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Abstract

During the 1950ies through the 1970ies, Hans Orthner and Fritz Roeder, two German
neurologists from Gottingen, developed a sophisticated technique to perform functional
stereotactic surgery with outstanding accuracy. They introduced direct air ventriculography
performed in the same surgical session as the ablative stereotactic procedure. For
individualized surgical targeting Orthner prepared a stereotactic atlas (>60 brains) with an
ingenious brain slicing device, the Gottinger macrotome. Brains were grouped based on
similarity of six different head and ventricle measurements. A brain cluster representing the
best match for a patient was selected for stereotactic targeting. Stereotactic lesions were
tailored in an individual manner and shaped by stringing together multiple small coagulations
following intraoperative test stimulation. This was achieved from a single probe trajectory by
using well-engineered string electrodes with calibrated curvings and involved laborious
calculations. Only high-frequency thermo-coagulation was regarded appropriate for lesioning.
With this meticulous technique the most advanced stereotactic procedures were performed
including bilateral pallidotomy that ultimately could be restricted to the ansa lenticularis and
ventromedial hypothalamotomy, the most delicate stereotactic operation performed to date.
Outside Gottingen, this technique has only been used by Dieter Miiller in Hamburg, Germany.
This elaborate stereotactic approach is widely unknown, and deserves to be discussed in a

historical context.



Introduction

Stereotactic surgery for the treatment of psychiatric and neurological disorders was
pioneered by Spiegel and Wycis [1]. In their monograph from 1962, they mentioned groups
from different countries who had also adopted stereoencephalotomy, and Fritz Roeder and
Hans Orthner, two professors of neurology from Géttingen, range among the most frequently
cited authors [2]. They were the first to alleviate hemiballism by pallidotomy without
compromising voluntary movements [3]. Furthermore, they performed successfully some of
the most demanding stereotactic procedures, such as bilateral pallidotomy [4,5], the first
medial mesencephalotomy [6], and, ultimately, they introduced ventromedial
hypothalamotomy [7,8]. At its peak, the Gottingen group was highly renowned and was
referred patients from neighboring countries. Roeder's and Orthner's achievements were based
on a unique and unsurpassed approach enabling individualized stereotactic planning and
tailored lesioning in a way that differed from targeting at other centers (summarized in Table
1). This paper describes the practice of the Gottingen functional stereotactic school as it was

developed in its historical context. The biography of both protagonists will be presented in

separate work.

Ventriculography

In the 1950ies and 60ies, hundreds of patients suffering from various neurological or
psychiatric disorders were treated with sometimes imprecise aiming tools or approaches
involving more or less free-hand or semi-stereotactic maneuvers [9-13]. Clinical results were
somehow inconsistent and the surgical risks were not negligible. Roeder and Orthner pointed
out that only a few stereotactic systems exhibited a high-enough degree of accuracy
considered as absolutely necessary for interventions in the brain [14]. In their opinion, both
Riechert's [15-17] and Leksell's [ 18] systems fulfilled this requirement, and they chose a
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system that enabled the surgeon to simulate targeting on a phantom [14,16,17]. This was
possible with the system developed by Riechert et al., that ranked among the most accurate
stereotactic systems and that stood the test of time (mounting of frame is shown in Fig. 1A).
Roeder was well acquainted with the system by Riechert and owed Riechert important advice
[3]. In Gottingen, the Riechert-system was adapted to special needs (e.g. steering of probes) in
cooperation with the workshop of the Max-Planck-Institut.

In the 1950ies encephalography was introduced that required the introduction of air
via the lumbar or sub-occipital route. However, air accumulating in the peripheral CSF spaces
resulted in suboptimal images due to blurred delineation of the ventricles or brain shift
[19,20]. Even in the most experienced hands extra-cerebral air collections were observed in
13% of the patients as shown in an evaluation of 1800 patients operated in Freiburg between
1952 and 1962 [19,20]).

Roeder and Orthner were among the first to introduce direct air ventriculography
performed on the day of surgery for stereotactic imaging for target coordinate calculations
(Fig. 1C and D; [4]). Air ventriculography had been described by Dandy [21] but, to the best
of our knowledge, not employed in stereotactic neurosurgery until then. In their first

inaugurating report of stereetactic-surgery-for-the-alleviation-of severe-hemiballism medial

mesencephalotomy for intractable pain Roeder and Orthner shifted from using lumbar

encephalography to using air ventriculography i Nevember1959: In-apublicationfrom
1961 whereas the first patient (date of surgery, Feb 14, 1959) had received a sub-occipital
puncture for encephalography, whereas in the second case (date of surgery, Nov 4, 1959) air
ventriculography was performed through direct ventricular panetior puncture [6].

