors have used the thymidine kinase/ganciclovir system 
to block glioblastoma multiforme neoplastic cells in vivo, both in 
experimental animals and in two patients in which the more con­
ventional therapies had been unsuccessful. In the Wistar rat it was 
found that the curability potential of the system is correlated with 
tumoral volume. Tumours smaller than 20 mm3 can be cured with 
defective retrovirus that do not carry the Herpes simplex thymidine 
kinase (Hsvtk) gene. While tumours smaller than 150 mm3 can re­
gress totally by the kinase/ ganciclovir system, those above that size 
cannot be cured by this treatment. In humans the situation seems 
very similar in that the authors have been unable either to reduce the 
tumour size of recurrent patients with tumour volumes larger than 
100 em3 applying the standard thymidine kinase/ganciclovir gene 
therapy or to prolong their survival time more than 8 months [7]. 
When a combination of size reduction by neurosurgery and gene 
therapy was used the survival time increased considerably. Two pa­
tients have been treated by partial surgery and repeated treatment 
with thymidine kinase/ganciclovir through an Ommaya reservoir 
connected to a catheter leading into the tumour cavity. The magnetic 
resonance imaging (MRI) of these patients show only a residual 
tumoral growth along side the tumoral bed. The procedure may be 
partially controlling the proliferation of cancerous cells, because, 
these two patients having recurrent glioblastoma, are alive II and 17 
months after the beginning of the treatment. 

Keywords: Gene therapy; glioblastoma; Hstk/ganciclovir system; 
tumour size-curability. 

Introduction 

Glioblastoma patients have an average survival time 
of 12 to 18 months despite surgery, radiation therapy 
and/or chemotherapy. Within that time, recurrence is 
associated with a 100% mortality and a life expectancy 
of about 3-6 months. The tumour appears with a fre­
quency of 1/50.000 inhabitants/year. Most of the brain 

cells in an adult do not divide. Since retrovirus only 
integrate into the genome of dividing cells, they pro­
vide a potential means of infecting selectively neo­
plastic cells in an adult brain which harbour a tumour. 
The conversion of an ordinary retrovirus to a ther­
apeutic vector involves the substitution of the viral 
genes by the therapeutic one. The authors have con­
structed vectors carrying the thymidine kinase (tk 1) 
gene from Herpes simplex (Hsvtk). These vectors pro­
duced therapeutic viruses upon their introduction into 
retrovirus packaging cells [6]. The thymidine kinase 
gene from Herpes simplex virus encodes an enzyme, 
not as strict as the mammalian counterpart, which can 
phosphorylate nucleoside analogues, such as ganci­
clovir, that would not be a substrate for the cell host 
thymidine kinase. Phosphorylated ganciclovir can be 
incorporated into the growing DNA chain and block 
replication, killing, as a consequence, the dividing cell. 

The authors had previously observed total regres­
sion of malignant brain tumours up to a size of 150 
mm3 in Wistar rats after retroviral-mediated gene 
therapy [6], and present here an extension of that 
study in which they analyze the possibility of curing 
glioblastoma tumours smaller than 20 mm3 by intra­
tumoral injection of murine defective retrovirus pro­
ducer cells of high titre (105-2 x 106 colony forming 
units). The retrovirus produced by these cells lack 
Hstk, all retroviral genes (gag, pol, env) and only 
carry the selection gene puro that confers resistance to 
puromycin. 

The Herpes simplex thymidine kinase (Hsvtk)/ 
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ganciclovir system has been also used in five patients 
with large glioblastoma, in two of whom, a reduction 
of the tumoral mass followed the gene therapy treat­
ment [7]. An up date on those experiments in which 
two recurrent patients are alive 17 and 11 months after 
initiation of a combination of neurosurgery (to reduce 
the tumoral mass) and gene therapy treatment (to kill 
the remaining cancerous cells) is presented below. 

Methods and Material 

Retroviral Vector 

The plasmid pBabepuro was used [12) and a derivative new con­
struct in which the Hsvtk. gene was inserted via Eco RI-Sal I. The 
synthesis of the protein is directed by the viral L TR (long terminal 
repeat) having been removed from its own promoter. The new retro­
viral plasmid has been called pBabetk puro. 

Wistar Rat C6 Brain Inoculation, Producer Cell 
Injection and Ganciclovir Administration 

The authors have essentially followed procedures described pre­
viously [6). Wistar male rats weighing 250-300 grams were anaes­
thetized with a mixture of ketamine (50 mg/mI), valium (5 mg/mI) 
and atropine (Img/mI) in a 5 :4:1 ratio, by volume ata dose of 0.3 mI/ 
100g of body weight before placing them in a stereotaxic apparatus. 
C6 or L9 glioma cells were injected at a concentration of 105 cells/ JLl 
in complete PBS (with calcium and magnesium) supplemented with 
0.1% glucose. With the aid of the manipulating arm of the stereo­
taxic apparatus a total of 5 JLl were introduced, over a 5 minute in­
terval, into the fronto-parietal lobe of the right cerebral hemisphere 
(4 mm to the right from Bregma and 4.5 mm deep from the skull) 
using a 10 JLl Hamilton syringe connected to a 25 gauge needle; the 
needle was kept in place 3 minutes before and after injection. Control 
rats received saline solution and did not develop any tumour. All rats 
received tetracycline in the drinking water (approximately 75 mg/kg) 
and dexamethasone (0.5 mg/kg/20ml) for one week after surgery. 

The producer cells were injected over a 10 min. period and slow 5 
min. needle insertion and retraction before and after injection, at a 
concentration of 105 cells/ JLl in complete PBS, 0.1 % glucose; a total 
of 5 x 106 cells of titres between 5 x 105-2 X 106 colony forming 
units (c.f.u.) were injected. Ganciclovir treatment was started 7 days 
later and was administered intraperitonea11y at 15 mgfkg twice daily 
(I mI/injection) for 14 days. 

Producer Cells for Human Gene Therapy 

Murine therapeutic retroviruses producing cells (MPC) were pre­
pared as described previously [6, 8). Essentially, DNA from plasmid 
pBabetk puro [6) was introduced to ecotropic 'I' CRE packaging 
cells using lipofectin~. Viral supernatants from transfected cells were 
used to infect amphotropic 'I' CRIP packaging cells. After selection 
with puromycin (2 Jlg/mI), colonies were isolated using cloning rings. 
These clonal lines were then assayed for vector titre and recombi­
nant-competent retrovirus. Titres were estimated as follows: on day 
I, NIH-3T3 cells were seeded at 5.105 cells/IO-cm plate. On day 2, 
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cells were infected with viral supernatants (filtered through a 0.45-
Jlffi filter) in the presence of 8 Jlg/mi polybrene. On day 4, cells were 
split 1:10 and 1:20 and selected with medium containing puromycin 
(2 Jlg/mI), medium changed 3 times/week until day 12 when colonies 
were stained with methylene blue. The titre expressed in c.f.u./mi was 
calculated multiplying by factors to correct dilutions, and dividing 
by 2.5 to correct cell proliferation before split. Marker rescue/mobi­
lization assay for recombinant-competent retrovirus [3, 9) was as 
follows: viral supernatants from producer 'I' CRIP clones were used 
to infect 3T3-BAG and Mus dunni-BAG cells (MDTF-BAG). On 
day I, 5.105 3T3-BAGand MDTF-BAGwere seeded in lO-cmplates. 
On day 2, plates were infected with I mI of pure viral supernatants 
(filtered through a 0.45-Jlffi filter) from confluent 10-cm plates of 'I' 
CRIP producer cells in the presence of 8 Jlg/mi polybrene. Infected 
cells were cultured for a week (allowing amplification of possible 
RCR) in medium containing I mg/mi G418. The medium was 
then changed, harvested about 20 hours later, filtered and used to 
infect NIH-3T3 5 . 105 cells/IO-cm plates with 2 mI in the presence of 
8 Jlg/mi polybrene. Detection of possible mobilized BAG virus was 
visualized by X-Gal stain directly and by selection with puromycin 
for one week before staining with X-Gal. 

Large quantities of murine therapeutic retrovirus producer cells 
(MPC) were cultured in triple flasks (Nunc, 500 cm2 growth area) 
with 100 mI per flask of DMEM supplemented with 10% calf serum. 
The cells were harvested just before use, washed and resuspended in 
a small volume of complete PBS (supplemented with calcium and 
magnesium) and glucose 0.1%. 

Clinical and Surgical Procedures 

Patients suffering from recurrent glioblastoma multiforme were 
reoperated on by re-opening their previous craniectomy to remove 
part of the tumoral mass and locally to inject the tumour bed with 8-
10 mI of MPC at different points. During the surgical intervention an 
Ommaya reservoir was placed under the skin and connected to a 
catheter leading into the surgical cavity. Ganciclovir (Cymevene­
Syntex) was administered intravenously at 5 mg/kg in 100 mI saline 
over one hour twice daily for 14 days. Blood and urine analysis per­
formed at several points after treatment was normal. Patients re­
ceived standard medication such as dexamethasone, antibiotics or 
anticonvulsants according to the usual neurosurgical guidelines. No 
increase of the brain oedema or intracranial pressure was observed. 
PCR on peripheral blood did not detect vector sequences in any of 
the patients. Magnetic resonance imaging (MRI) was performed 
at different times before and after surgery. Imaging was done in a 
0.5 Tesla MR unit using Spin Echo Tl and T2 weighted images 
enhanced by treatment with 0.1 mI/Kg of Gadolinium in the 
three spatial planes. 

MPC cells were administered through the Ommaya reservoir in a 
total volume of 6-8 mi. A 2 mI rinsing with sterile normal saline was 
added before and after injection of the cells (Table I). 

Results 

Curability of Different Volume Size Tumors in the 
Wistar Rat 

Tumour induction was achieved by direct injection 
of 5 x 105 cells into the right hemisphere of recipient 
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Table I. Treatment Scheme for the Two Patients 

No. patient Treatment No. producer cells Titre (cfu/mI)a Date 

Patient I Partial resection with Ommaya 4.4 x 108 5 X 105 4.4.1995 
reservoir placement 

Cycle I Intra-Ommaya injection 4 x 108 5 X 105 1 week later 
GCV intravenous 2 weeks 

Cycle 2 idem idem idem 12.6.1995 
Cycle 3 idem idem idem 3.11.1995 
Patient 2 Partial resection with Ommaya 3 x 108 5 X 105 27.10.1995 
Cycle 1 reservoir placement 

Intra-Ommaya injection 4 x 108 5 X 105 1 week later 
GCV intravenous 

Cycle 2 idem idem 

a c.f.u./mI: colony forming units per mi. 

rats in batches of 6 at a time, with the help of a stereo­
taxic apparatus. All the animals tolerated surgery very 
well and a few weeks after the injection about 70% of 
the animals inoculated with C6 and 90% of those 
receiving L9 harboured a tumour of variable size. 
Some of the rats were sacrificed for histopathology 
section study. The comparison of the two glioma cell 
lines indicates some differences mainly in two points: 
the mitotic index is slightly higher in L9 than C6 and 
lymphocytes and macrophages were found exclu­
sively in some of the tumours induced by C6. The 
degree of infiltration is also higher for C6. Most of the 
experiments described below have been performed 
withC6. 

The whole process can be followed by magnetic res­
onance performed at convenient time intervals. The 
majority of the C6 tumours can double their volume in 
about two weeks. As an example, a control animal is 
presented with a volume size tumour of 14 mm3 treated 
with murine packaging cells and having two weeks 
later a volume of 32 mm3 (Fig. 1). The result shows 
that murine packaging cells alone are not able to stop 
tumoral growth. A different result can be obtained if, 
instead of packaging cells which are unable to produce 

2 weeks 
idem 2 months later 

Fig. 1. Axial views of magnetic resonance images showing the 
progression of a rat brain tumour. Left picture: image obtained 
three weeks after C6 inoculum showing hyperintense signal at 
the site of injection (arrow, right hemisphere, left side of the 
picture). Right: the same rat two weeks later. The day after the 
first image was taken, 5 x 106 murine packaging cells were in­
troduced into the tumour without apparent halt in tumour ex­
pansion (arrow) 

retroviral particles, high titre defective retrovirus pro­
ducer cells are inoculated. A retrovirus carrying only 
the selection gene puro under the control of the LTR 
promoter (pBabepuro) was used for this purpose. In 
these conditions, about 60% of the tumours not larger 
than 20 mm3 regressed when treated with pBabepuro 
producer cells with titres higher than 5 x 104 c.f. u. 
(colony forming units) (Fig. 2). When the brain tumour 
gets too large and extends beyond 150 mm3 , the con­
ventional therapy of Hsvtk producer cells/ ganciclovir 
system is not sufficient to stop the progression of the 
illness. The authors have been unable to cure a rat with 
a tumour size of 212 mm3 using the same condi­
tions and retroviral clones which can cure smaller size 
tumours (Fig. 3). 

From the results obtained three volume dependent 
stages can be distinguished which would respond dif­
ferently to conventional HSVtk/ganciclovir therapy 
(Table 2). 

