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Pneumoencephalography in 1968 revealed that she, too, had the disease with bilateral acoustic neurino- mas with some bilateral sensorineural hearing loss. 
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GAMMA KNIFE RADIOSURGERY OF ACOUSTIC NEURINOMAS A historic perspective G. NORÉN, M.D., Ph.D. Department of Neurological Surgery, Brown University, School of Medecine, Rhode Island Hospital, Providence, USA.



There is no doubt that Lars Leksell had acoustic neurinomas in mind when he presented the concept of “radiosurgery” in 1951 [1]. His intention with radiosurgery was to replace the electrodes used in functional stereotactic neurosurgery by a large number of converging beams of ionizing radiation to induce a small volume of necrosis in the target area. This was an early example of “minimally invasive surgery” decades before this paradigm had been introduced and accepted. In this first article, Leksell suggested the use of the technique also for the treatment of deep-seated circumscribed tumors. I know from direct contact with Leksell that he had acoustic neurinomas in mind. However, it would take many years before the first acoustic neurinoma patient was treated with radiosurgery. During the gradual evolution of the radiosurgical technique when X-ray tubes and a cyclotron were used as radiation sources, no acoustic neurinoma patient was ever treated. This became a consideration only when the prototype Gamma Knife was ready for use in early 1968 [2, 3]. The prototype Gamma Knife was owned by the Karolinska Institute but placed in the basement of the Private Hospital Sophiahemmet in Stockholm, having one of the few available locations offering the adequate level of shielding. It is to this day something of a mystery and a remarkable achievement that Leksell was able to get the research funding necessary to construct the first Gamma Knife. Available scientific results to back up the construction of the prototype were from Leksell’s own experimental work with cyclotron generated proton beam radiosurgery, a completely different technology. It helped that he was given powerful



support by other frontline researchers such as the Swedish radiobiologist Börje Larsson. THE FIRST PATIENT She was a good-looking young woman with blond hair in her early thirties. She belonged to a family with a known history of neurofibromatosis 2. Pneumoencephalography in 1968 revealed that she, too, had the disease with bilateral acoustic neurinomas with some bilateral sensorineural hearing loss with the left ear more affected than the right. As being the first acoustic neurinoma patient to be offered and accept Gamma Knife radiosurgery, she became historic. Leksell assisted by Björn Meyerson treated her on June 16, 1969. This was in the pre CT era. The localization and definition of the target, her right acoustic neurinoma with a transverse intracranial diameter of 12mm, was based on a standard non-stereotactic pneumoencephalography on June 6, from which target information was transferred to a plain stereotactic skull X-ray, lateral and frontal projections. The internal auditory canal served as an important landmark for this transferal of anatomical information. However, the pneumoencephalogram only identified the tumor in the frontal (half axial) projection and not the lateral, giving room for some uncertainty regarding the target definition. The stereotactic frame used was the standard Leksell frame for open procedures with the three point fixation system. This frame was not sturdy enough to support the weight of the head. In addition, it was too large to fit into the collimator helmet of the Gamma Knife. Instead, a plaster of
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Paris cap was molded over the patient’s head, anchored to the head by means of four screws introduced into the external tabule of the skull in local anesthesia. The stereotactic frame was attached to the plaster when it had hardened. Skull X-rays were exposed and the coordinates of the target point were calculated. With a special version of the side bars, bearings were attached to the plaster cap, one on each side, corresponding to the predetermined x and y coordinates (which correspond to today’s y and z coordinates, respectively). In this way, bearings for one, two or maximum three target points could be attached. Of great interest in this first case was the choice of radiation dose. Leksell had had some discussions with radiation biologists and believed that a fairly high dose could be safely delivered. He assumed that the cranial nerves were quite resistant to single dose exposure of radiation, even in very high doses. For this first