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FRACTIONATION OF RADIATION TREATMENT IN ACOUSTICS Rationale and Evidence in Comparison to Radiosurgery J. C. FLICKINGER MD, D. KONDZIOLKA MD, L. LUNSFORD MD Departments of Radiation Oncology and Neurological Surgery, The Center for Image-Guided Neurosurgery, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania, PA 15213, USA.



SUMMARY: Fractionation of radiation treatment in acoustics. Rationale and evidence in comparison to radiosurgery



J.C. FLICKINGER, D. KONDZIOLKA, L.D. LUNSFORD (Neurochirurgie, 2004, 50, 421-426) Stereotactic fractionated radiotherapy has been proposed as a strategy to improve upon the results of singlefraction radiosurgery. The rationale for the strategy is that fractionation will allow complciations to be reduced while maintaining the same degree of long-term tumor control. This paper reviews the radiobiological arguements for fractionating radiation treatment of acoustic neuromas and examines claims for improvement in outcome.



RÉSUMÉ : Fractionnement du traitement radiochirurgical des neurinomes de l’acoustique : principes et résultats par rapport à la radiochirurgie Le fractionnement stéréotaxique du traitement radiochirurgical est proposé comme un moyen d’améliorer les résultats par rapport à la radiochirurgie non-fractionnée. Le fractionnement permettrait une réduction des complications sans compromettre le contrôle tumoral à long terme. Nous présentons une revue des arguments radiobiologiques en faveur du fractionnement dans le traitement radiologique des neurinomes de l’acoustique et examinons les affirmations d’amélioration des résultats.
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RADIOBIOLOGICAL RATIONALE FOR FRACTIONATION Prior to the widespread acceptance of stereotactic radiosurgery as a treatment technique, almost all clinical radiation therapy to intracranial targets was fractionated. In their training, radiation oncologists are taught the radiobiological principle that fractionating therapeutic radiation to a tumor usually results in less injury to normal tissue than tumor. This concept is based on radiobiological survival studies of a few fast-growing malignant tumor cell culture lines and analysis of clinical experience with common fast-growing malignant tumors treated with fractionated radiotherapy in the clinic. Slow-growing benign tumors like acoustic neuromas are notoriously difficult to



study in cell culture or animal models. As a result, their radiobiological responses and how they change with different fractionation are poorly defined. Lacking any data on the response of benign tumors to radiation, most radiation oncologists assumed that increasing the fractionation of a radiation treatment course to these tumors would decrease complications while maintaining tumor control. It wasn’t until stereotactic radiosurgery provided clinicians the ability to administer high single-doses of radiation to intracranial targets with relative safety that responses of benign tumors like acoustic neuroma to single-fraction radiation were studied in the clinic. Radiosurgery ushered in a new era of understanding of how different approaches to radiation treatment planning and radiobiology may be modified in the
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clinic to achieve goals previously thought unreachable. Optimization of any clinical intervention (radiation, drug therapy, or surgery) requires equal attention to maximizing the desired outcome (tumor cure, vascular malformation obliteration, etc.) and to minimizing complications. This can be understood by the concept of paired dose-response curves for cure (tumor control or AVM obliteration) and complications as shown in figure 1. Radiosurgery exploits the radiobiological principle that small volumes of normal tissue irradiated to significant doses (such as in a radiosurgery treatment plan) can withstand much higher doses of radiation than larger volumes of normal tissue (such as when standard, non-stereotactic radiotherapy is used, where minimum margins are usually 10-15 mm). Reducing the volume of tissue irradiated can shift the complication dose-response curve down and to the right compared to treatment of a larger volume when a margin of surrounding normal tissue is included, thereby increasing the therapeutic window between cure and complications. A full understanding of radiosurgery requires knowledge of the underlying radiobiological principles affecting desired radiation effects and complications. In the case of comparing radiosurgery to stereotactic fractionated radiotherapy for acoustic neuroma, both long-term tumor control and complication risks must be compared at different doses in order for the comparison to be adequate. Comparing complications for one single-fraction radiosurgery dose to one fractionated radiation schedule would only make sense if the biological effect of the two schedules for tumor control were found to be exactly equivalent. Assessing small