During the first stage, when the volume/size of the 
intracranial tumour is not greater than approximately 
20 mm 3 , an intracranial injection of retroviral pro­
ducer cells with titres higher than 105 is sufficient to 
eradicate the tumour. The tumour infected cells are 
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Fig. 2. Magnetic resonance images showing: 1 small and somewhat 
diffuse tumor 2 (arrow, right hemisphere, left side of the picture) 
obtained three weeks after a C6 inoculum, that can be cured by 
injection of 5 x 106 murine producer cells (MPC). The arrow in­
dicates the regression of the original tumour two weeks after the 
MPC injection 

Fig. 3. Magnetic resonance image of a large tumour (V = 212 mm3) 

on the right hemisphere of the animal (left side of the picture) unable 
to stop its growth and regression by ordinary Hstk/ganciclovir gene 
therapy 

probably eliminated as a result of the immune system 
stimulation by retrovirus. This stage is particularly 
sensitive to retrovirus. 

The second stage would include tumours of between 
20 and 150 mm 3 volume. In this category retrovirus 
producer cells alone may be able to slow down the 
growing tumour, but never to eradicate it. Never­
theless retrovirus producing cells, carrying the thymi­
dine kinase gene of the Herpes simplex virus, followed 
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Table 2. Curability Potential at Different Volume Sizes in the Wistar 
Rat. More than 10 tumours in each volume-size class have been 
analyzed 

Stages Rat Humans 

Critical volume (Diameter) = critical volume 
1. Retroviral 20mm3 lem=0.5em3 

sensitivity 
2. Gene therapy 150mm3 (5-6 em) = 100 em3 

sensitivity 
3. Irreversible more than >6 cm = more than 100 cm3 

insensitivity 150 mm3 

V= 4/3nrl x r~; rl = length/2, r2 = width/2. 

by ganciclovir administration (Hsvtk/ganciclovir 
killer-suicide system), is very efficient in eradicating the 
tumours completely [6]. Within this stage (gene ther­
apy sensitive) there is a correlation between the tumour 
size curability and the retroviral titre of producer cells. 
The volumes must be taken as approximate values. At 
the border line it would be difficult to predict the final 
outcome depending mainly upon the retroviral titre of 
producer cells. 

Tumours with volumes higher than 150 mm 3 come 
into a final stage which is insensitive to gene therapy, 
perhaps due to the inability of obtaining producer cells 
with titres high enough to infect all the tumour cells as 
well as to the slow diffusion of particles across the solid 
tumour mass. 

Human tumours are very likely to follow a similar 
pattern so that tumours larger than about 100 cm 3 

would be unsuccessfully treated by the conventional 
thymidine kinase/ganciclovir system. Previous results 
of the authors in treating five patients, four of whom 
had tumours larger than 100 cm 3 , confirm this inter­
pretation. A correlation between the size of the tumour 
and the effectiveness of the treatment was established 
with the greatest effect in the smaller tumours, and vice 
versa [7]. The possibility of reducing the real tumour 
size by neurosurgery at the time of thymidine kinase/ 
ganciclovir treatment was next explored. 

Human Gene Therapy Response Using the Thymidine 
Kinase/Ganciclovir System 

Three patients were originally selected to be treated 
by the combination of neurosurgery and thymidine 
kinase/ganciclovir. All three patients suffered from a 
relapsing glioblastoma and partial surgical removal of 
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a b c 
Fig. 4. Magnetic resonance imaging before and after gene therapy. Axial contrast enhanced TlWl image of a large recurrent glioblastoma, 
(a) before partial resection and MPC injection, (b) after reoperation, (c) after one dose of gene therapy, showing a large necrotic area and 
persistent residual tumour (arrows) 

the tumour mass was combined with the imbedding of 
the surgical cavity with murine Hsvtk producer cells 
(MPC) (5 x 108 cells), with a simultaneous insertion of 
an Ommaya reservoir for subsequent dose admin­
istration (Fig. 4) [2]. Seven days after surgery the first 
dose of MPCs was given via the reservoir and a week 
later ganciclovir treatment was initiated for two more 
weeks. Patients were followed by magnetic resonance 
imaging (MRI) before and after gene therapy. One of 
the patients developed a large haematoma after the 
intervention and the treatment was not completed; the 
patient died two months later. One of the other two 
patients developed fever which resolved 24 hours 
later. The two patients are still alive 11 (the first) and 
17 months (the second) after the first gene therapy 
treatment during which 2 and 3 doses respectively of 
5 x 108 MPCs were administered through their Om­
maya reservoir at different times. The patients are fol­
lowed up by magnetic resonance every three months 
and the new treatments have been performed in an at­
tempt to eliminate any remaining neoplastic cells or 
new growths (Fig. 4). Total elimination of the residual 
tumour has not been achieved and the patients will 
probably not receive more intra-Ommaya injections of 
retroviral producer cells. The survival time of both 
patients has increased considerably suggesting a par­
tial control of the tumoral growth by the treatment. 
The presence of residual tumour nevertheless indicates 
that the risk of a new outburst of growth persists 
despite several cycles of thymidine kinase! ganciclovir 
treatment. 

Discussion 

Gene therapy has been proved to be a valid and 
effective method to eradicate malignant brain tumours 
in experimental animal models mainly in the rat [l, 6, 
11, 14-17]. Total disappearance of the tumour can 
be achieved by direct injection at the site of the 
growing mass of a large quantity of murine Hstk 
producer cells (5 x 106) and subsequent ganciclovir 
treatment. A period of 7 days is allowed between the 
producer cell injection and the ganciclovir treatment 
in order to allow the recombinant virus, which con­
tains the Hsvtk gen, to infect the cancerous cells. 
Experimental data have shown that it is not strictly 
necessary to infect every single neoplastic cell with 
the retroviral killer-suicide vector to destroy the 
whole tumour, because there is a "bystander effect" 
that magnifies the response [5, 8, 18]. As little as 10% 
of the cancerous cells may need to be expressing the 
Hstk gen to cause the total destruction of the tu­
mour. There is direct evidence to suggest that gap 
junctions play an important role in mediating the 
bystander response [4]. There may be also a role for 
a cell mediated immune response [5]. The cell line the 
authors have mainly used, C6, is known to express 
no detectable levels of connexins and form less com­
pact and more infiltrating type of tumours than, for 
example, L9. Additionally, the L9 gliosarcoma cell 
line, but not the C6, has lost its ability to invade the 
parenchyma of the brain, perhaps due to the inability 
of the L9 cells to effect neovascularity [11]. In gen-
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eral, C6 is closer in properties to human glio­
blastomas than L9 and that is the reason why it was 
preferred for the present study. Nevertheless, if the 
bystander effect is mainly mediated by gap junctions, 
neither in the C6 animal model nor in human glio­
blastoma (closer in properties to C6) would such an 
effect be very strong. 

The contribution of retroviral stimulation of the 
immune response in the regression of small tumours 
was studied despite the fact that the brain in general is 
a very poor immunogenic organ due to the blood­
brain barrier. More than half of the induced tumors, if 
stimulated by the presence of defective retrovirus, dis­
appear in two weeks from the time retroviral producer 
cells are injected at the site of the tumour. The authors 
have estimated that the titre of the producer cells has 
to be higher than 105 c.f. u. because in the 40% of the 
cases in which the tumours were not totally eliminated 
the titre of the producer cells was lower than that 
value. In these cases there is a delay in tumour growth 
but no appreciable regression. 

This study has found in experimental animals, that 
tumours above a certain size (about 150 mm3) cannot 
be cured by the ordinary thymidine kinase! ganciclovir 
system. It is not known whether in those conditions 
there is not enough retrovirus to infect a sufficient 
proportion of the tumour cells to provoke its regres­
sion, or, on reaching a certain tumour size, the progress 
of the illness is faster than gene therapy, which needs 
three weeks to complete. In humans it is very likely 
that also there are volume-size barriers as suggested in 
Table 2. In general, by the time a human tumour 
reaches the volumes considered, it has grown to form a 
mass of 5 x 1010 cells or more. The 5 x 108 producer 
cells delivered to the tumour will not be able to supply 
the amount of retroviral particles needed to infect 
every cancerous cell. The previous reduction of the 
tumoral mass by surgery, seems to be the best choice 
for the treatment of large human tumours. Two 
patients in which gene therapy was combined with 
neurosurgery are alive 11 and 17 months after the first 
cycle of thymidine kinase! ganciclovir respectively was 
given. Nevertheless total disappearance of the residual 
tumour has not been achieved despite several MPC 
injections. No side-effects have been observed and the 
survivors are followed up every three months as out­
patients. The treatment so far has been safe and the 
results are encouraging. Achieving higher titres on 
producer cells, treating smaller tumours or changing 
the thymidine kinase gene to a more potent killer-
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suicide gene may be some of the improvements to be 
tried in the very near future. 
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Summary 

The purposes of this analysis were the evaluation of the toxicity of 
stereotactic single dose irradiation in patients with an arteriovenous 
malformation (AVM) and the comparison of the authors' own results 
with already existing risk prediction models. Computed-tomography 
(CT) or magnetic-resonance (MR) images, and clinical data of 
patients treated with linear accelerator radiosurgery for an A VM 
were analysed retrospectively. Using the Cox proportional hazards 
model (I), the relevance of treatment parameters and dose-volume 
relationships to the occurrence of radiation-induced tissue changes 
(oedema and localised blood-brain-barrier breakdown) were as­
sessed. The 81 patients selected for analysis had a mean follow-up 
of 28.9 months (range: 9.0-65.7 months). Radiation-induced tissue 
changes (22 out of 81 i.e. 27.2%) were documented on CT or 
MR images 6.3-33.8 months after radiosurgery (median time: 12.8 
months). The actuarial risk at 2 years was 32.1 % for the development 
of neuroradiological changes and 20.1% for the development of 
symptomatic tissue alteration. The coefficient of total volume re­
ceiving a minimum dose of 10 Gy (VTREATlO) reached statistical 
significance in a Cox proportional hazards model. These results 
demonstrate the particular vulnerability of normal brain tissue to 
single dose irradiation. Optimal conformation of the therapeutic 
isodose line to the 3D configuration of the target volume may help to 
reduce side effects. 

Keywords: Radiosurgery; LINAC; risk prediction; arteriovenous 
malformation. 

Introduction 

Radiosurgery performed either with a modified 
linear accelerator or with the gamma knife is an at­
tractive tool in the treatment of cerebral arteriovenous 
malformations. In recent years, a growing number of 
neurosurgical and radiation oncology centres have 
used this technique in addition to or as alternative to 
microsurgical resection. The large number of publi­
cations on the subject has also reflected the importance 
of this treatment modality. 

However, little is known about the particular risks 
of single dose irradiation in patients suffering from 
an A VM. The main purpose of this analysis is the 
definition of risk factors and the comparison of the 
authors' results with already existing risk prediction 
models. 

Patients 

Eighty-one patients treated between June 1990 and 
August 1995 at the University of Cologne for an A VM 
with stereotactic single dose irradiation using a modi­
fied linear accelerator (UNAC) were selected for 
retrospective analysis of risk factors. The following 
selection criteria were applied: (a) Follow-up times of 
at least 9 months (end of follow-up; June 1996). (b) 
Availability of complete treatment data. (c) Follow-up 
information including the results of neurological 
and neuroradiological examinations (computed to­
mography (CT) and/or magnetic resonance imaging 
(MRI». Patients with perilesional oedema on pre­
operative CT or MR images were excluded. 

Methods 

Clinical and Neuroradiological Criteria 

The reference point was the date of radiosurgery. Endpoints of the 
study were radiation-induced changes on postoperative CT and MR 
images, date of last follow-up examination, patient's death, date of 
surgical intervention or spontaneous intracerebral haemorrhage. 
Radiation-induced tissue reactions were assumed if signal changes 
on follow-up CT or MR images indicated the occurrence of perile­
sional oedema either alone or in combination with a typical ring 
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shaped contrast enhancement, the latter indicating localised blood­
brain barrier (BBB) breakdown. The patient's clinical status as cat­
egorised in terms of new symptoms or improvement, and decrease 
or stabilisation of already documented symptoms was correlated 
with the results of image evaluation. Follow-up data were obtained 
using a standardised form either by examination of outpatients or 
by communication with the patients, their relatives and referring 
physicians. 

Definitions and Statistical Analysis 

Treatment parameters were labelled therapeutic dose (DOSE­
MIN) and the number of applied isocenters (ISOCEN). Besides 
DOSEMIN, the maximum dose inside the target volume (DOSE­
MAX) and the highest dose applied to perilesional brain tissue 
(MAXBRAIN) were assessed. 

Integral dose volume histograms (DVH) were computed for the 
volume of the treated lesion (DVHtarget) and the volume of tissue 
which was covered by the lOGy isodose-line (DVHw). Two different 
volumes were calculated for all selected patients from DVHs: (a) 
Treatment volume (VTREAT): total volume covered by DOSE­
MIN. (b) VTREATlO: total volume covered by the 10 Gy isodose­
line. The decision for 10 Gy as threshold value was based upon their 
own clinical observations in a few initial patients who developed 
symptomatic radiation necrosis. In these cases the rim of patho­
logical contrast enhancement was nearly identical with the 10 Gy 
isodose line [16]. 

In most patients, the target volume (VTARGET) was assessed by 
measuring the maximum diameters (dapl, dlatl ) and the rectangular 
corresponding diameters (dapz , dlatz) of the nidus on plane angio­
grams (anterior-posterior view and lateral view), which were taken 
intra-operatively under stereotactic conditions. The volume was 
then calculated from the three highest values using the formula: 
Vtarget = n/6 x dapl x dlatl X (dapz or dlatZ). In patients treated from 
March 1995 to August 1995 the angiograms (anterior-posterior view 
and lateral view) were scanned into the computer and the nidus was 
delineated directly on the computer screen. Using this 2-dimensional 
information the software generated a 3-dimensional cubic target 
volume. 