patient, it was decided to deliver a single dose of maximum 70 Gy with a presumed dose of 35 Gy to the periphery of the tumor. This right acoustic neurinoma remained stable in size initially but had decreased to 10-11 mm six years later and 9-10 mm 81/2 years after the treatment. CT at more than 12 years demonstrated some increase of the medial portion of the tumor. Analysis of the dosimetry demonstrated that even though the portion of the tumor adjacent to the internal auditory meatus had received a maximum dose of 70 Gy, the minimum dose to the medial portion was low, below 1 Gy. This acoustic neurinoma was resected and the tumor tissue adjacent to the internal auditory meatus demonstrated radiation induced changes. THE PROTOTYPE SERIES Altogether nine acoustic neurinoma patients were treated with the prototype Gamma Knife June 1969 through May 1974. Leksell was personally directly involved in the treatment of the first three patients, of which he for the second had assistance by Ladislau Steiner and Meyerson, and for the third by Steiner and Erik-Olof Backlund. Of the following six patients, four were treated by Backlund, one by Tiit Rähn, and one by Georg Norén. The intracranial diameter of the tumors varied from 9 mm to approximately 30 mm. The maximum dose was 70 Gy in the first two patients, 50 Gy in the following six and 100 Gy in the ninth patient. At the time, the dose to the periphery was believed to be approximately 50% of the maximum dose. Later, when all patients had undergone follow-up CT scans and the tumors could be
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more accurately defined, analysis demonstrated that the peripheral dose was 2, 10, 15, 15, 35 Gy in the five patients with permanent growth control of the tumor. In the four acoustic neurinomas where growth was not permanently inhibited, the minimum dose was less than 1 Gy [4]. Facial nerve function remained normal in all nine patients but one experienced slight temporary facial numbness. The plaster of Paris cap was in one patient of this series replaced by a cap molded with Orthoplast, a thermoplastic material originally developed to make splints for fractures. It was heated in an oven to 50-60ºC and molded around the head. In contrast to the plaster, the Orthoplast shrunk as it hardened. The combination of heat followed by shrinkage certainly was not very comfortable. Vasovagal reactions were not uncommon in subsequent patients where this fixation technique was used. In four other patients, an inner ring of aluminum constructed by Backlund was used, attached to the head with four pins. The stereotactic frame was attached outside the ring for the skull X-ray and removed before the patient went into the Gamma Knife. Pneumoencephalography initially were used for the target definition. The acoustic neurinoma was only visualized on frontal supraorbital projections and never on lateral projections. The internal auditory meatus was used as landmark and aiming point. Later in the series, cisternography with water-soluble contrast was available and the acoustic neurinoma could be visualized in frontal as well as lateral projection. No computerized dose planning system existed. Standardized isodose diagrams for the different individual collimators were available. They had to be superimposed manually if two or three shots were combined. Of the eight unilateral acoustic neurinoma in this series, three decreased in size and two remained stable after the treatment. Three tumors grew, of which two demonstrated response after a second Gamma Knife treatment. The third of these tumors was resected two years after the Gamma Knife procedure. THE FIRST TUMOR UNIT The prototype Gamma Knife was constructed for functional radiosurgical procedures. The lesion produced was disc shaped, suitable to transect tracts and other pathways but less suitable for the treatment of more or less spherical tumors. The second Gamma Knife was installed at the Karolinska Hospital in the fall of 1974 and was used for the first time in an acoustic neurinoma patient on