FIG. 1. — Sigmoid dose-response curves illustrating the balance of cure and complication rates (therapeutic window) at different doses. FIG. 1. — Courbe sigmoïde de relation dose-réponse illustrant le rapport entre la probabilité d’efficacité et la probabilité de complication (fenêtre thérapeutique) en fonction de la dose périphérique.
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differences in tumor control would take long follow-up and hundreds, if not thousands of patients, because of the low failure rates and relatively flat slope of the dose-response for control of acoustic neuromas seen so far in the clinic. LINEAR-QUADRATIC FORMULA At present, the linear-quadratic formula is the commonly accepted method for representing the effect of fractionation in a course of radiotherapy [1-4]. The linear-quadratic formula models a prediction cell survival after a dose of ionizing radiation with a combination of single-hit, linear kinetics (representing irreparable double-stranded DNA breakage) and double-hit kinetics represented by a quadratic term (representing single-stranded DNA breakage, some of which could be repaired between individual fractions). After a single-fraction dose irradiation, the probability of cure of a tumor or a normal tissue injury is represented by the following probabilistic double-exponential equation: [1] P (cure or complication) = EXP [–K*EXP (–alpha*Dose – beta*Dose2)] where P is the probability of cure or complications, EXP represents the number e (2.7183, commonly used in natural logarithms) raised exponentially to the power of the following expression which includes: K representing the number of clonogens, as well as alpha and beta which are coefficients for the respective single-hit and double-hit components. The ratio of the alpha coefficient to the beta coefficient (the alpha/beta ratio) can be used to estimate the effect of a course of fractionated radiotherapy on different tissues and different tumors. Alpha/beta ratios vary quite a bit between different tumors and different normal tissues. Studies of the effects of conventional fractionated radiotherapy in the clinic and in animal models found that many late responding tissues such as brain or spinal cord have alpha/beta ratios around 2. For rapidly responding tissues such as skin or mucosal erythematous reactions, alpha/beta values are usually 5-8 [1-4]. Many fast-growing malignant tumors have values closer to 10 [1, 4]. Low radiation dose-fractions cause proportionally less injury to tissues or tumors with a low alpha/beta ratio (a smaller alpha or single-hit component to radiation cell-kill kinetics) compared to tissues or tumors with higher alpha/beta ratios. The concept that tumors always have a higher alpha/beta ratio than normal tissue, so that fractionation always reduces radiation injury to normal tissue compared to tumors is untrue. There is a wide variation of alpha/beta ratios found in malignant tumors. Some malignant tumors such as
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melanoma or prostate cancer (or at least some strains of them) have lower alpha/beta ratios than surrounding normal tissues (skin or rectum/bladder), supporting the use of larger dose-fractions for treatment [5]. Because of this it is unwise to assume that slow-growing benign tumors, which also respond slowly to radiotherapy, have higher alpha/beta ratios than surrounding normal tissue. The linear-quadratic formula has been found to be reasonably reliable in the laboratory and the clinic for extrapolating from one course of fractionated radiotherapy to another with different sized dose-fractions, as long as the dose-fractions stay in the range of 1-8 Gy. Extrapolating from conventional radiotherapy with 1.8-2.0 Gy fractions to the high doses of single-fraction irradiation commonly used in radiosurgery (12-25 Gy) is a much larger stretch for the formula and is much less likely to be reliable. RADIOBIOLOGICAL ANALYSIS OF RESPONSES TO ACOUSTIC RADIOSURGERY The linear-quadratic formula also runs into serious problems in describing single-fraction doseresponse curves for radiosurgery. The values of alpha, beta and the alpha/beta ratio should be able to be derived from single-fraction dose-response data. The single-fraction dose-response curves for injury to the facial and acoustic nerves after acoustic neuroma radiosurgery should allow calculation of alpha/beta ratios for radiation injury to these nerves. We analyzed 218 acoustic neuroma patients who underwent radiosurgery at the University of Pittsburgh from 1987-1997 with more than two years of follow-up [6]. This analysis assumed that the dose to the facial, and auditory nerves matched the marginal doses prescribed at the time of radiosurgery, since these nerves invariably lie along the capsule of the tumor. This assumption is not as reliable for the dose to the trigeminal nerve; the dose to the trigeminal nerve may be dramatically lower than the marginal dose for intracanalicular tumors. We found extremely small, negative beta coefficient values for facial and auditory neuropathy, leading to best-fitting alpha/beta ratios in the range of –30 to –55 (figure 2). Not only does this fail to match with the expected value of alpha/beta = 2, the negative values for beta and the alpha/beta ratios, which mathematically describe the empirically best-fitting dose-response curves for this data, should be disallowed by the theoretical basis for the linearquadratic formula. For tumor control in acoustic neuroma surgery, no similar radiobiological analysis can be per-
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FIG. 2. — Linear-quadratic (Poisson) dose-response curves for the development of auditory and facial neuropathies according to marginal (minimum tumor) dose. These curves and their corresponding alpha/beta ratio values were obtained from nonlinear regression analysis of 218 acoustic neuroma patients who underwent radiosurgery at the University of Pittsburgh from 1987-1997 with more than two years of follow-up. FIG. 2. — Courbe dose-réponse linéaire quadratique de prédiction du risque de développement d’une neuropathie du VIII ou du VII en fonction de la dose périphérique.