Factors relevant for the induction of tissue changes following 
radiosurgery were obtained from the Cox regression analysis [1]. 
Significant predictor variables were calculated using the propor­
tional hazards model (forward stepwise selection). Results of this 
analysis are given as p-values. Additionally relative risks and 95% 
confidence intervals are given for those parameters which, in a full 
model, were significant predictor variables. Neuroanatomical local­
isation was described using three categories: (a) "Lobar" lesions sit­
uated in the cerebral grey or white matter. (b) Vessel malformations 
of the "midline" were located close to the ventricular system, septal 
area, and the splenium, or inside basal ganglia, diencephalon, and 
brainstem. (c) Lesions of the "posterior fossa" were extended in the 
cerebellum. 

Treatment Planning and Irradiation Technique 

The different hardware and software components of the treatment 
planning and irradiation appliances have been published previously 
[7, 8, 12-15]. In summary, after fixation of the patient's head in 
a modified, CT-compatible Riechert-Mundinger stereotactic frame, 
CT examination [15] and angiography were performed intra­
operatively under stereotactic conditions. CT data were transferred 
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to a microcomputer. Until February 1995 the diameter of the nidus 
and co-ordinates of isocenters were taken from plane angiograms. 
Beginning in March 1995 the angiograms were scanned into the 
computer and these parameters were assessed on the computer 
screen. Target points and width ofthe collimators were adjusted with 
respect to target volume and three dimensional configuration of the 
lesion and were calculated together with the depth dose distribution 
on the computer screen [13]. The treatment plan was controlled three 
dimensionally by the display of any significant isodose line to the CT 
images. In the authors' system [8, 12], beam convergence is achieved 
by use of 10 arcs of Linac table rotation in steps of 18° and rota­
tion of the gantry from 20°-160°. Spherical fields from 5-45 mm 
in diameter can be irradiated with dose gradients from 10% (large 
fields) to 25% (small fields) per mm distance from the tumour sur­
face. In order to achieve an ellipsoid modification of the originally 
spherical irradiation volume for dose conformation, a reduced 
number of arcs (6-9 arcs) and/or variations of the gantry rotation 
were applied. 

Results 

Patients and Treatment Parameters 

Forty-one female and forty male patients ranged in 
age from 11-74 years (median: 37.1 years). The mean 
follow-up dated from radiosurgery until one of the 
endpoints of this study was 28.9 months (range: 9.0-
6S.7 months). Fifty-three vessel malformations were 
located in the lobar or cortical regions, 22 in the mid­
line, and six in the posterior fossa. 

The median therapeutic dose (DOSEMIN) applied 
to the surface of the nidus was 20.0 Gy (range: 8.0-
2S.0 Gy), the maximum dose inside the target volume 
(DOSEMAX) ranged from 13.3-S7.0 Gy (median 
27.4 Gy). In all patients, DOSEMIN was normalised 
to the 80% isodose line. Target volumes ranged from 
0.1-49.9 cc (mean volume: 7.8 ± 1.1 cc). The ther­
apeutic dose was applied with 1-S isocenters. Sixty­
five out of81 AVM's (80.2%) were covered with one or 
two isocenters. 

N euroradiological Evaluation 

Radiation induced tissue changes were documented 
on CT and/or MR images 6.3-33.8 months after 
radiosurgery (RS) (median time: 12.8 months). The 
total rate of complications was 27.2% (22 out of 81 
lesions) with an actuarial risk at 2 years for the de­
velopment of radiation-induced neuroradiological 
changes of 32.l % (Fig. 1). Twenty-three percent of 
the side effects (S/22 patients) were seen within 10 
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Fig. 1. The cumulative hazard for the occurrence of radiation­
induced tissue changes (81 patients). The actuarial risk at 2 years was 
32.1% 

months after treatment, 73% (16/22 patients) within 16 
months after treatment, and the remaining 4% there­
after. In evaluated patients, neuroradiological exami­
nations demonstrated perilesional oedema in 3, a typ­
ical ring-shaped enhancement in 6, and in 13 patients 
oedema together with enhancement. Depending on 
location, the rate of image changes was 28.3%; 15 out 
of 53 patients with pratentorial/cortical location, 
22.7% (5/22 patients) in the midline and 33% (2/6 pa­
tients) in the posterior fossa. 

Clinical Data 

Radiation-induced tissue changes were associated 
with deterioration in the clinical status in 16.1 % of the 
evaluated patients (13 out of 81). In these patients, 
worsening was attributable to ring enhancement and 
oedema. The neurological deficits were as follows: 
hemiparesis (4 patients), visual field cuts (1 patient), 
paramnesia (1 patient), and diplopia (1 patient). One 
out of 13 patients had symptoms from both hemi­
paresis and visual field deficit. Another patient suffered 
from severe headache. The deterioration was perma­
nent in 7 patients and improved in two cases. Newly 
occurring seizures (4 patients) could be controlled suc­
cessfully with anticonvulsive medication. The actua­
rial risk at 2 years for the development of symptomatic 
neuroradiological changes was 20.1 %. 

In one patient, the new symptoms were not directly 
related to the treatment but to rebleeding which oc­
curred 10 months after radiosurgery. In 4.9% of the 
cases (4 out of 81), improvement of preoperatively ex­
isting symptoms was found during follow-up despite 
neuroradiological changes. 

1. Voges et al. 

Cox Regression Analysis 

The variables DOSEMIN, DOSEMAX, VTAR­
GET, VTREAT, VTREATlO, number of applied iso­
centers, age and localisation were considered in Cox 
regression analysis. The only variable which reached 
statistical significance in a proportional hazards model 
was VTREATlO (p = 0.0023, relative risk: 1.0322, 
95% x: 1.0114-1.0535). If stratified to different vol­
umes, no event was observed when VTREATI0 was 
equal to or lower than 10 cc. In contrast, all events 
occurred in patients with a VTREA Tl 0 exceeding 
10 cc. In addition, the technique of treatment planning 
seemed to influence the outcome: All complications 
were seen in patients in whom field size and co­
ordinates of the isocenters were adjusted directly onto 
the images of plane angiograms. In 16 patients treated 
after February 1995, in whom the treatment planning 
software generated a cubic VOl on CT-images from 
the 2-dimensional data given by scanned angiograms, 
no complication was found up to follow-up. The 
follow-up time of this subgroup ranged from 9-16 
months. 

Discussion 

Clinical Data 

In the authors' own analysis the total rate of radia­
tion induced neuroradiological changes was 27.2% 
(22 out of 81 patients) with an actuarial risk at 2 years 
of 32.1 %. The actuarial risk at 2 years for the devel­
opment of symptomatic oedema and/or contrast en­
hancement was 20.1 %. 

Serial post-irradiation MR images of 72 patients as 
well as clinical data were used by Flickinger et al. for 
an analysis of factors responsible for image changes 
and symptomatic complications after gamma knife 
radiosurgery of A VMs [4]. Twenty of 72 patients 
(27.8%) developed post radio surgical image changes 
and 9 out of 20 patients (45%) developed symptoms. 
The actuarial risk at 2 years was 31 % for the devel­
opment of image changes in general and 14% for 
symptomatic image changes. Despite smaller target 
volumes (mean volumes: 3.75 cc [4] vs. 7.8 cc (the 
authors')) these data are in accordance with the present 
findings. 

The comparatively high risk of the radiosurgical 
treatment of AVMs has been demonstrated by Flick­
inger et al. in a more recently published analysis [6]. In 
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addition to patients with vessel malformations, those 
suffering from meningioma (55 patients) and acoustic 
neuroma (84 patients) were evaluated for risk factors. 
In a l test, the incidence of post-radio surgical image 
changes differed statistically in a highly significant 
manner between A VM patients (31 %) and tumour 
patients (8%). Although in multivariate logistic re­
gression analysis the variable "histology" did not 
reach statistical significance, a p-value of 0.051 in­
dicated that it might be an important coefficient. 

The higher risk in A VM is explained by the fact that 
these lesions are completely surrounded by healthy 
brain tissue. Additionally, in most of the authors' pa­
tients, the vessel malformation was located in a critical 
area of the brain. Thus any significant radiation dose 
outside the prescribed target volume poses a potential 
risk for damage of healthy tissue. A second important 
point might be the technique of treatment planning. 
Until recently, in this series, the definition ofthe target 
volume in AVMs (i.e., demarcation of the nidus) had 
to be performed on plane angiographic images. Thus, 
in 65 out of 81 patients the treatment planning was 2-
dimensional rather than 3-dimensional and, in general, 
overdose to normal brain tissue could not be avoided 
completely. All observed complications were related 
to this group of patients. In 16 patients, in whom the 
treatment planning was performed 3-dimensionally 
with an upgraded version of software no event has 
been observed. However, the comparatively short fol­
low-up time of these patients does not yet allow a final 
evaluation. 

Cox regression analysis demonstrated that the vari­
able "volume covered by the lOGy isodose line 
(VTREA T1 0)" is a potential risk predictor for single 
dose radiosurgery in A VM patients. Flickinger et al. 
[4] described three factors which in univariate analysis 
correlated with postradiosurgical image changes: vol­
ume, risk predictions from the exponential version 
of the integrated logistic formula and the number of 
applied targets. Only the parameter "treatment vol­
ume" was statistically significant after a multivariate 
approach. 

Flickinger's results are, in general, not contradictory 
to the authors' findings. With increasing treatment di­
ameters the volume of normal brain tissue covered by 
the therapeutic dose is of increasing relevance for the 
outcome [3]. In a model estimation, assuming that a 
cubic target was irradiated with a single spherical field, 
the volume of normal tissue receiving the therapeutic 
dose increases with the cube of the diameter with larger 
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treatment diameters (;?: 35 mm) [3]. If comparatively 
large target volumes are treated, as occurred in this 
study then a certain volume of tissue adjacent to 
the target is irradiated with a radiation dose above 
tissue tolerance (a correlation which is expressed by 
VTREAT [10]). 

Risk Prediction Models 

In 1979, Kjellberg established a schedule for risk 
estimation, plotting isoeffect lines for different proton 
beam diameters in a graph log radius of volume vs. log 
dose [9]. The threshold values for radiation-induced 
necrosis varied from 50 Gy for 7 mm beams to 10.5 Gy 
for 50 mm beams, with a linear relationship between 
the logarithm of beam diameter and the logarithm of 
therapeutic dose (the 1% isoeffect line). Integrating the 
dose-volume data points of 74 patients treated for 
an A VM with single proton beam irradiation, 6 of 
8 patients with symptomatic complications were dis­
tributed above and 2 of 8 patients below the first per­
centile for isoeffective doses [10]. The calculated risk 
for symptomatic complications was 2.7% (2 out of 74 
patients). In order to compare the authors' results with 
this analysis, field diameters and corresponding ther­
apeutic doses of all 81 patients with A VMs were sub­
jected to Kjellberg's risk estimation plot. Because 
in Kjellberg'S analysis radiation necrosis was related 
to symptomatic patients, only those patients were 
considered at risk in whom ring shaped contrast en­
hancement plus oedema were combined with deterio­
ration of the clinical status (13 patients). As demon­
strated in Fig. 2, the majority of these patients (10 
out of 13) were projected below the 1 % isoeffect line 
resulting in a risk for symptomatic complications of 
12.3% (10 out of 81 patients). This value is much 
higher than the risk probability calculated for Kjell­
berg's analysis. 

In addition, when the dose/volume data of Flick­
inger's series [4] were incorporated in Kjellberg's 
schedule [11] the calculated risk (3 out of 72 patients, 
4.2%) was somewhat different. This variability dem­
onstrates that the 1 % isoeffect line as threshold value 
is questionable, an aspect which has already been dis­
cussed by others [11]. 

The second approach for risk prediction has been 
described by Flickinger in 1989 [2]. Similar to Kjell­
berg's schedule, the integrated logistic formula pre­
dicts the risk of brain necrosis, Ling et al. revised the 
validity ofthis model [11]. Using treatment parameters 
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Fig. 2. Comparison of dose and field diameter of 81 patients, in 
whom an arterio-venous-malformation was treated with Linac­
radiosurgery with Kjellberg's isoeffect lines predicting the risk for 
single dose radiosurgery with protons at various beam diameters [9]. 
Thirteen patients with clinically symptomatic neuroradiological 
pathologies were marked with (.) 

which were given for 72 A VM-patients in a figure of 
Flickinger's original risk analysis [4], they plotted the 
calculated cumulative mean complication probability 
(CMCP) against the observed CMCP. If compared 
with the calculated probabilities (calculation was per­
formed according to the integrated logistic formula), 
projection of the observed data points was in fact close 
to the 45° line, but a better fit could be achieved with a 
corrected line [11]. The same mathematical manoeuvre 
performed with the authors' data is shown in Fig. 3. 
Only patients with post-radiosurgical imaging changes, 
which represent "radiation necrosis" (ring enhance­
ment plus oedema) were at risk. For calculation of the 
risk probability a generalised version of the integrated 
logistic formula was used [5]. The values for the dif­
ferent constants (Dso = 11.78 Gy, Vtolal = 1367 cc, 
k = 1/0.054) were taken from the literature [2, 5]. As 
before, to achieve a good fit of data points the slope of 
the 45° line has to be increased by about 15° resulting 
in a 60° line. Thus, probabilities calculated with the 
integrated logistic formula have to be corrected by a 
factor of about 1.3. These differences between calcu­
lated and observed incidence can be interpreted as an 

J. Voges et at. 

~B"l!llllB"l 

15 
~-~ 

I"i"IIIII 

~ mI"J 

~ ;wm 
Cl 
u 10 --:'> 
U 

D 
II 

OJ 

C -OJ 
<f) 

D -a 
5 ~ 

~ 

~ 

• 
o~~~~~~~~~~~~~~~~~~ 

o 5 10 15 
calculated CMCP / % 

Fig. 3. Scatterplot of the observed cumulative mean complication 
probabilies (CMCP) for A VM patients with symptomatic compli­
cations vs. calculated CMCPs. According to Ling et at. [11] the 
displayed parameters are defined as observed CMCP: n/ N x 100% 
(n = cumulative number of complications, N = total number of 
patients or treated tumours in the study); and calculated CMCP: 
Si(Pi)/N (Pi = calculated integral logistic probability for the nth 
patient). The calculated values (0) are based upon the integrated 
logistic formula [3). 

underestimation of the risk of single dose irradiation 
in A VM patients if the integrated logistic model is 
applied. 