Talairach was probably the first to perform ventriculography for stereotactic
procedures, but he relied on positive contrast media [22 Falairach; 1954-#812]. However,
Roeder objected to the use of positive contrast media and adhered to the use of air which he

regarded as sufficient and less hazardous. Indeed, ependymal and arachnoidal irritation,



iodine hypersensitivity, epileptic seizures, aqueductal stenosis, and other complications had
been reported with the use of e.g. lipiodol [4,23-26]. It was for this reason that Spiegel and
Wycis eventually opted for the use of the more modern pantopaque (myodil) that was better
tolerated [2]. Levy reported that in 93% of patients air ventriculography was sufficient, and in
only 7% of their cases they had to use contrast media. This was supported by the experience
of others [27,28]. With the availability of less toxic contrast media towards the end of 1960ies
these had also been used in selected cases in Gottingen and Hamburg, for example, for
hypothalamotomy and when the third ventricle proved to be too narrow for clear definition of
commissures on air ventriculograms (cf. [29]). Air ventriculography, however, remained the
first choice.

In 1967, Van Manen citing Orthner and Roeder [4] wrote: 'If a lumbar or suboccipital
injection is unsuccessful, the air can be injected directly into the ventricular system, with or
without some slight positive pressure' [27] which is a hint that this had not been a generally
adopted procedure at that time. In 1973, Van Buren stated that "Visualization has been reliable
and without serious complications apart from some headache, which, in general, is less severe
than after pneumoencephalograpy. Positive-pressure air ventriculography is the most
generally satisfactory and least hazardous method known to the authors for demonstrating
stereotaxic landmarks' [25]. Van Buren only cited personal communications with Bravo
(1968) and Bertrand (1969) [25]. Furthermore, he did not cite Calvin and Coe who, several
years after Roeder and Orthner, had published a single stage technique similar to the one used
in Gottingen that included pressure monitoring [28]. Siegfried mentioned direct
ventriculography and, again, the only reference is given to Bertrand [30]. Bertrand started
with direct air ventriculography around the same time as Roeder [31]. In the beginning,
however, Bertrand used oxygen and introduced this from the deepest point without pressure.

This approach had the advantage of avoiding slight pressure but involved repositioning of the



head. Later he apparently performed air ventriculography in a similar manner as in Gottingen
[32].

Leksell had also started with direct air ventriculography around the same time as
Roeder. Laitinen evaluated ventriculograms of Leksell's pallidotomies performed at the
Sophiahemmet hospital from 1958 — 1962. Both lumbar encephalography as well as air
ventriculography were mentioned, and Figure 1 (in [33]) appears to represent a direct air
ventriculography from 1960. Discussions occurred between Leksell and Roeder about the
optimal amount of CSF to be withdrawn (apparently somewhat less in Gottingen than in
Sweden) and whether this should be performed in general anesthesia (D. Miiller, personal
communication).

Although direct air ventriculography was much better tolerated than lumbar or
suboccipital encephalography (e.g. [25,28], the latter often provoking headache, nausea,
vomiting, confusion, restlessness, and even circulatory collapse, Roeder attempted to improve
patient comfort further. He performed mounting of the frame and ventriculography under
halothane-based general anesthesia [34]. The anesthesiological procedure had been published
in a paper by Fischer et al. from the Department of Anesthesiology of the Gottingen
University-Hospital, the first centralized anesthesiology department in Germany [35]. The
paper was not co-authored by Roeder or Orthner.

Since Roeder performed ventriculography on the same day as the therapeutic
procedure, the stereotactic frame remained on the head in the same position both for
ventriculography and ablative surgery, resulting in a higher accuracy. By adopting a single-
day approach and by working with exactly congruent beam projections, two significant
sources of errors could be avoided, i.e., (i) those associated with readjustment of the frame to
the central ray and (i1) those associated with the realignment of X-rays which was required if
a non-stereotactic encephalography or ventriculography had been performed on a previous

day.



In 1963, Levy who had been trained in Freiburg started to perform ventriculography in
a similar manner as in Gottingen [36]. He explained that initially 'the two-stage procedure was
adopted after warnings from the Freiburg team about complications arising after
pneumoencephalography in Parkinsonians' [36]. Until after 1973 the Freiburg group
recommended such staged procedures. They referred to the great distress and repeatedly
confused states following lumbar encephalography (with air or helium) in the often old and
fragile parkinsonian patients [20,37].