formed that would provide an alpha/beta value with any remotely reliable value with the present data. This is because regions of the dose-response curves where there is are differences in tumor control at different doses need to be compared for an accurate comparison of the two techniques. So far, tumor control seems similar with doses of 16-20 Gy used in the 1980’s as it does with doses of 12-13 Gy presently in widespread use. Foote et al. reported a trend (p = 0.207) for poorer control in 21 acoustic neuromas treated to 10 Gy compared to the remaining 112 patients treated at the University of Florida to higher doses with linear accelerator radiosurgery experience [7]. Neither the number of patients failing nor the actuarial control rates at each dose level were given in the manuscript. Obviously tumor control must fall off at some point before reaching a dose of 0 Gy, but there is no large series that defines tumor control for acoustic neuroma in the dose range of 5-9 Gy, where one would expect tumor control rates to fall off. COMPARISON OF OUTCOME WITH AND WITHOUT FRACTIONATION Compared to 20 years ago it is fortunate that acoustic neuroma patients now have two very good alternatives to surgical resection for controlling their tumors: radiosurgery and stereotactic fractionated radiotherapy. Compared to the initial results of stereotactic radiosurgery performed in the 1980’s, fractionated stereotactic radiotherapy might appear at first glance to substantially lower
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complications. A closer examination of radiosurgical outcome with modern techniques and the lower dose-prescriptions (12-13 Gy) used in the 1990’s and the present decade call into question any supposed advantages of fractionation, since the complications rates appear quite similar. REPRESENTATIVE



MODERN RADIOSURGERY SERIES



Typical results for modern radiosurgery techniques are found in recently published series from Marseille, Pittsburgh, and Osaka [8-10]. Regis recently published a carefully documented comparison of 110 surgery and 97 radiosurgery (12 or 14 Gy) acoustic neuroma patients with close followup (4 year minimum) [8]. Facial nerve preservation was 100% in the radiosurgery group compared to 63% in the microsurgery group. Functional hearing preservation was 70% in the radiosurgery group. A larger study from their group on 211 patients undergoing radiosurgery for unilateral acoustic neuroma found a hearing preservation rate of 73%. They found that hearing preservation was related to preoperative Gardner Robertson stage 1 (versus 2), planning with multiple isocenters, and marginal tumor doses < 13 Gy. A stage 1 intracanalicular tumor with Gardner and Robertson Class 1 hearing treated a marginal dose < 13 Gy had a > 95% chance of functional conservation at 2 years. At the University of Pittsburgh, we recently analyzed 313 patients with previously untreated unilateral acoustic neuromas who underwent Gamma Knife radiosurgery between February 1991 and February 2001 with marginal tumor doses of 12-13 Gy (median = 13 Gy) [10]. Maximum doses were 20-26 Gy (median = 26 Gy). Treatment volumes were 0.04-21.4 cc (median = 1.1 cc). Median follow-up was 24 months (maximum = 115 months, 36 patients with ≥ 60 months). The actuarial 7-year clinical tumor control rate (defined as no requirement for surgical intervention) for the entire series was 98.6 ± 1.1%. Two patients required tumor resection. One had a complete resection for growth of solid tumor growth and one required partial resection for an enlarging adjacent subarachnoid cyst (despite control of the irradiated tumor). The 7-year actuarial rates for preservation of facial nerve strength, normal trigeminal nerve function, unchanged hearing-level, and useful hearing were 100%, 95.6 ± 1.8%, 70.3 ± 5.8%, and 78.6 ± 5.1% respectively. Out of the eight patients with new trigeminal neuropathy (5-48 months post-radiosurgery), six developed numbness. (7-year actuarial rate: 2.5 ± 1.5%) and the other two developed new typical trigeminal neuralgia (7-year actuarial rate: 1.9 ± 1.5%). The risk of developing any
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trigeminal neuropathy correlated with increasing tumor volume (p = 0.038). Iwai et al. analyzed the outcome of low-dose Gamma Knife radiosurgery (8-12 Gy, median = 12 Gy) in 51 consecutive acoustic neuroma patients treated from 1992-1996, with median follow-up of 60 months (range: 19-96 months) [9]. Tumor control (freedom from resection) was 96%. Freedom from any new facial weakness or new numbness was 100% and 100%, although 4% of patients with pre-existing facial neuropathy experience worsening of facial numbness post-radiosurgery. Preservation of Class 1-2 (serviceable) hearing was achieved in 56% of patients. REPRESENTATIVE FRACTIONATED RADIOTHERAPY SERIES Williams recently published the Johns-Hopkins experience with fractionated stereotactic radiotherapy in 125 acoustic neuroma patients with > 1 year follow-up (out of 249 treated between 1996 and 2001) [11]. For tumors < 3.0 cm in diameter received 25 Gy given in 5 consecutive 5-Gy fractions (111 patients), while tumors ≥ 3.0 cm in diameter received 30 Gy in 10 fractions (14 patients). With a median follow-up of 21 months (range: 12-68 months), tumor control and facial nerve preservation were both 100%. Two patients developed transient decreases in facial sensation. Hearing preservation was approximately 70%. Sakamoto reported the experience of Hokkaido University in Sapporo, Japan, with stereotactic fractionated radiotherapy to 44-50 Gy in 2225 fractions in 65 acoustic neuroma patients with a mean follow-up of 37 months (range: 6-97 months) [12, 13]. The 5-year actuarial tumor control rate calculated from the 44 patients with > 2 year follow-up was 92%. Transient facial nerve palsy and transient trigeminal nerve palsy developed in 4.6% and 9.2% of those 44 patients respectively. Transient trigeminal nerve palsy developed significantly more frequently in cystic versus solid tumors (25% vs 2%). Other fractionated stereotactic radiotherapy series are listed in table I [14-20]. SINGLE