In conclusion, the authors' results clearly demon­
strate that not only dose and target volume influence 
the outcome after single dose radiosurgery. Radiation 
of brain tissue adjacent to the target volume is also of 
major importance. 

Despite differences in the power of risk prediction, 
all risk analyses performed so far proved the particular 
vulnerability of normal brain tissue to single dose 
irradiation. Thus, the primary aim of treatment plan­
ning should be the avoidance of overdose of tissue 
adjacent to the target volume. This challenge can be 
realised through careful dose conformation either by 
use of already available technical possibilities (i.e., in 
Linac-based radiosurgery application of multiple iso­
centers together with variations of table and/or gantry 
rotation) or by application of recently developed sys­
tem components like the micromultileaf collimator. In 
A VMs, a true 3D instead of 2D treatment planning is 
of particular importance and will help to reduce the 
rate of side effects significantly. 
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Effect ofLINAC Radiosurgery on Regional Cerebral Blood Flow, Glucose 
Metabolism and Sodium-Potassium AtPase in Skull Base Meningiomas and 
Metastasis 

P. c. Warnke, A. Berlis, A. Weyerbrock, and C. B. Ostertag 

Abteilung Stereotaktische Neurochirurgie, Neurozentrum, Freiburg, Federal Republic of Germany 

Summary 

Stereotactic radiosurgery is an elegant alternative to microsurgery 
in both skull base meningiomas and solitary brain metastasis. 
Though efficacy for both entities has been established prognostic 
variables pertaining to individual tumour biology have not yet 
been identified. Therefore the authors measured regional glucose 
utilisation, thallium-uptake and blood flow in 20 patients (10 men­
ingiomas, 10 metastasis) before and after LINAC radiosurgery. 
Measurements were performed using SPECT and stable xenon-CT. 
The mean tumour dose given was 16.3 and 19.5 Gy in meningiomas 
and metastasis respectively. Metastatic tumours were hypermeta­
bolic in comparison to contralateral normal brain and responders to 
radiosurgery showed a lower tumour/brain ratio than non-responders 
(1.43 vs 0.91 respectively, p < 0.01). Meningiomas did not exhibit 
hypermetabolism and therapeutic outcome was not related to glu­
cose utilisation. Thallium-uptake, however, was closely related to 
therapeutic response in meningiomas (1.37 vs 2.2 in responders vs 
non-responders, p < 0.01). This relationship could not be established 
in metastatic lesions. Blood flow was widely distributed in both 
meningiomas and metastasis (26-72.8 and 30.2-70.8 ml/l00 g/min). 
rCBF did not correlate with therapeutic outcome. 

Using FDG-SPECT and thallium-201-SPECT the authors were 
able to distinguish between tumours likely to respond to stereotactic 
radiosurgery and those not prone to respond. Furthermore the 
methodology can be used to monitor therapeutic response in treated 
tumours before morphologic changes occur. 

Keywords: Meningioma; brain metastasis; stereotactic radio­
surgery; tumour metabolism. 

Introduction 

Stereotactic radiosurgery using linear accelerators 
or the Gamma-knife has evolved as an attractive treat­
ment modality for small skull base meningiomas espe­
cially involving critical structures like the cavernous 
sinus [4, 8, 10]. The same pertains to small solitary 
brain metastases with a diameter of less than 3 cm [2, 
5, 6]. For both pathological entities stereotactic radio­
surgery can achieve an excellent tumour control rate 
and in a certain percentage of cases even a complete 

tumour response, thus becoming a less invasive alter­
native to microsurgery. Although large clinical series 
have established the clinical efficacy of stereotactic 
radiosurgery both in skull base meningiomas and 
metastasis, there is a lack of information concerning 
the effects of single fraction radiosurgery on tumour 
metabolism and physiology. The same applies to the 
effect of radiosurgery on metabolism and physiology 
of the surrounding healthy brain. Furthermore mea­
surements of tumour metabolism have not been used 
in metastasis or meningiomas in order to identify re­
sponders on the basis of their metabolism or to predict 
tumour response based on the individual tumour me­
tabolism. This approach seems worthwhile following 
as, in malignant gliomas, a clear relationship between 
tumour metabolism and outcome has been established 
and treatment responses have been evaluated by PET­
measurements of tumour metabolism in a quantitative 
reproducible manner [1, 9]. In order to correlate the 
effects of radiosurgery with individual tumour meta­
bolic measurements the authors prospectively eval­
uated patients with skull base meningiomas and meta­
stases before and after radiosurgery in terms of their 
blood flow, their regional glucose utilisation and their 
sodium-potassium-AtPase activity. 

Material and Methods 

20 patients (10 meningiomas, 10 metastases) were prospectively 
enrolled into the study. Meningioma location was in the cavernous 
sinus (N = 7) or in the cerebello-pontine angle (N = 3). All patients 
underwent measurements of regional cerebral blood flow using 
stable xenon-CT. In each case regional glucose-utilisation ratio also 
was measured using a dedicated SPECT camera with a 511 keV 
collimator designed to image PET -emitters. Patients received 185 
MBq 18-F-labelled deoxyglucose before and at 3 months intervals 
after stereotactic radiosurgery. Images were obtained with the Sie-
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mens orbiter, SPECT -camera with a full-width half-maximum res­
olution of 8 x 8 mm. For image analysis a 64 x 64 matrix was used 
and a Butterworth-filter was employed to reconstruct tomographic 
images. Image analysis was performed as ratios between tumour 
and contralateral mirror-imaged brain. In addition each patient was 
examined using thallium-201 SPECT imaging to assess the sodium­
potassium-AtPase activity. Thallium-201 is known to be actively 
transported into cells and thus a viability marker in oncology [3]. 
SPECT imaging again was performed using a Siemens orbiter 
camera and a Shepp-Logan-Hanning filter was employed for the 
construction of tomographic images. 

The mean age of the meningioma patients was 56 years and for 
the patients with metastases 61 years. Median follow-up was 10.6 
and 9.5 months respectively. The mean dose to tumour periphery 
was 16.3 Gy in meningioma patients and 19.5 Gy in patients with 
metastases. All treatments were performed with an 8 meV LINAC 
(Varian). Statistical analysis was performed using the paired t-test. 

Results 

Metastatic tumours showed - as had been expected 
from malignant tumours - a hypermetabolic glucose 
pattern as compared to normal brain and could be 
identified by deoxyglucose (FDG) SPECT. Contrary 
to that finding, most of skull base meningiomas 
with the exception of one malignant anaplastic grade 
III meningioma showed significantly lower glucose­
utilisation rates than the contralateral normal brain 
structures. Figure 1 shows the relationship between 
base line glucose metabolism and tumour response as 
evaluated by volumetric MRI-analysis. Whereas in 
metastasis there was a significant difference in glucose 
metabolism between those that responded to radio­
surgery by significant volume reduction as compared 
to those that did not respond, in meningiomas there 
was no such relationship between glucose metabolism 
and consequential tumour response after radiosurgery. 

In terms of sodium/potassium AtPase, meningi­
omas showed a very prominent uptake of thallium-
201 as compared to contralateral normal healthy 
brain. Although metastases showed a significant 
thallium-uptake as well this was conspicously lower 
than in meningiomas. Furthermore as shown in Fig. 
2 thallium-uptake did not correlate to tumour re­
sponse in metastases but did so quite significantly in 
meningiomas. 

In addition, after radiosurgery in both metastases 
and meningiomas a significant drop in the ipsi- to 
contralateral ratio of FDG-utilisation could be seen, 
being more pronounced in metastases then in menin­
giomas and resulting in a drop of the ratio in meta­
stases from 1.4 to 0.8 and in meningiomas from 0.92 to 
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Fig. I. Glucose utilisation ratios in meningiomas and metastases 
treated by stereotactic radiosurgery. Both groups are divided into 
responders and non-responders. A significant difference between 
subgroups is seen only in patients with solitary brain metastasis 
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Fig. 2. Thallium-uptake ratios in meningiomas and metastases. 
Subdivision into responders and non-responders showed a signif­
icant difference in meningiomas whereas the difference in patients 
with metastases did not reach significance 

0.71 (p < 0.05). Furthermore, in cases of meningioma 
involving the cavernous sinus the adjacent brain 
showed a significant drop of FDG-utilisation from 
1.02 to 0.91 (p < 0.05) revealing a subtle effect of ra­
diosurgery on metabolism of surrounding structures. 

Blood flow in meningiomas was very heterogeneous 
and ranged between 26 and 72.8 ml/l00 g/min. Blood 
flow did not predict tumour response. In metastasis 
blood flow ranged from 70.8 to 30.2 ml/lOO g/min and 
also did not allow any prediction of tumour response 
after stereotactic radiosurgery. 

Discussion 

Stereotactic radiosurgery using linear accelerators is 
a powerful modern treatment modality for both small 
solitary brain metastases as well as skull base menin­
giomas adjacent to or involving critical structures e.g. 
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the cranial nerves. Whereas the tumour control rate in 
both cases is between 80 and 90%, the actual response 
rate defined as a 50% volume reduction, especially in 
meningiomas is only slightly higher than 50%. Using 
SPECT imaging and semi-quantitative metabolic 
imaging in a prospective manner the authors were able 
to distinguish between responders and non-responders 
both in meningiomas and metastases on the basis of 
either glucose metabolism of the individual tumour or 
thallium-uptake, which is supposed to reflect active 
membrane transport [7]. Whereas in the malignant 
phenotype (i.e. metastases) glucose metabolism was a 
good predictor of treatment outcome, this was not the 
case in meningiomas which were all hypometabolic 
compared to baseline measurements. In meningiomas 
thallium-uptake was best at predicting tumour response 
defined as a significant reduction of tumour volume. 
Both SPECT techniques also allowed the monitoring 
of tumour response in individual patients as well and 
showed necrotic changes in meningiomas after radio­
surgery earlier than both CT and MRI imaging. This 
prospective series is continuing and, especially in brain 
metastases, will hopefully provide an answer to the 
question of whether radiosurgery is the ideal treatment 
for an individual solitary brain metastasis or whether 
microsurgical resection will allow for better control of 
the tumour. The same applies to skull base meningi­
omas where one could imagine that those tumours not 
responding to stereotactic radiosurgery and/or even 
progressing after radiosurgery can be identified pro­
spectively and stratified for alternative treatments. 

Effect ofLINAC Radiosurgery on Regional Cerebral Blood Flow 
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Summary 

The increasing sensitivity of neuro-imaging in the diagnosis of 
brain expanding lesions is not directly related to biopathological 
specificity and new technological approaches are under study. In 
particular Magnetic Resonance Spectroscopy (MRS) allows evalua­
tion of some biochemical pathways whose metabolic alterations may 
be correlated with the nature and malignancy grading of primary 
brain tumours. 

In the present study the author performed an in vitro high field 
1 H MRS (9.4 and 14.1 T) analysis of specimens obtained from 
stereotactic biopsy or microsurgical removal of primary brain 
tumours. Different samples derived from heterogeneous areas and/ or 
infiltrated perilesional regions were examined. 

This study was principally focused on malignancy grading of 
gliomas and its correlation with the ratio (R) between the resonance 
band arising from choline containing compounds (between 3.14 and 
3.35 ppm) and the total creatine signal (3.0 ppm). Analyses allowed 
significant discrimination between astrocytomas (R = 2.4 ± 0.6) 
and glioblastoma (GBM) (R = 4.4 ± 1.3) [p < 0.002]; however the 
results did not allow discrimination between differentiated and ana­
plastic astrocytomas. 

The GBM showed the largest spread of values corresponding to 
their higher level of tissue heterogeneity and de-differentiation. 

Studies on non astrocytic brain tumours indicated that even higher 
R values were exhibited by oligodendrogliomas, even in well differ­
entiated forms (p < 0.02 with respect to GBM). 

Moreover, preliminary observations indicated that signals arising 
from other metabolites may also contribute to a differential diag­
nosis of different oncotypes. Among these glycine appears particu­
larly relevant, since higher levels were measured for this amino acid 
in GBM with respect to both astrocytomas and oligodendrogliomas. 

Keywords: Magnetic resonance spectroscopy; brain tumours; 
glioma; metabolism. 

Introduction 

Brain tumours still represent a relevant diagnostic 
and therapeutic problem. Non-invasive neuro-imaging 
does not allow biopathological characterisation and 
biopsy procedures are still necessary to obtain accurate 

diagnosis and to select more efficient multimodality 
therapeutic strategies. 