A staged procedure required the realignment of the pre-surgical
(pneumoencephalographic) X-ray and the stereotactic X-ray. Levy wrote that '... it was found
that replotting with the aid of bone reference points sometimes caused errors in excess of the
permissible 1 mm' [36]. This problem was also emphasized by others, e.g. van Manen [27].
Similarly, Laitinen in his memoar published in 2004 reported on his four month visit to
Freiburg and considered the Freiburg technique of separating ventricular imaging from the
surgical procedure as not precise enough [38]. In addition, presurgical lumbar
pneumoencephalography was performed in the sitting position whereas surgery took place in
prone position. It had been demonstrated that subdural air collections (moving frontally after
repositioning) could lead to significant shift (several mm) of deep brain structures, such as the

pineal gland [19,20]. Over time the advantages of the one-stage approach became evident

(e.g. [39)).

Orthner's stereotactic brain atlas

Orthner who was director of the Department of Neuropathology at the University of
Gottingen had a long-standing interest in brain anatomy and quantitative brain research, and
had been searching for an ideal brain slicing instrument for many years. At the time that the

Schaltenbrand und Bailey atlas was being prepared, a macrotome was available (Makrotom



by Edinger; Fa. Jung, Heidelberg; [40]). Orthner wondered if Schaltenbrand and Bailey had
been aware of this macrotome since for the preparation of the atlas a device had been
constructed that was similar to the Edinger macrotome, but the Edinger macrotome had not
been mentioned [41,42]. Orthner had inspected the Edinger macrotome and other brain slicing
devices (e.g., a particular knife developed by B. Ostertag at the Kaiser-Wilhelm Institut in
Munich). However, he found all of them not suited for stereotactic and quantitative brain

analysis ([41] and cf. Supplement). This issue had also been noticed by van Buren and

Maccubbin who stated that 'although practically no mention of this appears in the literature,
possibly the most difficult point in preparation of macrosections of the brain lies in achieving

sections at accurately determined intervals' [43].

inevitable-deformation-of the hand-held brain- Orthner agreed with Amador et al. who in the

'Methods' section of the Schaltenbrand and Bailey atlas pointed out that slices with an
intended thickness of 5 mm may have an actual thickness between 3 to 7 mm [42].
Stereotactic surgeons are aware that the slice thickness in the Schaltenbrand atlas varies, i.e.,
sectioning could not be performed at exact intervals [45].

Orthner came to the conclusion that slicing of brains with knifes in general is
inaccurate even if they are well guided by notches. He had the idea to use a device similar to
an egg slicer. With this apparatus the brain would be cut by strings made from steel (mandolin
E string) [41,44,46]. According to this principle a novel apparatus was manufactured by the
Zentralwerkstatt Gottingen GmbH, termed the 'Gottinger macrotome' (Fig. 2A and B

[41,44,46]). Several years later, Slaughter and Bashold, having also recognized the problem



of exact slicing, designed an instrument that was engine-driven and produced 5 mm
macrosections by ultra thin blades [47]. In their technique the brain was radiographically
aligned.

The protocol for brain preparation and use of the Gottingen macrotome has been
summarized (supplementary material). A commissure-based coordinate system as introduced
by Talairach et al. [22] was adopted with reference to the posterior rim of the anterior
commissure (x=0; y=0; z=0) and the inter-commissural plane. Immersion fixation was found
more reliable than intravasal fixation as used, for example, by Spiegel et al. and Talairach et
al. [41]. Interestingly, Van Buren and Maccubbin as well as Slaughter and Bashold later came
to the same conclusion as Orthner. Both groups independently worked out procedures that
resembled the one used in Gottingen with respect to: (i) immersion fixation, (ii) suspending
brains from the basilar artery, and (iii) embedding brains before slicing [43,47].

In 1966, the atlas contained >50 normal brains [14]. In a paper published later, they
referred to a number of 65 model brains [48]. This represents one of the largest stereotactic
atlases that had ever been prepared, and one regrets that the actual atlas with all model brains
and values had not been published. Unfortunately, we are not in possession of the whole atlas
that had been disposed of after Orthner's retirement (Mrs. A. Orthner, personal
communication).

