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INTRODUCTION

The concept §f stereotactic radiosurgery was introduced in 1951 by Lekseil (58] to
describe. a technique developed to create small, well-defined lesions in the brain using v
stereotactica.lly—directe»d na.rrov&} beams of i<$nizing radiation. Stereotactic radiosurgery may
“be characterized as a clinical external-beam radjation-treatmeﬁt pro;edure applied to a
_ relatively small volume of intracranial tissue in wh.lch the total radiation dose.is delivered
stereotactically t-hréugh mull-:ip-le discrete éntry portals or aQi'cs in a single 6r lih_ﬁted nurﬁ--
ber of fractions; the intent is to damage a designated population of cells within the target
volume, while protecting the adjacent normal tissues (Table 1) The radiosurgical appfoach
is contrasted with conventional extemal-beé.m radiotherapy, which generally inyolves treat-
ment of a larger tissue volume m which the total dose is.delivered in a relatively lax;ge
number of small dajly increments over a period of weeks; here, the intent is to aestroy the
reproductlive q;;apacity of neoplastic cells (Table 1). |
For many ye&s, the clinical experience in stereotactic radiosurgery was concentrated
in a few research centers — primarily, the Karolinska Institute in'Stockho]m, the Uni- .
veréity of California at Berkeley - Lawrence Befkelefy Laboratory (UCB-LBL), the Mas-
sachusetts General Hospifal - Harvard Cyclotron Laboratory (MGH-HCL), the Burdenko
‘ Neurosurgical Institute in Mosc_éw_and the Institute of Nuclearv Physicsv' in St. Peters-
- burg [24,61,110]. The earliest experimen_tal applic'atiohs of radiosurgery utilized super-
voltage X-ray beams [57,58,60]. Subsequently, teams of investigatois at specialized clinical
radiosurgical—t;reatmenf centers developed methods to exploit more-energetic radiations, in-
cluding accelerated charged particles [39,4(_),48,50,54,55,70], 80Co v-rays [3,6,106) and, more
recently, high-energy X-rays [8,14].
The range of medical applications was constfained initially by the limitations of avail-
able neuroradiologic techniques for stereotactic locahéation, image correlation and treat-

ment planning [61]. Early clinical trials, therefore, were restricted to selective destruction
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of small, well-defined i.ntracra.nia.l target volumes that c01l11d be localized reasonably ac-
curately by existi_ng' neuroradiologic 'proéedures.' Stereotactic irradiation of the pituitary
" gland was among the earliest applications, because localization of .the sella turcica could
be accomplished reiiably using plain radiographs [61]. In 1954,' the first stereotactic irra-
diation procedures.utilizing charged particles in clinical pé,tients were perfornied at UCB-
LBL for pituitary hormone suppression m the treatment of metastatic breast carcinoma
[16,50,54,114,115]. Shortly t_hereaftér, pituitary radiosurgery was applied to the pituitary-
ablation treatment of ‘patients with prbliferative diabetic retinopathy [39,55,69] and to the
treatment of pituitary adgnoma.s [2,40,68,70]. During these early years, limited numbers of
patients were also treated for other ;onditions, including certain functional disorders and
malignant brain 'tumors [5,54,60]. |

With the development of improved techniques of stereotaad§ and cerebral ‘angiography,
fhe radiosurgical app_roach was applied to the treatﬁent of arteriovenous malformations
(AVMs) at MGH-HCL by Kjellberg et al [37] in 1965 using charged-particle beams and at
the Karolinska Institute by Leksell et al [59] in 1968 using a multisource 9°Co y-ray unit
(gamma knife). More recently, the ad\;ent of high-resolution computed X-ray tomography
(CT) and magnetic fesona.nce imaging (MRI) has made it possible for reliable stereotactic
localization and irradiation techniques to be applied to the treatment of a diverse collection
of intr’a,craﬁial'disorders (Table 2) In the past few years, these advances_ in neurologic
imaging have been accompanied by both technological advances and sign.iﬁcént commercial
interest in various ra{:.diosurgica.l systems and in computer software dedicated to radiosurgical
treatment planning and dose de].iyt_ery, During the past five years, especially, all these factor'.s "
h;ve contributed to the dramatic increase in the number of institutions world—wide with |
radiosurgery facilities. | | | | |