MRS could represent a useful method of obtaining 
biochemical characterisation of brain tumours and to 
study peculiar metabolic alterations associated with 
tumour growth and progression or induced by differ­
ent antineoblastic treatments [5, 6, 16,21]. 

In vitro and in vivo 1 H MRS has been extensively 
utilised to identify relevant spectral components and 
assess specific variations related to malignancy grading 
of brain tumours. By allowing a better spectral resolu­
tion, in vitro MRS studies provide quantitative analy­
sis of a wide variety of metabolites [9, 24]. The major 
peaks commonly present in brain spectra include: 
N-acetylaspartate (NAA), an aminoacid derivative 
principally located in neurones; choline containing 
compounds, such as phosphorylcholine and glycero­
phosphorylcholine, involved in phospholipid synthesis 
and degradation; and creatine and phosphocreatine, 
which are related to energy metabolism. 

In the present study the authors performed high­
resolution IH MRS analyses at 9.4 and 14.1 tesla on 
biopsy specimens obtained from a series of primary 
brain tumours, with the aim of correlating tissue 
metabolism with the malignancy grading of neuro­
epithelial brain tumours and identifying metabolic 
markers helpful in differential diagnosis and in mon­
itoring the outcome of clinical management. 

Materials and Methods 

The samples were obtained from neurosurgical specimens of pa­
tients affected by different brain tumours. MRS analyses were per­
formed on a total of 74 samples, obtained either from stereotactic 
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biopsies or from conventional microsurgical operations of tumour 
removal: IS samples (7 patients) from weB differentiated astro­
cytoma (AS); 13 samples (7 patients) from anaplastic astrocytoma 
(AA); 24 samples (16 patients) from glioblastoma (GBM); 13 
samples (6 patients) from oligodendroglioma (OG); 3 samples (2 
patients) from meduBoblastoma (MOB); 4 samples (2 patients) 
from ependymoma; 2 samples (I patient) from central neuro­
cytoma. In this series 3 samples (2 patients) obtained from cer­
ebellar haemangioblastoma were also included, in consideration 
of the relevant astrocytic component. Parallel samples were sub­
mitted to pathological examination, and classified according to 
WHO classification [11]. 

The specimen selection was guided by pre-operative MRI, CT or 
intra-operative ultrasound; tumour samples were selected from cen­
tral tumour areas, trying to avoid areas with necrosis or other re­
gressive events. When there was the possibility of obtaining multiple 
samples from the same tumour, stereotactic specimens were sepa­
rately collected from perilesional or oedematous tissue, peripheral 
tumour areas and central tumour core. Normal brain tissue (2 sam­
ples) was obtained from two patients undergoing frontal lobectomy 
for radical removal of frontal AA. 

After dissection, specimens were frozen in liquid nitrogen and then 
extracted with ethanol 70% by vol [18]. After centrifugation the 
supernatant was Iyophilised and redissolved in deuterium oxide 
containing either sodium 2,2-dimethyl-2-silapentane-5-sulfonate or 
3-trimethylsylylpropionate as internal standard. The pellet was uti­
lised for protein assay according to Lowry [14]. 

IH NMR spectra were obtained at both 14.1 T (600 MHz) and 
9.4 T (400 MHz) by using Bruker AMX spectrometers. 

Metabolite concentrations were determined from peak areas cor­
rected by the appropriate saturation factors (obtained from the rela­
tive peak areas in fully relaxed spectra) and taking into account the 
number of protons contributing to each signal. All data were pre­
sented as means ± SO and the statistical significance was evaluated 
using a two-tailed Student t test; for p values the patient number was 
considered for the sample size. 

Results 

A typical spectrum from normal brain extract at 
14.1 tesla is shown in Fig. 1. High resolution 1 H-MR 
spectral analysis allowed separate detection of several 
signals contributing to the in vitro resonance band 
b"Cho" (corresponding to the in vivo "Cho peak"), 
which includes signals from -N+(CH3h ofGPC (3.23 
ppm), PCho (3.22 ppm) and Cho (3.20 ppm), H5 of 
Ino (multiplet signal centered at 3.25 ppm) and Tau 
(- NCH2- triplet centered at 3.26 ppm), with contri­
bution from PEtn (-NCH2-). 

The data obtained from glial tumours were the most 
interesting, since their tissue extracts showed signif­
icant and reliable variations with respect to normal 
brain tissue and according to tumour malignancy 
grading. 

In the present study, the ratio R between the inte­
grated choline containing compounds (b"Cho") reso­
nance and the total creatine peaks [b"Cho" I(Cr + 
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NAA 

1.5 ppm 

Fig. I. In vitro spectrum obtained from normal brain tissue extract. 
Lac lactate; Crt , total creatine; b"Cho" choline-containing com­
pounds; myo-inositol taurine; NAA N-acetylaspartate 

Table I. b" Cho"/(Cr + PCr) Signal Area Ratio, in Healthy Brain 
and Brain Tumours, Determined by I H MRS Analyses of Bioptic 
Specimens at 14.1 Tesla 

Diagnosis Patients Samples b"Cho" / 
(Cr+PCr) 

Control 2 3 0.8 ± 0.1 
Differentiated astrocytoma 7 IS 2.1 ± 0.9 
Anaplastic astrocytoma 6 14 2.4 ± 0.6 
Glioblastoma 16 23 4.4 ± 1.3 
Oligodendroglioma 6 13 5.4 ± 2.2 
Medulloblastoma I 8.5 
Medulloblastoma" 2 4.7; 3.9 
Ependymoma 2 4 12.5 ± 1.7 
Haemangioblastoma 2 3 6.4 ± 2.0 
Neurocytoma 2 5.8; 8.2 

"Treated with polychemotherapy prior to surgery. 

PCr)] represented a most relevant parameter in 1 H 
MR spectral analysis (Table I). 

Analyses at 14.1 T showed that this ratio was ele­
vated in glial tumours with respect to the normal 
brain tissue and significantly differed in glioblastoma 
(4.4 ± 1.3) from both differentiated and anaplastic 
astrocytomas (2.4 ± 0.6) [p < 0.001]. Similar results 
were also obtained from analyses performed at 9.4 
T [I]. 

Moreover in multi sample analyses performed on 
GBM cases regional variations in R values measured 
in either peripheral or central tumour areas were ob­
served, according with tumour cell density and atypia. 

In oligodendrogliomas the R value was significantly 
higher than in GBM (5.4 ± 2.2) even in well differ­
entiated, non-anaplastic tumours [p = 0.02] (Fig. 2A). 
In mixed oligo-astrocytomas more heterogeneous 
spectral profiles from different samples dissected from 
the same tumour were observed. 

The increase in the R value was not substantially 
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Fig. 2. 1 H NMR 600 MHz in vitro spectra obtained from bi­
opsy specimens of: (A) oligodendroglioma; (B) well differentiated 
astrocytoma; (C) glioblastoma. Peak assignment: 1 lactate; 2 and 
10 total creatine; 3 and 5 myo-inositol; 4 glycine; 6 taurine; 7 
scyllo-inositol; 8 taurine + myo inositol; 9 choline-containing 
compounds 

related to a decrease in the (Cr + PCr) peak area, be­
cause quantitative analyses indicated only moderate (if 
any) alteration in the level of these metabolites; more 
important was the elevation in the overall area of the 
b"Cho" resonance, which increased in accordance 
with malignancy grading in astrocytic tumours (Fig. 
2B and C). 

In these tumours other relevant spectral features 
were represented by glycine (Gly) and NAA signals. 
Gly was increased in GBM compared with AS and 
AA. Also the [Gly]/[Cr + PCr] ratio was increased in 
GBM (1.8 ± 1.00) with respect to AS + AA (0.49 ± 
0.36). Scattered values were observed in OG, where 
differently from the [b"Cho" I(Cr + PCr)] ratio, in no 
case was the [Gly]/[Cr + PCr] value as high as in GBM 
samples. 

The NAA signal was detected in AS samples ob­
tained not only from peripheral but also from central 
tumour areas, while in more malignant tumours it was 
mainly present in peripheral tumour regions, probably 
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Fig. 3. IH NMR 600 MHz in vitro spectra obtained from biopsy 
specimens of: (A) neurocytoma; (B) ependymoma. Abbreviations: 
see Fig. 2 

associated with sample contamination from the sur­
rounding normal brain tissue [23]. 

Regarding the other types of tumours considered in 
the present study, the few cases analysed so far did not 
allow the reaching of similar conclusions on the sig­
nificance of R value with respect to tumour malig­
nancy grading. 

Similarly to GBM, two cases of ependymoma also 
showed elevated R values, principally due to an en­
hanced b"Cho" peak intensity and, to lesser extent, to 
a decrease in total creatine. Very low levels ofGly were 
present in these specimens (Fig. 3B). 

In one case of medulloblastoma a high level of R 
was measured, essentially due to an increased area of 
the b"Cho" resonance. In another case of recurrent 
MDB, treated with polychemotherapy prior to sur­
gery, a general reduction of all MRS signals was 
observed, with the exception of a very high level of 
taurine (Fig. 4). 

In two samples derived from a central neurocytoma, 
in spite of the benign biopathological nature of the tu­
mour, very high R values were found (5.8 and 8.2), as­
sociated with spectral profiles very similar to those of 
AA (Fig. 3A). 

Finally, three samples of haemangioblastoma also 
exhibited elevated R values, associated with an in­
crease in Gly, probably due to a striking astrocytic 
reaction present in the peripheral tumour areas. 
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Fig. 4. 1 H NMR 600 MHz in vitro spectra obtained from biopsy 
specimen of medulloblastoma treated with polychemotherapy prior 
to surgery. Tau taurine; "Cho" choline-containing compounds; Crt 
total creatine 

Discussion 

The role of MRS in the characterisation of brain 
tumours is under study in many clinical and ex­
perimental trials. Currently in vivo data do not seem to 
permit a definite pre-operative evaluation of tumour 
malignancy grading, due to the overlapping data ob­
tained from low- and high-grade glial tumours and the 
risk of contamination from brain adjacent tissue [15]. 

For this reason in vitro analyses, performed at much 
higher magnetic fields than those utilised in the clinical 
practice (1.5-2.0 T), appear particularly helpful for 
identifying spectral alterations specifically related to 
tumour growth and progression and for assessing the 
relevance of other metabolites undetectable under the 
conditions of spectral resolution allowed by in vivo 
methods. In vitro studies are in fact useful in the iden­
tification and quantification of different proton reso­
nances, even though some metabolic alterations may 
occur during sample handling and tissue extraction. In 
particular, lactate is expected to increase during and 
following tissue dissection, due to tumour hypoxia, 
while PCr is easily hydrolysed into Cr. Regarding the 
latter point, however, it should be noted that total 
creatine (Cr + PCr) peak should be unaffected by this 
degradation mechanism and in practice reflect the total 
Crt pool present in the tissue, provided that the ex­
traction yield is sufficiently high. 

The results of this study point to a significant dis­
crimination between astrocytomas and glioblastoma, 
based on the difference in the value of the R ratio, 
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[b"Cho" I(Cr + PCr)]. The increase in this value, ob­
served also in previous in vivo and in vitro studies [6,9, 
10, 15, 17,22], was generally associated with moderate 
(if any) decrease in signal intensity of total creatine, 
but was mainly due to large increases in the b"Cho" 
signal intensity, primarily Cho and GPC, in tumour 
tissues compared with healthy brain. 

It is well described that in many clinical and ex­
perimental tumour systems alterations in the levels 
of phospholipid metabolites are correlated with cell 
growth and proliferation, although the specific role of 
these compounds in the metabolic activity of tumour 
cells has not yet been elucidated [2, 4, 13]. In brain 
neuroepithelial tumours, which present a low growth 
fraction also in more malignant oncotypes, it is more 
difficult to separate different tumour forms and corre­
late modulations in the levels of phospholipid meta­
bolites with tumour cell proliferation. 

It was not possible to discriminate well differ­
entiated from anaplastic astrocytomas on the basis of 
the R ratio. This appears to be in accordance with bio­
molecular studies showing specific genetic alterations 
in astrocytic tumours, associated with tumour pro­
gression, and separate variations for GBM [25]. 

Interesting results were obtained from 1 H MRS 
analyses of OG which showed increased levels of the 
[b"Cho" I(Cr + PCr)] ratio even in well differentiated 
tumour forms. This phenomenon was associated with 
specific pathological features of moderate cell density 
and the presence of mitoses [20]. 

Regarding other metabolites detected in 1 H MRS 
spectra, glycine might offer, in larger series, interesting 
diagnostic and prognostic indications. The level of this 
amino acid, in fact, exhibited relevant alterations in 
GBM with respect to both AS and AA. It is well 
known that Gly is one of the major inhibitory neuro­
transmitters in mammalian brain. The presence of a 
Gly cleavage system in astrocytes, but not in neurones 
[19] indicates that astrocytes are the main site of Gly 
degradation in the central nervous system. On the 
other hand, astrocytes also possess receptors for Gly 
uptake. It is suggested that the excess of Gly is trans­
ported to the astrocytes and then degraded. A high 
activity of the Gly cleavage system in astrocytes results 
in the low levels of Gly usually observed under healthy 
conditions. Different enzymatic alterations have been 
described to explain the elevated Gly levels found in 
some diseases [19]; the higher levels of this amino acid 
in GBM may be due to replacement of healthy astro­
cytes by tumour cells andlor to alterations in the Gly 
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cleavage system. Moreover, activation of serine 
methyltransferase, with consequent increase in Gly 
levels, has been described in C6 glioma cells, which 
could also contribute to the Gly elevation observed in 
human GBM [3, 7-10, 12, 19]. On this basis a high 
level of Gly could be supposed to be present in less 
differentiated or in anaplastic tumours. 