This atlas was not only motivated by the benefit it would bring to stereotactic
neurosurgery, but also by Orthner's neuropathological interest in investigating quantitative
changes in different areas of the brain in various neurological and psychiatric diseases. For
example, in a first analysis of 37 normal brains he found that the volume of the pallidum was
slightly larger in males (>1.65 cm?) than in females (>1.40 cm?) [49]. The volume correlated
with the volume of the hemispheres. Later he presented data of 106 brains from patients

suffering from various neurological and psychiatric disorders [50]. For example, in
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Parkinson's disease the volume of the pallidum relative to the volume of respective

hemispheres was increased when compared to control brains [50,51].

Stereotactic planning

Roeder and Orthner emphasized that the anatomical localization of the exact target for
an individual patient had become the most critical issue as they had already been working
with one of the most precise stereotactic devices (Riechert's system) and had improved
technical aspects of the procedure (i.e. direct ventriculography on the day of surgery and same
position for imaging and surgery) [34]. Similarly, Spiegel wrote: '... so that chiefly two
problems face us at present: First, the uncertainties of localization in vivo that are due to the
individual variability in the coordinates of the various subcortical structures, second, the
choice of the optimal method of producing subcortical lesions.' [52].

Orthner and Roeder found that the location of stereotactic targets cannot be predicted
with sufficient accuracy when this is based on (proportional) correction algorithms as
proposed by others (e.g. [23,27,53]). This concern was supported by anatomical variation
studies that had failed to generate a formula that was better than average brain coordinates to
predict the location of a point of interest in the brain relative to suitable landmarks (e.g.
[43,54]). The limitations of proportional factors as used by Hassler and Riechert was also
pointed out by Spiegel (cf. footnote in [52]). Spiegel et al. had also performed thorough brain
variation studies and found that the position of the pallidum could neither be inferred reliably
from the width of the brain nor from the width of the third ventricle [55,56]. This is why
Spiegel suggested to use safety lines instead [2]. These, however, had the disadvantage to
constrict and possibly shift the target area.

To accomplish best possible individualized stereotactic planning Orthner's atlas was

used in a unique manner (described in detail in [4-6,14,29,34] and cf. Supplement). Selection

of merely a single brain from the atlas was regarded as too inaccurate for stereotactic
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planning. To incorporate some averaging, brains from the atlas were clustered based on
similarity. In fact, Spiegel emphasized the advantage of such grouping of brains [52]. Orthner
was mentioned in this paper and we assume that Spiegel was aware of Orthner's atlas since
Spiegel and the Gottingen group were in contact (Dr. Philip Gildenberg, personal

communication). Eventually 28 'model brain combinations' were available. These have also

been used for all cases of stereotactic lesioning in Hamburg (1972—1994). the only other

stereotactic center having used this approach. The procedures performed in Hamburg have

been summarized in Table 3.

Each group of brains (‘'model brain combination') consisted of (at least) three brains
from the atlas being similar according to the so-called 'head-ventricle-formula.' Some brains
from the atlas were included into more than one 'model brain combination.' The 'head-
ventricle-formula' included three 'outer' (head) measurements, i.e. width, length, and height of
the head where the latter was measured with a particular caliper rule from the ears ('Ohrhohe';
Fig. 1B). In addition, three 'inner' (ventricle) measurements were used, i.e. width and angles
of the lateral ventricles, the length of the third ventricle, and the height of thalamus measured
12 mm behind the posterior rim of the anterior commissure (Fig. 1C and D).

The inclusion of three cranial measures into the 'head-ventricle-formula' may be
difficult to understand from a present-day perspective. However, at that time cranial
landmarks (and pineal calcifications) still played an important role, and even surgeons
dedicated to truly stereotactic approaches continued to base part of their planning on these
[12,33]. For example, in the procedures performed between 1958 and 1962, Leksell
apparently adjusted the laterality of his target according to the width of the skull [33]. At the
same time, surgeons had also been aware of the limitations associated with the use of cranial
measures. For example, Talairach had found that the length of the skull does not correlate

with the length between both commissures [23].