Although more than 15,000 patients have been treated with stefeotactic radiosurgery
- since the 1950s, the ultimate role of ra&iosurgéry has :yet to be. clearly deﬁ.ned.v Current

clinical applications of radiosurgery can be considered in the following catégories: func-
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tional brain disorders, pituitary hormone suppression, pituitary adenomas, other benign

intracranial tumors, vascular malformations, primary malignant brain tumors and brain

metastases. Demonstration of leng-term clinical efficacy thue far Has been restricted pri-
marily to the treetment of éituita.ryadenomas, aeoustic neuromas and AVMs. Even for
-these conditions, however, theb optimal treatﬁent parameters.have still not been clearly
established,. for example, as regards lesien size or location. |

The expanded application of stereotactic radiosurgery is an important development in
radiotherapy and neurosurgery, which promises new and in.novative, approaches that will
influence therapeutic stra.tegies, not only in the brain but _eleewhere in the central nervoue
system and at ot'hez; sites within the body. The objectives of this chapter are: (1) to describe
the spect;rum of human research studies thus far carried out in the development of clinical
radiosurgery; (2) to discuss selected medical ‘applications and the clinical experience and
_resulte; (3) to examine certain radiobiologic principles as they relate to focal brain irradi-
ation; and (4) to suggest some potential future directions for the radiosurgical approach
to influence and rﬁodify cﬁrrent theraéeutic strategies. A comprehensive review of these

topics is beyond the scope of this ehapter. Selected historically significant or representative

studies, therefore, have been sunm'xarize_d'a.nd/ or cited for further reference.

FUNCTIONAL RADIOSURGERY |

Leksell’s [56,58] original concep_t for stereotactic radiosurgery was motivated by the

prospect of creating very sma.ll, well-defined regions of coagulative necrosis in deep fiber
tracts or thalamic nuclei for functional ablation of various brain structures,_wh.ile avoiding
the potentie.l ri_sks of infection or intracerebral hemorrhage associated with corresponding
invasive surgical procedures. Applications of functional radiosurgery thus far have included
treatment for Parkinsonian tremof, intractable pain from ea.neer or trigeminal heu:algie,
obsessive-compulsive neurosis and 'refractor& epilepsy.

‘Radiosurgical thalamotomy (using Bragg-peak protons [48], Bra.gg-i:ea.k helium ions {53]

and ®°Co y-rays [67]) for treatment of Parkinsonian tremor was used in limited numbers

-
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of patients from the late 1950s to early 1970s with disappointing results. Recent anecdqta.l
reports have suggested the possibility of a more favorable response with the use of modern
stereotacticv’tech;xiques of ta.rget'deﬁnitic‘)n and dose localization [67). Thalamotomy has also
been performed with the gamma knife l;y Steiner et al [106] for treatment of intractable
cancer pain; good or moderate pain relief was reported in 26 of 52 patients treated, and doses
of 160 to 180 Gy (using 3x & mm or 3 x 7 mm beam collimators) were considered optirh.al..
The development of impfovéd pharmacologic therapy, héwever, has largely precluded the
need for these functional radiosurgery procedures. "

Forty-six patients with trigeminal neuralgia were treatgd with stereotactic radiosurgery
of the Gass_eﬁan ganglion using the first prototype of thé gamma knife; treatment volumes
and doses were not specified [67]. Localization was accomplished using bony ‘la.ndmarks
alone in 24 patients é.nd By stereotactic cisternography in 22 patients. Of the latter 22
patients, 13 were pain-free after 6 months, but only four after 2.5 yearg. v |