The authors' preliminary observations on other on­
cotypes did not allow them to establish a clear corre­
lation between R and tumour malignancy grading. In 
some cases it seems that the [b"Cho" I(Cr + PCr)] ratio 
cannot be assumed as a potential marker of malig­
nancy. Indeed high R values were also found in benign 
tumours such as central neurocytoma and cerebellar 
haemangioblastoma, characterised by high cell density 
levels. 

In conclusion, I H MRS techniques might represent 
an interesting method to evaluate the metabolic activity 
of neuroepithelial brain tumours, to assess the presence 
and the relevance of peculiar metabolic alterations 
linked to malignancy grading and tumour progression, 
such as the variation in the [b"Cho" I(Cr + PCr)] ratio. 
Other signals, derived from different metabolites (Gly, 
NAA), may also assume relevance in differential diag­
nosis between different oncotypes. 

This evidence provides strong indications for the 
possible development, with the continuous advance­
ment in MR technology, of novel, non-invasive pro­
tocols of in vivo MRS with the aim of obtaining better 
diagnostic definition, selecting new clinical therapeutic 
protocols and evaluating the results determined by 
different antiblastic treatments. 
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Summary 

The aim of the present study was to compare the contribution of 
the labelled tracers [C-ll]methionine (Met) and [F-18]-fiuorodeoxy­
glucose (FDG) in positron emission tomography (PET)-guided 
stereotactic biopsy of non resectable brain lesions. Twenty-five 
patients underwent combined Met-PET-, FDG-PET- and compu­
terized tomography (CT)- or magnetic resonance (MR)-guided ste­
reotactic biopsy according to a previously described technique for 
stereotactic FDG-PET. Met-PET and FDG-PET images were ana­
lyzed to determine which tracer offers the best information to guide 
at least one stereotactic biopsy trajectory. Histological diagnosis was 
obtained in all patients (23 tumours and 2 non-tumorous lesions). All 
tumours had an area of abnormal Met uptake and were biopsied 
under PET -guidance. FDG uptake in the tumour was higher than in 
the grey matter and was used for target selection in 12 of23 tumours. 
Eleven of them were located in the basal ganglia or the brainstem. 
Met was used for target selection in 11 of 23 tumours where there 
was no FDG uptake or where FDG uptake was equivalent to that of 
the grey matter. Ten of them were located in the cortex. Two non­
tumoral lesions had no Met uptake and were biopsied under CT- or 
MR-guidance only. Forty-three out of 53 stereotactic trajectories 
obtained in these 25 patients were based on PET-defined targets and 
had an area of abnormal Met uptake. These trajectories always 
yielded a diagnosis of tumour. Moreover, all tumorous trajectories 
had an area of abnormal Met uptake. Finally, all non-diagnostic 
trajectories (n = 4) were CT /MR-defined because there was no area 
of abnormal Met uptake. These results suggest that patients who can 
benefit the most from Met-PET guidance could be selected pre­
operatively. In conclusion, this work shows that Met is a good alter­
native to FDG for target selection in PET -guided stereotactic brain 
biopsy. 

Keywords: Stereotactic biopsy; positron emission tomography; 
brain tumour; [F-18]fiuorodeoxyglucose; [C-II]methionine. 

Introduction 

Because brain tumours are histologically heteroge­
neous, computerized tomography (CT)- or magnetic 
resonance (MR)-guided stereotactic brain biopsy does 

not not always yield the actual diagnosis or grading 
[3-5, 10, 11]. Since positron emission tomography 
(PET) provides useful, independent and complemen­
tary metabolic information on brain tumours [1,8, 12, 
21], the authors have previously developed a technique 
allowing routine integration of PET data in the plan­
ning of stereotactic brain biopsy [16]. They originally 
used [F-18]-labelled fluorodeoxyglucose (FDG) as 
radiotracer. The selection of targets on stereotactic 
FDG-PET-generated images allows direct biopsies 
accurately in the abnormal metabolic foci of brain 
tumours. The authors have shown that FDG-PET­
guided stereotactic brain biopsy increases the diag­
nostic yield of the technique [17]. 

In their hands, FDG-PET-guided biopsy has, how­
ever, some limitations. Indeed, targetting may be dif­
ficult when there is no or minor FDG uptake, such as 
in low-grade tumours. Also, when a hypermetabolic 
lesion is in close relationship with the cortical or sub­
cortical grey matter, tumorous and normal FDG up­
take are difficult to differentiate. Therefore, [C-11]­
methionine (Met) was tested as an alternative tracer 
for stereotactic PET guidance. The aim of the present 
study was to evaluate the relative contribution of Met 
and FDG in a series of patients who underwent PET­
guided stereotactic brain biopsy with both tracers. 

Methods and Material 

Since June 1991, the authors routinely perform PET-guided ste­
reotactic brain biopsy in patients suspected of having a non-resectable 
brain tumour based on a preoperative neuroimaging work-up [17]. 
Their current series comprises more than 100 cases. Between July 
1992 and April 1996, a non-consecutive series of 25 patients with 
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either non-enhanced lesion suspected of low-grade histology or 
contrast-enhanced lesion located in the cortical/subcortical grey 
matter (including the basal ganglia and the brainstem) underwent 
biopsy guided by combined FOG-PET and Met-PET performed in 
stereotactic conditions. There were 16 men and 9 women whose ages 
ranged between 2 and 79 years (mean 52.6 years). Twenty-four 
patients were previously untreated and one presented with a recur­
rent lesion. 

For data acquisition, the technique of combined stereotactic PET 
with Met and FOG was adapted from their previous experience with 
FOG-PET -guided stereotactic brain biopsy [16, 17]. Placement of 
the stereotactic frame, data acquisition including stereotactic PET 
with Met and FOG as well as CT or MR, surgical planning and the 
biopsy procedure were performed the same day. All patients gave 
their informed consent and the procedure was in accordance with the 
ethical guidelines of their institution. 

After placement of the CT- and MR-compatible base ring 
(Fischer ZD-Neurosurgical Localizing Unit, Howmedica Leibinger, 
Freiburg, Germany), stereotactic CT or MR with intravenous con­
trast enhancement was obtained. For stereotactic PET, a clamp 
specifically designed to secure the head ring to the Siemens couch 
(Howmedica Leibinger, Freiburg, Germany) was used. In order to 
create a fiducials reference system compatible with PET, the com­
mercial MR localizers with minor modifications were used as pre­
viously described [16]. After the transmission scan, the patient was 
first injected intravenously with 10 to 15 mCi of Met. Images used for 
stereotactic calculation were acquired between 20 to 40 minutes after 
injection of the tracer. Eighty minutes after Met injection, the patient 
was injected with 6 to 9 mCi. Images used for stereotactic calculation 
were acquired between 40 to 60 minutes later. The authors PET 
camera (CTI/Siemens 933/08/12 tomograph, Knoxville, Tennessee, 
U.S.A.) allowed simultaneous acquisition of 15 slices about 6.5 mm­
thick, with a full width at half-maximum resolution of about 5 mm. 

The surgical planning began with analysis of the PET images. 
Areas of abnormal metabolism used for target selection were either 
zones of FOG or Met uptake that were higher than the surrounding 
normal appearing brain tissue or foci of relative increase of FOG or 
Met uptake in a hypometabolic lesion. If the PET images revealed 
such areas, the plane that best displayed the abnormal FOG or Met 
uptake was selected and a pixel located in the centre of this zone was 
interactively pointed at on visual inspection. The coordinates of that 
pixel were calculated and set as a target for biopsy. The targets se­
lected on PET images with one tracer were then projected onto the 
corresponding PET slice acquired with the other tracer to analyse 
and compare the local uptake of both tracers. These targets were also 
projected onto the corresponding stereotactic CT or MR slice to 
control the reliability and the safety of the target selection and of the 
trajectory. 

Whenever possible, 2 targets were selected in order to sample dif­
ferent metabolic areas of the tumour. FOG-PET images were used 
first for target selection when they gave more information than Met­
PET images or when both tracers were equivalent, because of pre­
vious experience with stereotactic FOG-PET [17]. When the area 
of highest FOG uptake was smaller than the limits of the lesion 
visualized on the corresponding slice of Met-PET, another target 
was selected on the Met-PET, outside the area of increased FOG 
uptake. When Met-PET images gave more information than FDG­
PET images, Met-PET was used for target selection. In patients 
where there is no obvious abnormal FOG or Met uptake that can be 
used to select a target for biopsy, surgery is planned using CT or MR 
data only. 

In all patients, serial stereotactic biopsies were performed along 
each trajectory, following the technique described by Kelly et al. [15]. 
For all biopsy specimens, smear preparation and formalin-fixed 
samples were analyzed after appropriate staining [16,17,22, 23]. For 
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Table 1. Tumorous FDG Uptake in 23 Tumours with [C-llJ­
Methionine Uptake 

Diagnosis 

GB 
AA 
LGA 
PNHL 
Metastasis 

Total 

Tumour 
FOG > grey 
matter FOG 

5 
4 

2 

12 

Tumour 
FOG = grey 
matter FOG 

2 
2 

4 

Tumour 
FDG=O 

2 
5 

7 

GB glioblastoma; AA anaplastic astrocytoma; LGA low-grade 
astrocytoma; PNHL primary non-Hodgkin's lymphoma. 

the present study, glial tumours were classified using a three-tier 
system: low-grade glioma astrocytoma (LGA), anaplastic astro­
cytoma (AA) and glioblastoma (GB); non-glial tumours, whether 
neoplastic or not, were also included; if non-tumorous samples made 
of gliotic reactional tissue were found, they were classified as non­
diagnostic (NO). 

For each patient, a histological diagnosis was established. Then, 
the diagnosis obtained in each biopsy trajectory was recorded sepa­
rately, regardless of the patient's final diagnosis. In order to evaluate 
the role of Met-PET in target selection, the authors retrospectively 
classified biopsy trajectories in 3 groups, according to their metabolic 
characteristics: FDG-PET-guided trajectory, Met-PET-guided tra­
jectory or CT-MR-guided trajectory. For that purpose, they first 
looked at whether Met uptake was increased [Met( +)] or not 
[Met( -)]. In Met( +) trajectories, they further looked at whether 
FOG-PET was involved in the surgical planning. Indeed, as de­
scribed above, FOG-PET images were used for target selection when 
they gave more information than Met-PET images or when both 
tracers were equivalent (FDG-PET-guided trajectory). On the other 
hand, when Met-PET data were superior to those of FOG-PET, 
Met-PET was used for target selection (Met-PET-guided trajectory). 
In Met( -) trajectories, target selection was based on CT or MR only 
(CT-/MR-guided trajectory). 

Results 

Histological diagnosis was obtained in all patients. 
~iagnoses included 7 GB, 8 AA, 5 LGA, 1 primary 
non-Hodgkin's lymphoma (PNHL), 2 metastases, 1 
ischaemic stroke and 1 post-radiation gliosis without 
tumour recurrence. 

All tumours (n = 23), had an area of abnormal Met 
uptake. Among them, 11 tumours were biopsied based 
on Met-defined targets and the other 12 tumours based 
on FOG-defined targets. These 23 tumours may be 
divided in 3 groups according to their level of FOG 
uptake (Table 1). When tumorous FOG uptake was 
higher than in the grey matter, i.e. the tumour was 
clearly visible on FOG-PET, it was used for target se­
lection. In this group were found 5 GB, 4 AA, 1 PNHL 
and 2 metastases. When tumorous FOG uptake was 
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equivalent to that of the surrounding grey matter, a 
target could not easily be defined on FDG-PET and 
therefore Met-PET was used for target selection. This 
was the case in 2 GB and in 2 AA. Finally, when no 
FDG uptake was found, targets were also selected on 
Met-PET as in 2 AA and all 5 LGA. Thus, Met was 
the only tracer which allowed the definition of a target 
for biopsy in 11 of these 23 tumours (48%). These cor­
responded to 6 high-grade tumours and to 5 LGA. In 
the present series, there were only 2 non-tumorous 
lesions and they had no Met uptake. They were biop­
sied on CT- or MR-defined targets. 

In this series, 13 lesions were located in the cortical 
area (Table 2). There were 2 non-tumorous lesions and 
11 tumours (3 GB, 3 AA and 5 LGA). The 2 non­
tumorous lesions were Met( - ) and biopsy was guided 
on CT- or MR-enhanced areas. In the 11 cortical 
tumours, Met was used for target selection in 10 (91 %) 
while FDG was used only in one GB. The 10 cortical 
tumours biopsied on Met-PET included 2 lesions that 
were not enhanced on CT or MR (1 LGA and 1 AA). 
The 12 other lesions were located in the deep-seated 
grey matter. Nine were located in the basal ganglia and 
3 in the brainstem (Table 3). They were all malignant 
tumours and showed CT or MR enhancement. In 11 of 
them (92%), FDG was used for target selection be­
cause its uptake was higher than in the grey matter. 
However, in 7 cases, a second trajectory was per­
formed in an area of high Met uptake outside the limits 
of high FDG uptake and all yielded tumorous tissue. 
In the twelfth case (thalamic AA), tumorous FDG 
uptake was equivalent to that of the grey matter and 
Met-PET was used to guide the biopsy. 