COMPARISONS OF RADIOSURGERY AND FRACTIONATED RADIOTHERAPY



Single institution comparisons of radiosurgery and stereotactic fractionated radiotherapy were recently published by groups at Jefferson University in Philadelphia and VU University Medical Center in the Netherlands [14, 17]. The Jefferson experience compared radiosurgery in 69 patients to fractionated radiotherapy (50 Gy/25 fractions) in 56 patients [14]. The first 25 acoustic tumor patients were treated at Jefferson with a linear accelerator, 14 without hearing undergoing radio-



Vol. 50, n° 2-3, 2004



FRACTIONATION IN VESTIBULAR SCHWANNOMAS



425



TABLE I. — Tumor control and cranial nerve preservation rates for a number of representative series for fractionated radiotherapy and radiosurgery of acoustics. TABLEAU I. — Contrôle tumoral et préservation des paires crâniennes pour les principales séries de radiothérapie et radiochirurgie des neurinomes de l’acoustique. Institution



Median marginal tumor dose in Gy (range)/# fractions



Pts



Months median FU (range)



Tumor control



Complications in cranial nerves V, VII, and VIII (temporary/permanent rates)



Radiosurgery Pittsburgh [10]



13 (12-13) Gy/1 fr



313



24 (1-115)



98.6%



V 4%, VII 0%, VIII 30%



Marseille [8]



12-14 Gy/1 fr



97



? (36-108?)



97%



V 4%, VII 0%, VIII 30%



Osaka [9]



12 (8-12) Gy/1fr



51



60 (8-96)



92%



V 2%, VII 0% VIII 44%



Jefferson [14]



12 (range?)



69



27 ± 15 (SE)



98%



V 5%, VII 2%, VIII 67%



Amsterdam [17]



10 or 12.5 Gy/1fr



49



33 (12-107)



100%



V 8%, VII 7%, VIII 25%



Harvard JCRT [19]



54 Gy/27-30 fr



12



26 (16-44)



100%



V 0/8%, VII 0%, VIII 8%



Stanford [18]



21 Gy/3 fr



33



24 6-48)



97%



V 16%, VII 3%, VIII 23%



Staten Island [16]



20 Gy/4-5 fr



38



24 (24-32)



100%



V 0%, VII 3%, VIII 23%



Jefferson [14]



50 Gy/25 fr



56



27 ± 22 (SE)



92%*



V 7%, VII 2%, VIII 30%*



Sapporo [12, 13]



36-50 Gy/20-23 fr



65



37 (6-97)



92%



V 0/12%, VII 0/5%, VIII 53%?