12



Over the years, priority was given to the 'inner' (ventricle) measurements (D. Miiller,

personal communication). Although not formally included into the 'head-ventricle-formula’,
the width of the third ventricle was also taken into account and gained increasing attention
([29] and D. Miiller, personal communication; entered on the planning protocol shown in
Suppl. Fig. 5). On the other hand, the width of the third ventricle does not alone explain the
laterality of a target, an issue that is still unresolved. Orthner and Roeder had realized that by
giving priority to ventricle measurements for selecting the best 'model brain combination',
relevant information from head measurements might be missing. In particular, there was
concern with regard to the width of the brain, representing another important factor for the
laterality of a target, although only the width of the head could be measured. To this end, a

formula had been developed to adjust lateral coordinates from the Orthner atlas (denoted 'y')
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to patients according to factors based on the width of the third ventricle (f1) and width of the
head (f2; cf. Suppl. Fig. 6).

With respect to surgical deep brain targets, average coordinates for appropriate
reference structures had been determined for each 'model brain combination' (Fig. 2D). For
example, fourteen 'model brain combinations' served as data base for mapping the medial
border of the internal pallidum. To visualize the actual variability reflected by these 'model
brain combinations' current image analysis tools have been employed (shown and explained
in Fig. 2E and F). First of all, it was surprising to what extent the 'model brain combinations'
covered a significant degree of variation (Fig. 2E and F). Most striking, however, was the
high resolution and even distribution with which variability was reflected by these 'model
brain combinations' (Fig. 2E and F). The medial border of the internal pallidum is shown for
both the left and right side as the coordinates of most 'model brain combinations' differed
between both hemispheres. This is in accordance with Orthner's findings that the volume of
the left pallidum relative to the volume of the hemispheres was slightly larger than on the
right side [49]. These pioneering findings of that era about asymmetries in pallidal
measurements between hemispheres, and their implications for stereotactic targeting, have
eventually been confirmed by others using detailed measurements on dedicated MRI
sequences [57].

With these data it was possible to tailor an individual coagulation program. For each
target (e.g. the pallidum) a favorable position for the carrier probe was indicated. Actual
prelesional test stimulations and coagulations were accomplished from a single trajectory.
This involved complex calculations as detailed by Orthner et al. [4,29] and presented in
Suppl. Fig. 7. The following had to be taken into account: First, the position of the tip of the
carrier probe ('S') as well as the sagittal (o) and lateral () angles used for its introduction
(Suppl. Fig. 7); second, the type and curvature of the string electrode used which was checked

and calibrated at regular intervals (distances k and 1; Suppl. Fig. 9). This generated settings
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that were performed within the same trajectory: (1) the direction the string electrode was to be
extruded from the rotatable probe (angle ¢; defined in clockwise direction relative to plumb
line; Fig. 5); (2) the distance ('M") the electrode was to be lowered from the tip of the probe;
(3) the depth of the probe ('S') which had to be retracted or advanced a few millimeters. Thus,

no additional probe trajectory was inflicted to the patient. Before the advent of calculators

spreadsheets for frequently used angles containing about 300,000 values were used to

determine stereotactic settings (prepared by W. Sendler, Max Planck Institute in Gottingen;

cf. Supplement).

Theserefinements All this made the procedures time consuming and often lasting

into the early afternoon. At an annual meeting of the German Neurosurgical Society the
usefulness of these technical refinements had been questioned and regarded as too tedious and
not straight-forward enough by leading stereotactic surgeons (witnessed by D. Miiller,
personal communication). Undoubtedly, for busy units performing several such procedures

per day the Gottingen approach was impracticable.

15



Rationale for choosing string electrodes

For several reasons Roeder and Orthner always relied on protruding string electrodes.
These were referred to as side electrodes in Gottingen (N.B. the German translation for the
chord of a string instrument and side is 'Saite' and 'Seite,' respectively; Fig. 3). They
emphasized that only these met the requirements for topographically complex deep brain
targets. For example, rod electrodes were considered unsuited to deal with the elongated and
irregular shape of the pallidum being also oriented in an oblique way. Furthermore, during
test stimulation electric current can be applied with high precision and at multiple sites
providing higher spatial resolution of the target area and the distance from critical structures,
e.g. the internal capsule or optic tract. Test stimulation to check for side-effects was
performed according to the pioneering work of Hess, Hunsperger, Wyss et al. using three
different parameter settings selected between 1 and 10 Volts (usually below 4 V) and between
2 and 15 Hz (8 Hz often proved optimal) applied with a pulse width of 1/18 sec. Roeder and
Orthner used a stimulator with pulsating direct current and damped oscillations (Wyss
stimulator type ST 60; shown in [58]. In addition, using string electrodes it was possible to
perform lesions in very small targets (e.g. hypothalamic nuclei). Similarly, microlesioning
effects were less and, if these occurred, were attributable to a more confined area. Finally,
multiple sites to be lesioned can be reached without inflicting additional trajectories through
the patient's brain. In general, multiple small coagulations were stringed together to shape a
lesion (for example, seven coagulations in the thalamotomy case presented in Suppl. Fig. 5—
7). With this method a tailored lesion could be placed even in close vicinity to critical
neighboring structures (e.g. optic tract, internal capsule).