A total of 53 stereotactic trajectories were per­
formed (2.1 trajectories per patient). Forty-three tra­
jectories were based on PET-defined targets (Table 4). 
The other 10 were based on CT- or MR-defined tar­
gets. All 43 PET -guided trajectories were Met( +) and 
always yielded tumorous tissue (Table 4). These 43 
Met( +) trajectories were analyzed for their FDG up­
take (superior or equivalent to that of grey matter or 
absent). In 16 trajectories, tumorous FDG uptake was 
higher than in the grey matter. This group included 
6 GB, 7 AA, 1 PNHL and 2 metastases samples. The 
targets used to define these trajectories were all CT- or 
MR-enhanced. Fifteen of them (94%) were in the basal 
ganglia or the brainstem. In 11 other trajectories, tu­
morous FDG uptake was equivalent to that of the grey 
matter. This group included 6 GB and 5 AA samples. 
Eight targets corresponded to enhanced areas on CT or 

Table 2. FDG Uptake in 13 Lesions Located in the Cortex 

Diagnosis 

GB 
AA 
LGA 
Post-Rad 
Ischaemia 

Total 

GB glioblastoma; AA anaplastic astrocytoma; LGA low-grade 
astrocytoma; Post-Rad post-radiation gliosis. 

Table 3. FDG Uptake in 12 Lesions Located in the Basal Ganglia or 
the Brainstem 

Diagnosis 

GB 
AA 
LGA 
PNHL 

Tumour 
FDG > grey 
matterFDG 

4 
4 

Metastasis 2 

Total II 

Tumour 
FDG = grey 
matterFDG 

Tumour 
FDG=O 

GB glioblastoma; AA anaplastic astrocytoma; LGA low-grade 
astrocytoma; PNHL primary non-Hodgkin's lymphoma. 

Table 4. Diagnostic Yield and [C-llJMethionine Uptake of 53 
Biopsy Trajectories 

Diagnosis Met( + ) trajectories Met( - ) trajectories 

GB 14 
AA 16 
LGA 10 
PNHL 
Metastasis 2 
Post-Rad 4 
Ischaemia 2 
Non-diagnostic 4 

Total 43 10 

Met(+) uptake of[C-ll]methionine; Met(-) no uptake of[C-ll] 
methionine; GB glioblastoma; AA anaplastic astrocytoma; LGA 
low-grade astrocytoma; PNHL primary non-Hodgkin's lymphoma; 
Post-rad post-radiation gliosis. 

MR and 3 to non-enhanced areas. Finally, 16 trajec­
tories had very low or no tumorous FDG uptake and 
trajectories were guided on Met-PET. They included 2 
GB, 4 AA and all LGA (n = 10) samples. All hypo­
dense or hypo signal targets on CT or MR were in this 
group. Thus, Met was superior to FDG in differen-
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tiating tumorous tissue from surrounding and to define 
target for biopsy in 27 of the 43 trajectories (63%). 

There are 10 trajectories that had neither Met nor 
FDG uptake [Met( -)] and that were based on CT or 
MR defined targets. All these Met( -) trajectories 
yielded non-tumorous tissue. They included 2 ischae­
mic, 4 post-radiation gliosis and 4 non-diagnostic 
samples. 

Among the 4 non-diagnostic samples, 3 of them 
were targets with no contrast enhancement on CT, one 
showed a discrete but significant enhancement on CT. 
It is worth noting that all these non-diagnostic tra­
jectories were obtained in patients where the diagnosis 
was always given in another trajectory guided on PET 
[Met(+)]. 

Discussion 

[C-11 ]methionine is a marker of amino acids uptake 
and protein synthesis which has already been studied 
in neurooncology [2, 7, 9, 18-20]. This PET tracer has 
several advantages: 1) it is considered as efficient and 
more sensitive than FDG in delineating tumorous 
zones, 2) its uptake is reported in low-grade glial tu­
mours, 3) its uptake is low in the grey matter, and 4) 
the biological behaviour of this tracer in neoplastic 
tissues shows that its accumulation in tissues seems 
representative of the active transport of amino acids. 

In the present study, the authors have combined 
the use of Met and FDG for PET -guided stereotactic 
brain biopsy. This work confirms and extends their 
previous results with the use of stereotactic PET guid­
ance [16, 17] in that the technique is feasible routinely, 
it does not bring any major discomfort to the patient, 
even with 2 consecutive PET, and it improves the di­
agnostic yield of stereotactic brain biopsy [17]. More­
over, these results show that Met may be a good alter­
native to FDG for target selection. 

Indeed, with Met-PET guidance, histological diag­
nosis was obtained in all patients. The 4 non-diagnostic 
samples were obtained exclusively from trajectories 
defined on CT or MR in an area where there was no 
Met uptake. Because CT or MR were abnormal in 
those areas (hyposignal or contrast-enhancement), one 
cannot rule out that biopsy guidance limited to CT / 
MR data in those 4 patients would have jeopardized 
the final diagnosis. This high diagnostic value of 
Met-PET is also illustrated by the fact that, in this 
series of patients, all tumours presented with an area 
of increased Met uptake. This study confirms that, in 
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some locations, high grade tumours really present 
limitations to FDG in target definition. Moreover, this 
experience with both tracers in stereotactic conditions 
shows that in all tumour locations, even those where 
FDG have limitations, Met was easily used for target 
selection. Therefore, Met-PET appears superior to 
FDG-PET in some respects. In 11 of the 23 tumours, 
which were all located in grey matter areas, Met was 
the only tracer usable for target selection. This was the 
case in high-grade tumours located in the grey matter, 
where tumorous and normal FDG uptake were dif­
ficult to differentiate as well as in low-grade tumours 
where there was no FDG uptake. Indeed, in this series, 
the highest focus of Met uptake was used for target 
definition in 5 LGA. In those LGA, Met seemed more 
contributive than FDG because no FDG uptake was 
found and because all tumours were in close contact 
with the cortex. However, LGA do not always present 
in cortical locations and Met uptake in LGA is not a 
constant finding. Moreover, one could argue that 
FDG is particularly efficient in detecting the anaplastic 
component in lesions suspected of low grade histology 
on CT/MR [13]. 

When the tumour was located in the cortex, target 
definition was not easy with FDG in the majority of 
the cases (10 out of 11) whereas, when the tumour was 
seated inside subcortical grey matter, FDG was useful 
for target selection in 11 out of 12 cases. Met seemed 
therefore superior to FDG for target selection in 
enhanced or non-enhanced tumours located in the 
cortex. These results should be confirmed for non­
enhanced lesions in subcortical grey matter. Met did not 
prove its superiority in deep-seated enhanced tumours. 
Interestingly, the two cases of enhanced non-tumorous 
lesion in the cortical area indicate that absence of 
Met uptake could suggest, before the biopsy, a non­
tumorous diagnosis. With regard to stereotactic biop­
sies in the brainstem, the short experience of combined 
Met- and FDG-PET-guidance is still too limited to 
draw any conclusion. 

A study on patients in which PET images with two 
tracers are acquired in stereotactic conditions can only 
be conducted during a limited period. Using two 
tracers in routine PET -guided stereotactic biopsies 
leads to a time-consuming and costly imaging proce­
dure that should not be performed repetitively when 
not needed. In this study, the authors have evaluated 
the contribution of the two tracers to determine whether 
only one of them could be selected a priori, for example, 
on the basis of CT or MR data. 
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It has previously been shown that there is a rela­
tionship between the uptake of FDG and tumour ma­
lignancy [13, 17]. Because in the present study, Met 
uptake was increased in all tumours, whether benign 
or malignant, one can argue that Met-PET was not 
discriminating enough to direct the biopsy to the most 
malignant area of the tumour, as is possible by FDG­
PET [17]. At visual analysis, however, it was found 
that areas of highest tracer uptake usually corre­
sponded on equivalent FDG-PET and Met-PET im­
ages. Furthermore, a correlation was recently found 
between Met uptake and FDG uptake in samples from 
stereotactic biopsy of malignant brain tumours [14]. 

In conclusion, this work shows that Met is a good 
alternative to FDG for target selection in PET -guided 
stereotactic brain biopsy. These data suggest that a 
priori, on preoperative CT IMR, the cases could be se­
lected where Met could be preferred to FDG. Indeed, 
Met-PET guidance is more efficient in non-enhanced 
lesions suspected of being low-grade, which usually 
have a low FDG uptake and in enhanced cortical 
lesions because it is difficult to differentiate between 
tumorous and cortical FDG uptake. In the case of 
enhanced lesions located in the basal ganglia, this 
experience shows that FDG is sufficient and could 
be used alone in the large majority of cases. Finally, 
multiple-tracer stereotactic PET combined with stereo­
tactic biopsy offers a unique opportunity to accurately 
compare tracers' characteristics and accordingly pro­
vides useful information for the understanding of the 
role of PET in neurooncology [13, 14]. 
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Glioma Cells Transduced with Selection Transgenes May Not Form Gliomas in 
vivo and Can Also Inhibit Glioma Formation by Admixed Wild Glioma Cell Lines 
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Summary 

Following in vitro lipofection transfection of the rat glioma cell 
line A1SAS with the plasmid transgene CMV/HyTK, which con­
firms hygromycin resistance and ganciclovir sensitivity, a series of 
experiments was planned in which the "bystander" phenomenon 
would be evaluated using the rodent implantation glioma model. 
However examination of the brain of rodents in which the A ISAS­
HyTK cells were implanted showed no evidence of glioma growth. 
Furthermore, rodents having intracerebral implantation of (i) wild 
A1SAS and A1SASHyTK cells in a SO/SO mix, (ii) wild A1SAS 
and A1SASHyTK cells in a 90/10 mixture and (iii) wild C6 and 
A1SASHyTK cells in a SO/SO mix all failed to grow macroscopic 
tumours by IS-17 days irrespective of whether the animals had 
been administered ganciclovir (GCV) in the week before sacrifice. 
Neuropathological and immunocytochemical analysis of the im­
plantation sites showed no difference between the GCV and saline 
treated groups of animals for any implantation cell mix. These ob­
servations confirm previous results that suggest transduction of ma­
lignant rodent glioma cell lines with a variety of selection, oncogenic 
and marker genes significantly impairs their in vivo tumorigenic po­
tential compared to the wild type cell lines. This study also demon­
strates that even without GCV treatment the transduced cells inhibit, 
by an unknown mechanism(s), the tumorigenicity of other non 
transfected malignant cells. The implications of this study for gene 
therapy of human malignant glioma are discussed. 

Keywords: Glioma; bystander effect; gene therapy. 

Introduction 

The "bystander" effect was first described by Mool­
ten and Wells [10] when they noticed that the toxicity 
of gancic10vir (GCV) therapy was much greater than 
that predicted by the number of cells transduced 
with herpes simplex viral thymidine kinase (HSV­
TK). Subsequent in vitro studies showed that HSV -TK 
transduced cells can cause the death of co-mixed wild 
tumour cell lines following GCV administration when 
as little as 3-10% of the total tumour cells were HSV­
TK positive [5, 13, 16]. These findings have been con-

firmed in vivo, using a variety of tumour models, with 
regression occurring after GCV administration when 
between 10-70% of the tumour cells were HSV -TK 
positive [3,4, 11, 14, 15]. In these experimental models 
it has been postulated that the bystander effect may 
also enhance the immune response and impair neo­
vascularisation [1, 5, 14]. The bystander effect is par­
ticularly relevant to human gene therapy directed 
against malignant glioma, since in situ hybridisation 
studies suggest only 0.6% of glioma cells are trans­
fected by retroviral genome released from vector pro­
ducing cells (Oldfield E, Personal communication, 
1995). 

Although studies evaluating the bystander effect on 
glioma cells have been performed in vitro few qual­
itative and quantitative studies have been performed in 
immunocompetent rodents using mixtures of trans­
duced and wild cell types [14, 16]. In this series of 
experiments, using the rodent implantation glioma 
model in adult Wistar rats, a TK + glioma cell line was 
coimplanted with a wild glioma cell line of similar and 
different types. After a period of 8-10 days, when the 
tumour would normally be well established, the ro­
dents were divided into saline and GCV groups and 
treated for 7 days, after which the animals were sacri­
ficed. From previous studies by Wu and colleagues 
[16], who used a similar experimental paradigm in 
mice using K1735 C19 melanoma cells, the assump­
tion was that neuropathological analysis would show 
the saline treated animals had large tumours whilst 
those treated with GCV would have tumours with 
variable amounts of tumour necrosis and tumour re­
gression. The authors assumed the size and viability of 
the residual tumour would be related to the proportion 
to TK+ cells in the primary inoculum, and whether 
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the animal had been treated with GCV or saline. 
However, the results provide further evidence that ex­
pression of a transgene by certain malignant cell lines 
significantly alters their in vivo malignancy and influ­
ences through unknown mechanisms the malignancy 
of admixed wild glioma cell lines. 

Methods 

AI5A5 cells were a gift from Dr Geoffrey Pilkington, Institute of 
Psychiatry, London. The C6 cell line was obtained from the Euro­
pean Centre for Cell Cultures, Porton Down. Both cell lines were 
cultured in Hams FI2 with 10% foetal calf serum, added glutamine, 
penicillin, streptomycin and fungizone. All cultures were performed 
at 37° and 5% carbon dioxide. A clone of AI5A5 cells was estab­
lished that had been stably transfected with the plasmid transgene 
CMV /HyTK [7) using the cationic liposome lipofectin (Gibco­
BRL). The CMV/HyTK plasmid contains an expression cassette in 
which a hygromycin phosphotransferase gene has been fused in 
frame with the herpes simplex virus type I thymidine kinase gene 
under control of a cytomegalovirus promoter. Expression of this 
cassette results in production of fusion protein which confers both 
resistance to hygromycin and sensitivity to GCV. AI5A5HyTK cells 
were selected by continuous culture in hygromycin (100 ug/ml), and 
the presence of the transgene in the hygromycin selected clones con­
firmed by Southern blotting (Fig. I). The AI5A5HyTK cells had an 
IC50 to GCV of circa 1-2 uM whereas the IC50 for wild type AI5A5 
cells to GCV was> 100 uM (Fig. 2). 