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March 18, 1975 by Dr. Leksell, Dr. Backlund and the author. The focus configuration of this machine was almost spherical. Like the prototype, it had 179 cobalt sources. Two collimator sizes were available initially, 8 and 14 mm. The 4 mm size was added in 1983, specifically intended for the intracanalicular portion of acoustic neurinomas. This unit was used until October 1987 without being reloaded. The first CT scanner, the EMI Mark I, was launched in 1973 and was installed at the Karolinska Hospital in the fall of that year. In that scanner, the head was directly surrounded by a rubber cap filled with water. There was not room for a stereotactic frame. In a technique developed by Dr. Torgny Greitz and his coworkers at the Department of Neuroradiology, Orthoplast was molded around the patient’s head and attached to a base ring around the patient’s neck. This ring fitted precisely to the aperture of the scanner, which made it possible to calculate the coordinates of any point in the scanned volume such as the midpoint of an acoustic neurinoma. The first acoustic neurinoma patient, where such stereotactic CT was used at the radiosurgical procedure, was treated in January 1976. A computerized dose planning program now for the first time was available, the earliest version of the “KULA” program. However, it was very slow by modern standard, it took in the beginning a week to get a finished plan. The plan was based on a diagnostic CT done in advance. Consequently, there was very little room for adjustment of the plan at the treatment. This improved, however, as the planning hardware and software became faster. The spatial resolution of the EMI Mark I scanner was relatively poor. Leksell had in mind to adapt traditional tomography with the Philips Polytome for use with his stereotactic system. His plan was to inject positive, water-soluble contrast for a cisternography. It was tried in a couple of patients and it worked but it was complicated to execute and not easy to interpret and was abandoned. Meanwhile, the quality of the CT imaging improved. A second generation General Electric CT-scanner was installed in 1979. Leksell was thrilled by its magnificent graphic user interface. However, he discovered immediately that the x, y and z axes were defined differently than in his stereotactic system. He realized the huge risk of confusion. Rumor has it that he contacted GE in Milwaukee, Wisconsin, to convince them to change the labeling to conform to his stereotactic system. GE was reluctant so he had to change: old Leksell x, y and z coordinates became new Leksell y, z and x coordinates, respectively. With this unit, pre-treatment CT imaging was consistently available. The resulting vastly improved definition of the target made a more precise



HISTORIC PERSPECTIVE



255



dosimetry possible. Consequently, the acoustic neurinomas now really were exposed to the intended maximum and minimum doses. With the encouraging results achieved in the pilot series, prescription doses to the periphery of 20 to 70 Gy were used. At the end of 1975 and beginning of 1976, the downside with this, as we now know, high dose level gradually became obvious. Of the 11 acoustic neurinomas treated in 1975, 45% developed facial weakness, usually paralysis. Eighteen percent got facial numbness, in several cases complete loss of sensation in the ipsilateral side of the face and in at least one patient followed by deafferentiation pain. As a consequence, the prescription dose was dropped almost precipitously to as low as 8 Gy in 1976. After a few early failures the dose again was increased so that in 1987, the last year of operation of this unit, the mean dose to the periphery of the 19 acoustic neurinomas treated was 16.2 Gy (range 10-20 Gy). No facial weakness occurred and the overall rate of growth control was 92%. The initial results from treating acoustic neurinomas with Gamma Knife radiosurgery were presented in a Ph.D. thesis, which was publicly defended at the Karolinska Institute by the author in May 1982 [5]. Leksell’s perhaps most important final addition to his stereotactic system, before he past away in 1986, was the development of the G-frame. This frame was attached to the head in the beginning of the radiosurgical procedure and stayed there throughout the imaging and the exposure in the Gamma Knife. This simplified the treatment tremendously. The first MRI unit was installed in the Department of Neuroradiology at the Karolinska Hospital in 1987. Following some minor modifications, the stereotactic G-frame was fully MRI compatible and could be used for stereotactic imaging. CT was always used along with MRI in the beginning for quality assurance purposes, especially to control any signs of unacceptable distortion. The first acoustic neurinoma dose planning based on MRI only without CT took place in 1989. THE FIRST MODEL B GAMMA KNIFE The Gamma Knife service at the Karolinska Hospital was down from October 1987 to March 1988 as the old machine was removed and the first Model B unit was installed. The new installation was officially inaugurated by HRH Queen Silvia of Sweden on May 8, 1988. With this unit came a version of the KULA planning program fast enough to allow dose planning as an integrated part of the radiosurgical procedure, a major step forward.