For similar reasons Spiegel and Wycis used stylet electrodes that had been developed
at the beginning of the 1950ies and resembled string electrodes. However, lesioning based on
the use of such stylet electrodes usually involved multiple trajectories [2,59] while the use of

the string electrodes allowed to perform complexly shaped lesions using a single trajectory
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avoiding both increased risk of brain movement and hemorrhage. String electrodes were also
used in other centers (e.g. [37,60]) but eventually rod (straight needle) electrodes became
more popular and have since prevailed. In fact, Roeder and Orthner started using string
electrodes developed by Riechert et al. in Freiburg [3]. They switched to modified electrodes
manufactured in the Zentralwerkstatt of the Max-Planck-Institute Gottingen with gauged
driving mechanism and some other improvements [14]. Finally, from May 1961, Roeder and
Orthner used a novel generation of string electrodes featuring insulated tips that had been
built by Jenny and Wyss in collaboration with Orthner and Roeder (Dept. of Physiology,
University of Zurich; Fig. 3) [5,14]. There had been several visits of Roeder and Orthner for
this purpose in Ziirich (confirmed by D. Miiller and A. Orthner). Beside improved mechanical
properties (a refined mechanism to drive the electrode and more reliable curvatures), this new
electrode was built to refine stimulation and coagulation by allowing more focused test
stimulation and more circumscribed lesioning.

The diameter of this electrode was 0.7 mm and the uninsulated contact length ranged
from 1.75 to 10 mm (Fig. 3). The active surface of a frequently used insulated unipolar side
electrode with a 3 mm tip was only 6.6 mm? which was significantly smaller than the surface
of commonly used rod electrodes (25.1 mm?; Fig. 3). The size of single lesions with the
insulated electrode ranged, depending on contact length, between <20 and 230 mm?. With
small tips lesions were about 10-fold smaller compared to rod electrodes generating lesions of
approximately 200 to 250 mm?® (Fig. 3 ;[14,58,61,62]). For pallidotomy and thalamotomy
Orthner and Roeder mostly used string electrodes with a contact length of 3 mm length, for
hypothalamotomy tips of only 1.75 mm to be able to lesion hypothalamic subnuclei (lesion
volume <20 mm?), and for lesions in the frontal white matter and cingulotomy
multisegmented electrodes with 5 contacts (total contact length 10 mm; Fig. 3 [29,48,62]).

We are not aware of other groups having used this series of insulated string electrodes

in patients and who put the same effort in calculating the stereotactic position of the extruded
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electrode. Notably, these electrodes were not used in Zurich where these had been originally
developed but eventually string electrodes were considered as needless by Krayenbiihl and
Yasargil [63]. However, some years later Dieckmann when he was still working in Freiburg
reported on insulated string electrodes with a 2 mm tip that were even equipped with a
thermocouple [64]. Prototypes of insulated electrodes had been developed in Freiburg in the
mid-1950ies since these have been mentioned in a personal letter from Mundinger to Roeder

in 1955 (retrieved in the estate of Roeder by CKEM).

Lesioning

Roeder and Orthner strongly opposed to lesioning modes other than radiofrequency
(RF) thermo-coagulation [14]. Brain severing with leukotomes was regarded as too
dangerous, especially in the pallidum known to contain perforating arteries. The instillation of
fluids (e.g. alcohol or procaine), radioactive isotopes, cross-beam radiation, or cryolesioning
had several disadvantages. Some had to be applied in a repeated manner, some effects
occurred with latencies and were difficult to predict, and the rather large, irregular, and often
hemorrhagic lesions these methods produced could not be adapted to complex targets, let
alone being shaped in an individual manner. Roeder and Orthner remarked that these
procedures had been transferred all too soon from animals to humans [34] which was
substantiated eventually by a thorough investigations conducted by Gildenberg [65,66].