Tumour Inoculation 

Experimental gliomas were induced in rodents using standard im­
plantation protocols. This has previously just been described [2, 8, 
9, 17), but will be summarised here. Confluent cells were harvested 
using 0.1% trypsin and briefly stored in HamsF-12 media in an in­
cubator at 37°C until use. Adult Wistar rats (250- 350 g) were an­
aesthetised with pentabarbitone (45 mg/kg) and a retrocoronal burr 
hole was drilled 4 mm lateral to the midline. The animal was placed 
in a stereotactic frame and 10 III of cells (approximately 106) injected 
into the rodent brain at a depth of 5.5 mm. For these experiments the 
following co-mixtures of cells were implanted (i) Pure A I 5A5HyTK 
cells; (ii) AI5A5HyTKadmixed with wildAI5A5 in a ratio of 50 : SO; 
(iii) AI5A5HyTK admixed with wild AI5A5 in a ratio of 10: 90; and 
(iv) AI5A5HyTK admixed with wild C6 in a ratio 50: SO. 

The animals were allowed to recover from the implantation and 
given water and pellets ad libitum. The 8 animals comprising each 
experimental paradigm were divided into groups of 4 on day 7. Half 
were then given GCV IS mg intra peritoneally bd whilst the other 
cohort was injected with a similar volume of saline. GCV treatment 
continued for 7 days and the animals were sacrificed between day IS 
and day 17. This experimental protocol was approved by the Home 
Office under the Animals (Scientific Procedures) Act, 1986. 

Tissue Processing and Immunocytochemistry 

The brains were fixed overnight in 10% formalin and then sec­
tioned into 2 mm coronal slices which were processed into paraffin 
wax blocks. Five micron thick sections were cut and mounted onto 
poly-L-Iysine coated slides. Haematoxylin and Eosin staining was 
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Fig. I. Southern Blot showing the presence of the pk.smid HyTK 
DNA (dark lines) in several clones of AI5A5 cell, grown after 
hygromycin selection and digestion with the restriction enzyme 
EcoRI. The wild cell line (AI5A5) is negative and there has been 
variable incorporation of the plasmid construct after transfection. 
Clone 10.2 was used for these experiments 
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Fig. 2. The ganciclovir resistance of several clones of AI5A5 cells 
transfected with the plasmid transgene CMV/HyTK. Most clones 
are killed by ganciclovir concentrations <5 uM however the wild 
cell type and clones 10.5 and 10.6 are relatively resistant to the 
effects of ganciclovir. Both these clones showed minimal transgene 
incorporation on the Southern Blot (Fig. I) 

carried out for routine light microscopy. The immunocytochemical 
markers studied were GFAP (Dako, UK), S-IOO and Vimentin and 
the proliferating cell marker PCNA (PCIO, Dako, UK). In an at­
tempt to assess host response the monoclonal antibodies EDl and 
ED2 (Serotec, UK) which recognise macrophage epitopes and OX-6 
which recognises a determinant of MHC Class II antigen presenting 
cells were also studied [17]. Sections were pretreated with Trypsin 
(0.1% solution in CaCI2- Tris buffered saline at 37°C, pH 7.6 for 30 
minutes) before staining for Vimentin, ED land ED2. Sections were 
pretreated by microwaving (in 0.21% Citric Acid solution at pH 6.0 
for IS minutes, cooling over a further 20 minutes) before staining for 
OX-6. All primary antibody incubations were for 30 minutes at 
room temperature except for anti PCNA which was for 18 hours at 
4°C. For visualisation the avidin-biotin-peroxidase (ABC) method 
was employed with 3,3'-diaminobenzidine (DAB; Vector, Peter­
borough, UK) as a peroxidase substrate. Sections were lightly coun­
terstained with haematoxylin. 



Glioma Cells Transduced with Selection Transgenes 141 

A 

Fig. 3. Photomicrographs of a small brain tumour in an animal implanted 17 days previously with a mixture of C6 and AI5A5HyTK cells 
and treated for one week with 15 mg ganciclovir bd. The macroscopic coronal view (A) shows a small tumour in the basolateral caudate 
region. The line of injection of the cells is shown by the arrow. The centre of the tumour is necrotic and there is surrounding perilesional brain 
oedema (H & E, x40). Higher power study of the inferior pole of the tumour shows a wedge of viable tumour cells with vacuolation and 
necosis centrally. The viable tumour margin is invading the neuropil which is oedematous (H & E, x 200) 

Results 

There were no fatalities following implantation or 
GCV therapy and none of the animals exhibited any 
neurological deficit, behavioural abnormality or sei­
zure disorder. Neuropathological examination of the 
brains revealed no macroscopic tumour present in any 
animal. In some areas there was cystic cavitation in the 
region of the implantated site, with mild ipsilateral 
ventricular dilation, but there was no midline shift 
in any animal. Most implantation sites could be seen 
following coronal section of the fixed brain and re­
sembled a tear drop shape approximately 1 mm across 
and 2-3 mm in length (Fig. 3a). 

Histological review of the implantation site revealed 
that in some animals small clumps of surviving glioma 
cells could be seen adjacent to a variably sized area of 
central necrosis that represented the inoculation site 
(Fig. 3b). All these animals with residual tumour cells 
had inoculums containing the C6 cell line. All animals 
having inoculums containing wild and transfected 
A15A5 cells had no viable tumour and the im­
plantation site showed encephalomalacia often with 
cystic changes. In the neuropil adjacent to these areas 

there were perivascular and perilesional lymphocytic 
and macrophage infiltrates, intersitial vacuolation and 
in places there were microcystic areas with encephalo­
malacia. Intralesional and perilesional haemorrhages 
were not seen, although haemosiderin laden macro­
phages could be seen. 

Immunocytochemical studies showed that most 
animals showed only scattered PCNA positive cells in 
the region of implant. However, where there were 
clumps of surviving tumour cells, the PCNA staining 
index varied from 5 to 15%. There was a dense perile­
sional GFAP positivity but the tumour/inflammatory/ 
necrotic mass was GF AP negative. There was also 
prominent GF AP positivity in the corpus callosal fibres 
overlying the implantation site. There were numerous, 
intensively positive EDl and ED2 staining cells within 
the tumour/inflammatory inoculum area and also in 
immediate perilesional brain. Areas of cortical damage 
related to the burrhole and implantation site also con­
tained ED1 and ED2 positive cells but both the num­
ber of the cells and intensity of staining was less than 
that seen in the implantation site. OX-6 positivity 
was generally restricted to scattered cells within and 
around the inflammatory and residual tumour areas. 
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The inoculum site with the most cells staining for OX6 
corresponded to the largest viable tumour mass. 
However subsequent in vitro studies showed that both 
the C6 and AlSAS cell lines are constitutively OX-6 
positive. Except for the presence of small tumours 
in some of the animals implanted with the C6 cells 
(Fig. 3) the overall histological features and immuno­
cytochemical features related to the tumour implan­
tation sites were essentially identically in both the 
GCV and saline treated groups for all 4 experimental 
paradigms. 

Discussion 

This series of experiments was designed to evaluate 
the bystander effect in vivo and the toxicity ofTK + cell 
lines on similar and different wild rodent glioma cell 
lines following GCV therapy. Because the authors 
did not have the laboratory facilities to transfect the 
glioma cells in vivo, and because they wished to eval­
uate the importance of cell type in this experimental 
paradigm, different proportions of transduced A lSAS 
cells were co-mixed with similar and dissimilar wild 
variants. The failure of tumours to grow in the GCV 
treated arms of the experiments was not an unexpected 
finding in view of previous reports on the potency of 
the bystander effect [3,4, 14-16] and the sensitivity of 
the transfected cells to GCV. Much to the authors' 
surprise, particularly since they have concurrently 
successfully grown pure C6 (circa 9S% take rate) and 
AlSAS (circa 7S% take rate) and admixed C6/AlSAS 
(circa 80% take rate) gliomas following similar im­
plantation protocols in adult Wistar rats [2, 8, 9, 17], 
no macroscopic tumours grew, although clumps of 
tumour cells survived, even in the saline (control) arm 
of these experiments. 

The failure of the transduced AlSAS cells to form 
gliomas in vivo is consistent with previous observa­
tions using the same transgene in the rat 9L glio­
sarcoma [14]. These workers used in vivo infection of 
intracerebral 9L gliosarcomas with a replication de­
fective retrovirus carrying the CMV /HyTK gene. 
However they also found inhibition of tumour growth 
with 9L tumour cells modified to express the selection 
neomycin phosphotransferase gene. Growth inhibition 
in vivo following transduction with either gene was 
independent of drug selection. Schwartz and col­
leagues who also use the rodent 9L gliocarcoma cell 
line showed that in vitro transfection with a range of 
oncogenes (neu, ras, PDGF-A, PDGF-B) and even 
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the reporter beta-Gal gene, either singularly or in 
combination, could lead to significant changes in 
proliferative potential of the cell line following intra­
cerebral implantation [12]. Tumours grown subcuta­
neously in the flanks of mice from C6 glioma cells 
transduced with a variety of selection and marker 
genes also have been shown in vivo to have consid­
erable differences in proliferative capacity compared 
to the wild cell type [13]. Decreased in vivo malignancy 
has also been demonstrated for Walker 2S6 cells 
transduced with HSV-TK, in a leptomeningeal car­
cinomatosis model in rodents [IS]. The C19 cell line 
transduced with HSV -TK was also not tumorigenic 
when implanted intracerebally in mice whereas the 
wild cell type caused death within a median 20 day 
post implantation [16]. Most recently transduction of 
the G 1261 glioma cell line with either the interleukin 2 
(lL-2) or gamma interferon (y-IFN) genes was asso­
ciated with longer term survival following intra­
cerebral implantation in mice than that seen with the 
wild cell type [6]. In the latter experiment some of the 
survival benefit may be related to the boosted immune 
function related to IL-2 and y-IFN secretion. Overall 
therefore, it would appear that transduction with a 
variety of genes may not impair in vitro growth 
or doubling time [12-14] but may cause a significant 
reduction in in vivo tumorigenicity. The mechanism 
underlying this decreased in vivo malignancy is con­
jectural. It would not appear to be related to the 
method of transfection of the transgene since retro­
viral, liposomal and adeno associated viral transfec­
tion methods have been used. Similarly the HSV-TK 
genes transfected have utilised a range of promoters 
and plasmid constructs. It may be that the mechanism 
involves a failure of tumour neovascularity together 
with an enhancement in tumour cell immunogenicity 
[1, S, 14]. The immunogenicity of the transduced cells 
may be related to the type of promoter and marker 
genes used. 

The major unexpected finding in this study was that 
the co-mixed wild C6 cells did not progress to form 
large tumours even in the saline arm of these experi­
ments. Tumour cells did however survive in some ani­
mals and it may be that if the animals had been sacri­
ficed at a later time larger tumours would have been 
encountered. The transduced cells have somehow 
altered, at least temporarily, either the proliferation 
capacity of the admixed C6 cell line or induced 
higher rates of necrosis or apoptosis. Failure of non­
transduced cells to proliferate is consistent with the 
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findings of Tapscott and colleagues who noted that 
in vivo retroviral gene therapy, using a variety of 
selection genes, in the rat 9L gliosarcoma model did 
not require parenteral GCV administration [14]. Co­
implantation of the wild C19 melanoma cell line with 
C 19 TK positive cells in a 1-10 mix again resulted in a 
modest, albeit statistically insignificant, prolongation 
of animal survival that was independent of GCV ther­
apy [16]. Impairment of tumour neovascularity with or 
without a nonspecific boost to the host immune system 
may explain this finding. The immunocytochemical 
findings in this study did not however show any sign­
ficant differences in the number of infiltrating ED 1 or 
ED2 positive cells at the implantation site between 
any of the experimental groups. The intensity of ED 1 
and ED2 positivity also did not vary between groups. 
The macroscopic appearance of coronal sections of the 
brain and the qualitative and quantitative nature of 
the immune response measured using the immuno­
cytochemical markers was very similar to that de­
scribed after GCV therapy in rats with transduced 9L 
gliosarcoma [1]. Similar features were also found after 
implantation of with pure A15A5, C6 and F98 cells, 
50/50 mixes ofC6/F98 cells and A15A5/C6 cells [17]. 

The potential implications of the observation that 
transduced glioma cells are inherently less malignant 
in vivo and also down regulate the malignancy of ad­
jacent wild tumour cell lines has major implications for 
human gene therapy. The initial human gene therapy 
studies in humans using mouse vector cells secreting 
retroviral HSV -TK with later parenteral GCV admin­
istration showed mixed results. One of the major find­
ings, however, was that the transfection efficiency of 
the retrovirus was extremely low. It may be, that if 
more effective ways of transducing glioma cells can be 
found, the replicative potential of the nontransduced 
glioma cells may also be significantly impaired and 
perhaps its immunogenicity enhanced so that survival 
may be longer. 
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