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The first acoustic neurinoma patient was treated with this unit at the end of March by Dr. Lindquist. The treatment of acoustic neurinomas continued with the same planning and dose levels as just before the change of unit. Remarkably, the incidence of facial weakness in 1988 increased to 27% (7/26 tumors). Why? This was extensively discussed, in particular with the radiobiologist Börje Larsson. He was absolutely convinced that the marked increase in dose rate was the main reason. In fact, the change of Gamma Knife from one with 13 year old sources with an output for the 14 mm collimators of 0.71 Gy per minute to one with recently activated sources and an output of 4.6 Gy per minute meant an increase of dose rate by a factor 6.5. With this new occurrence of facial weakness in early 1988, the author decided to again lower the prescription dose. Twelve Gy to the periphery was felt to be appropriate with increase to 14 Gy for very small acoustic neuromas and decrease to 10 Gy for large tumors. This dose level was implemented in April 1989 and has been consistently adhered to by the author ever since. The only change in 1994 was to eliminate the differentiation based on size and prescribe 12 Gy to all acoustic neurinomas. GAMMA KNIFE MODEL C Model C is a further development of Model B, equipped with several new features, most notably the Automatic Positioning System (APS). This makes it easier and more convenient for the patient and the staff to treat with many shots (isocenters), which the author has had a tendency to do for many years to achieve highly conformal coverage. With today’s high resolution MRI technology it is possible to obtain very accurate and crisp definition of acoustic neurinomas of any size including adjacent cranial nerves, especially if using 3D volume sequences. Such sequences carry very low distortion. The author uses MRI as well as CT with bone window and 1 mm slice thickness not only as a quality assurance of any signs of MRI distortion but also to identify anatomical landmarks for improved identification of cranial nerves. This has resulted in improved preservation of useful hearing, currently at the 75% level [6]. No case of facial weakness, not even temporary, has occurred since 1996 with approximately 40 acoustic neurinoma patients treated annually. The incidence of permanent tumor growth control remains stable at 97%.
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FINAL REFLECTIONS The history of Gamma Knife radiosurgery in the treatment of acoustic neurinomas was from 1969 and for the first 15 years the history of how the technique developed in Stockholm, Sweden. This was initiated by Lars Leksell and was continued by him in close cooperation with Drs. Steiner, Backlund, Norén and medical physicist Jürgen Arndt. It started in the 1960s, the same decade which saw the introduction of microsurgery in the treatment of acoustic neurinomas. Thus, radiosurgery and microsurgery represent parallel routes with the same goal of improving the outcome of treatment of acoustic neurinomas. If we accept microsurgery as an “old” and well established technique for treatment of acoustic neurinomas, then radiosurgery will have to be accepted as equally old and established. Starting in 1982-83, Gamma Knife sites were established in Sheffield, UK by D. Forster and in Buenos Aires, Argentina, by H. Bunge. Before that, in 1980, the prototype Gamma Knife was shipped to R. Rand at UCLA to be used as a research tool. The first established Gamma Knife site in the USA was in Pittsburgh in 1987 under D. Lunsford and later D. Kondziolka, who have contributed with more publications on acoustic neurinomas and other topics than any other site. Another scientifically productive and innovative site is that in Marseille under J. Régis. However, there are many other sites in Europe, USA and Asia including Japan, which have contributed to the development of Gamma Knife radiosurgery for the treatment of acoustic neurinomas and helped to establish this as first line treatment for a steadily increasing number of patients. REFERENCES [1] LEKSELL L. The stereotaxic method and radiosurgery of the brain. Acta Chir Scand 1951 ; 102 : 316-319. [2] LEKSELL L. A note on the treatment of acoustic tumours. Acta Chir Scand 1971 ; 137 : 763-765. [3] LEKSELL L. Stereotaxis and radiosurgery. An operative system. Springfield, Illinois : Charles C. Thomas, 1971. [4] NORÉN G. Gamma Knife radiosurgery for acoustic neurinomas. In: GILDENBERG P, TASKER R, eds. Textbook of stereotactic and functional neurosurgery. New York: McGraw-Hill, 1998 : 835-844. [5] NORÉN G. Stereotactic radiosurgery in acoustic neurinomas: a new therapeutic approach. Thesis, Stockholm, 1982. [6] LITVACK ZN, NORÉN G, CHOUGULE PB, ZHENG Z. Functional hearing preservation following Gamma Knife surgery for vestibular schwannomas. Neurosurg Focus 2003 ; 14(5) : article 3.
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