In their first report [3], probably following Spiegel and Wycis, the first (more anterior)
pallidotomy was made by multiple electrolytic lesions at different sites with direct current (10
mA, 1 min each, the electrode being used as the anode). This method was chosen to minimize
heating and to avoid thrombosis, however, it was difficult to control lesion generation.
Additional surgery was performed later on the patient, and the second lesion was produced by

RF electrocoagulation. This procedure included 13 thermocoagulations and was performed
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more posteriorly including the area of current pallidal targeting. The string electrode
developed by Riechert was used [3].

Thereafter they remained committed to thermal lesions elicited by electrical currents
applied with a frequency of 500 kHz, i.e., radiofrequency (RF) thermocoagulation. They
followed the method described by Hunsperger and Wyss and used their lesion generator
'Coagulateur de Wyss' [67]. Lesions were generated with low currents (=35 mA). The
protocol was worked out in vitro and in animals in collaboration with A. E. Kornmiiller
(Department of Physiology, Max-Planck-Institute, Gottingen) in order to prevent extensive
heating or even steam-bubble formation (even called “popping”) due to too quick rise of
temperature. This minimized the risk of tissue lacerations by vaporization and explosions
which may cause haemorrhages.

Measuring of the temperature at the lesion site can be performed with a thermocouple
([18,64,68]). This, however, was regarded as too error-prone and unreliable, and Roeder and
Orthner considered thermocouples as dispensable after they had analyzed their coagulation
technique in animals. In addition, thermocouples required the use of thicker probes or
additional trajectories, something that they wanted to avoid in order to minimize the surgical
risk. Roeder and Orthner had not observed heating along the isolation and concomitant

lesioning along the trajectory which had been a concern of Spiegel [2,59].

Concluding remarks

To our knowledge, the widely unknown approach developed in Géttingen by Roeder
and Orthner for lesioning in functional stereotactic neurosurgery, has to be regarded as one of
the most sophisticated and precise to date. In Germany, most influential had been the
groundbreaking achievements of Riechert, Hassler, and Mundinger from Freiburg who

founded one of the first stereotactic centers in the world (reviewed in [69]). Aside from
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developing a stereotactic system of outstanding accuracy and reliability they performed
pioneering work in functional neurosurgery and neuro-oncology. Until 1976, the stereotactic
center in Freiburg had performed by far the most procedures for neurological and psychiatric
indications in Germany and the Freiburg school of stereotaxy dominated the field [70].
Nonetheless, some attendants of surgical procedures in Freiburg made critical remarks about
the accuracy of the staged surgical approach and lumbar encephalography that had been
favoured in Freiburg until the early 1970ies [36,38].

Although, the Gottingen group ranged second behind Freiburg [70] their achievements
have remained largely unappreciated and eventually fell into oblivion to the point that the first
Gottingen school of stereotaxy is not even mentioned in textbook reviews on the history of
stereotactic surgery in Germany [69]. Possible reasons for this are: (i) most of the publications
from Gottingen were written in German; (ii) the group remained small and only a few fellows
were trained (D. Miiller was trained by Roeder and Orthner from 1964 until 1972); (iii)
patient treatment was not performed at an academic institution; (iv) the sources for planning
(e.g. Orthner's stereotactic brain atlas and spreadsheets) were not available to the community
or remained unpopular as most regarded the technique as too laborious and time-consuming;
(v) the preferred target for Parkinson's disease of the Gottingen school, the pallidum, was
abandoned by most peers in favour of the thalamus until the late revival of Leksell's
pallidotomy in the levodopa era by Laitinen [71]; (vi) Roeder and Orthner trained in
neurology and similarly to Spiegel, they considered stereotaxy as “functional neurology”,
while stereotactic surgery - after the very first pioneering years - rapidly became a pure
neurosurgical subspecialty worldwide; (vii) they pioneered ventromedial hypothalamotomy
for the treatment of pathological hypersexuality leading to delinquency, which got caught up
in a whirlwind of public upset and was dismissed by other medical disciplines eventually,
which contributed to an official moratorium of all psychosurgery in Germany, until the era of

DBS.