Johns Hopkins [11]



25 Gy/5fr, 30Gy/10fr



125



21 (12-68)



100%



V 0/2%, VII 0%, VIII 30%



Heidelberg [15]



57.6 ± 2.5 Gy at 1.8-2 Gy/fr



42



42 (17-131)



97.7%



V 4%, VII 0%, VIII 15%



Loma Linda [20]



54,60 CGE, 30-33fr



29



34 (7-98)



100%



V 0%, VII 0%, VIII 69%



Amsterdam [17]



20 Gy/4-5fr



80



33 (12-107)



94%



V 2%, VII 3%, VIII 39%



Radiotherapy



*Actuarial at 4 years. CGE: cobalt-Gy-equivalent for protons.



surgery and 11 with hearing receiving fractionated radiotherapy with nine 4-Gy fractions. The authors state that the patients receiving nine 4-Gy fractions will be the subject of a separate report but it is not clear whether the LINAC radiosurgery patients were included in the total of 69 radiosurgery patients. The radiosurgery patients were treated with a Gamma unit “almost invariably” with a marginal dose of 12-Gy to the 50% isodose volume. Some of the radiosurgery patients received higher prescription doses than 12Gy, but there are no details provided in the paper. The authors found that the rates of facial and trigeminal neuropathy were similar in both the radiosurgery and fractionated radiotherapy groups (see table I), but the rate of hearing loss was significantly higher in the radiosurgery group. Because there were only a limited number of patients with serviceable hearing in each group (12 radiosurgery and 21 radiotherapy patients) and follow-up was limited, it is by no means clear that the long-term hearing preservation will be significantly different between the groups. This study doesn’t rule out the possibility that hearing



loss occurs more slowly after radiotherapy than radiosurgery, without any difference in long-term hearing preservation. Meijer et al., from Amsterdam, recently reported another single institution comparison of radiosurgery (RS) and fractionated stereotactic radiotherapy (SRT) for acoustic neuroma [17]. Forty-nine edentulous patients (mean age = 63 years), unable to reliably use a bite block in a relocatable/noninvasive stereotactic frame, were selected for linear accelerator radiosurgery to either 10 or 12.5 Gy marginal dose prescribed to the 80% isodose. Eighty patients with intact dentition (mean age = 43 years) underwent stereotactic fractionated radiotherapy to 20 Gy in 4-5 fractions prescribed to the 80% isodose volume. They found a higher 5-year rate of trigeminal neuropathy with radiosurgery versus radiotherapy (8% vs 2%, p = 0.048). Five year actuarial tumor control was similar (100% RS vs 94% SRT), as was facial neuropathy (7% RS vs 3% SRT), and hearing loss (25% RS vs 39% SRT). The higher than expected rates of facial and trigeminal neuropathy for the 13-0-12.5 Gy radiosurgery group compared to
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published low-dose radiosurgery results with Gamma Knife may reflect less that fully conformal treatment plans. CONCLUSION Both radiosurgery and stereotactic fractionated radiotherapy appear to be excellent alternatives to microsurgical resection for management of small to medium sized acoustic neuromas. Review of radiobiological data and published series using current techniques does not provide an answer as to whether one technique can provide equal or better tumor control with lower complications. Ideally a randomized, controlled clinical trial should be performed to adequately compare techniques. Unfortunately, even designing a proper clinical trial would be problematic since neither the optimum nor minimal doses for tumor control have been defined for either technique. REFERENCES [1] BARENDSEN GW. Dose fractionation, dose rate and isoeffect relationships for n ormal tissue responses. Int J Radiat Oncol Biol Phys 1982 ; 8: 1981-1997. [2] DALE RG. The application of the linear-quadratic doseeffect equation to fractionated and protracted radiotherapy. Br J Radiol 1985 ; 58 : 515-528. [3] FOWLER JF. The linear-quadratic formula and progress in fractionated radiotherapy. Br J Radiol 1989 ; 62 : 679694. [4] HALL EJ, BRENNER DJ. The radiobiology of radiosurgery: rationale for different treatment regimes for AVMs and malignancies. Int J Radiat Oncol Biol Phys 1993 ; 25 : 381-385. [5] BRENNER DJ, HALL EJ. Fractionation and protraction for radiotherapy of prostate cancer. Int J Radiat Oncol Biol Phys 1999 ; 43 : 1095-1101. [6] FLICKINGER JC, KONDZIOLKA D, LUNSFORD LD. Radiobiological analysis of tissue responses following radiosurgery. Technol Cancer Res Treat 2003 ; 2 : 87-92. [7] FOOTE KD, FRIEDMAN WA, BUATTI JM, et al. Analysis of risk factors associated with radiosurgery for vestibular schwannoma. J Neurosurg 2001 ; 95 : 440-9. [8] REGIS J, PELLET W, DELSANTI C, DUFOUR H, ROCHE PH, THOMASSIN JM, et al. Functional outcome after Gamma Knife surgery or microsurgery for vestibular schwannomas. J Neurosurg 2002 ; 97 : 1091-1100.
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