20



The remarkable clinical achievements of the first historical Gottingen group of
stereotaxy, accomplished with low rates of complications, and proof of extreme accuracy of
targeting in autopsy cases, altogether argue in favor of the usefulness of this sophisticated and
time consuming surgical technique in its historical time. Some of the well-documented
clinical achievements have still not been replicated yet even after the advent of modern brain
imaging. Clinical outcomes of the Géttingen group therefore also merit a detailed reappraisal

that will be reported separately in a subsequent Part II.
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Figure legends

Figure 1 A) mounting of the stereotactic frame aided by a bearing arc carrying the
weight of the frame and cushioned with a gauze pad because it was easier to adjust the frame
when supported. Two springy bolts (‘ear olives') were introduced into the external auditory
canal (arrow) to help alignment of the frame and to minimize yaw and tilt. After non-invasive
clamping with blunt screws the frame was fixed with six sharp pins to the skull (from [4]).
Later, the frame was mounted in halogen-based general anesthesia directly preceding
venticulography to increase patient comfort. B) the height of the head ('Ohrhéhe') was
measured from the external auditory canal with help of a caliper rule. In addition, width and
length of the head were obtained; from [34]. C) and D) direct ventriculography with air (C,
coronal; D, sagittal). After burr hole trephination a Cushing needle was inserted into the
frontal horn of the ventricular system and 5-20 ml of CSF withdrawn (in older patients with
'negative' pressure no CSF) and was exchanged for 25-35 ml of air being introduced with
slight pressure to delineate the ventricles down to the aqueduct. During air injection the head
was auscultated with a stethoscope and later this maneuver was supported by fluoroscopy.
Whereas a piping sound could be perceived when air entered the aqueduct a sparkling sound
indicated air already exiting into the peripheral CSF spaces. When X-rays of sufficient quality
had been obtained the intraventricular air was re-exchanged for the preserved CSF.
Ventricular (‘inner') measurements included the length of the third ventricle, width and angles
of the lateral ventricles, and the height of thalamus measured 12 mm behind the posterior rim

of the anterior commissure (from [4]).

Figure 2 A) the 'Gottinger macrotome' constructed by the Zentralwerkstatt Gottingen
GmbH based on the conception of Orthner. Arrows indicate the movement direction of the

sectioning lyra. The mode of operation is explained in the text. B) view into the lamellated
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box containing a base from glass with a carved grid (from [46]). C) lamellated brain
consisting of slices of exactly 4 mm thickness obtained with the 'Gottinger' macrotome. D)
example of a 4 mm brain slice from Orthner's atlas (brain no. 174/58). Borders of relevant
structures were delinated and measured where indicated (markings with a 'x'; from [46]). E)
and F) medial border of the internal pallidal segment as determined from Orthner's brain atlas.
Each layer represents the average of three (in one case 4) brains that had been grouped
together by Orthner based on the 'head-ventricle-formula' generating distinct 'model brain
combinations.' For the pallidum, the medial border was evaluated in 14 such 'model brain
combinations' (representing a total of 43 brains). The coordinates were read off Orthner's
spreadsheets (as shown in Suppl. Fig. 8). These were plotted to generate meshes that were

smoothed using open-source based tools developed by one of the authors (J.A.K.).

Figure 3 A) specifications of two types of isolated string electrodes with gearing
mechanism (from [5]). 'M' indicates the scale for lowering of the electrode (from [8]).
Individual eletrodes exhibit slight deviations in curvature that may change over time.
Calibration curves (k, 1) were generated by technical staff at regular intervals (shown in
Suppl. Fig. 9). Whereas the smallest string electrodes (A; bare contact length, 1.75 mm;
diameter, 0.7 mm) produced coagulation volumes down to 18 mm?® rod electrodes (B; contact
length, 4 mm; diameter, 2 mm) generated coagulation volumes of 200-250 mm? (from [14]).
For surgery stereotactic coordinates were determined for the tip of the carrier probe (a) and
the actual target to be reached with extruded sting electrode (c). The site where the string
electrode exits the probe after rotation (b) is indicated (corresponds to angel ¢ at the dial; cf.
Fig. 4-7). In C and D electrodes used at the University-Hospital Hamburg-Eppendorf until

1994 are demonstrated. The bare tip was even smaller (approximately 1 mm).
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Figure 4 A) positioning of a patient for stereotactic surgery (8-year old girl treated at the
Universityhospital Hamburg-Eppendorf). The dial (magnified in inserted image) was used to
set the direction in which the string electrode was extruded from the rotatable probe (angle o;
defined in clockwise direction relative to plumb line). B) outline of a planned lesion for
bilateral pallidotomy (to be performed in staged procedures). Projection onto an axial slice at
the intercommissural (zo) plane of a 'model brain' (brain no. 71/57). C) immaculate
ventrolateral thalamotomy for torticollis revealing a lesion with a sharp border to the
unaffected internal capsule ([14,48]). Death had occurred three week after surgery from

pneumonia and pulmonary embolism [14].
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