A few patients have been treated for obsessive-corﬁpdsive and anxiety neurosis using
ganuﬁé knife radiosurgery to sever frontolimbic connections (bilateral anterior ;apsulotomy)
| [101]. The lowest effective dose for production of MRI-detectable lesions was 160 Gy [93].
Long-term psychological effects have not‘ yet been reporfed. |

. Recent advances in localization of epﬂeptogenic foci have increased interest in the po-
tential applications of stereotactic radiosurgéry as an alternative to conventional surgery for
eradication of _réﬁ-actox;y seizure foci [7,20]. Preliminary results are _said to be encouraging
[67). Appropriate ta.rgef,'volumes and doses, however, have not yet begn defined. |

Although the number of patients thus far treated with radiosurgery for various functional
disorders has been relatively small, certa;in observations can be made: (1) the radiosurgical
lesion should be as sr‘na.ll'asbpossible (< 260 mm?) to minimize injury in adjacent tissues;

(2) induction of these very small lesions requires relatively high doses (> 160 Gy) to induce
coagula.tivé necrosis reliably; (3) functional radiosurgery has generally not been as effec-

tive clinically as corresponding surgical procedures; and (4) recent advances in neurologic
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imaging and stereotactic localization may lead to improved results.

PITUITARY SUPPRESSION

-

Radiosurgical ablation of the pitujt_a.ry gland can be considered as alépecial category of
functional fadiosurgery, in wh.ich reliable stereotactic localization of the target volume can
be accomplished-usin—g plain radiographs of the sella turcica [61]. Pituitary fadiosu.rgery has
been shown to be very effective for inducing suppression of norrﬁal pituitary function with
minimal associate:d risk of inducing iﬁjufy in the adjacént neural structures [39,50,51,54,55,.
61,63,78,92,100]. The range of acceptable doses for pituitary ablatior} has been established
by clinical experience in more than 1,300 patients since 1954, and ﬁhe latency interval to
the onset of hypbpituitérism has been shown to be inversely related to the tréatmént dose
[61].' The primary applications of radjosurgical hypophysectomy have been to control the
mahénant spread of sglect_ed hormoné—responsive carcinomas and to induce regréssidn of
prol.iferativg diabetic retinopathy. | |

In North America, pituitary ablatiqn tréatment is no longer 1n common use. In the case
of metastatic breast carcinoma, for example, médem anti-estrogenic drugs are now available
for selective use guided, in part, by reliable estrogen-receptor classification of tumors. In
the éasé of diabetic retinopathy, pituitary ablation treatm'é_nt has also fallen out of favor.
Nonetheless, the extensive clirﬁcal experience accrued has served to provide considerable
-information about radiation tolerance of the pifuitary gland, parasellar tissues, cranial
nerves and temporal lobes [100)]. Althbugh many of the eé.rly patients in fhe UCB-LBL
series received @otal radiaﬁion &oses that were divided into three to eight equal fractions,

it should be noted that each dose fraction consisted of 20 to 50 Gy and that stereotactic

localization and dose-delivery techniques were applied.

Hormone-Dependent Metastatic Carcinoma

Between 1954 and 1972 at UCB-LBL, stereotactically-directed plateau beams of protons

(initial 26 cases) or helium ions (157 cases) were used for pituitary-ablation treatment in
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183 patients with metastatic breast carcinoma (an additional three patients were treated for

metastatic pi'ostate carcinoma) [16,50,54,61,114,115]. The pituitary gland was irradiated

with total doses of 180 to 220 Gy (given in six to eight fractions over 2 to 3 weeks in the

early years of the clinical program and in three or four fractions over 5 days thereafter);
each fraction consisted of 30 to 50 Gy. Many patients experienced long-term remissions.
Eight cases of focal radiation necrosis limited to the adjacent portion of the temporal lobe

occurred; all were from an earlier group of patients who had received higher doses to suppress

pituitary function as rapidly as possible [86]. Clinical manifestaﬁons_of temporal lobe injury

and transient cranial nerve involvement occurred in only four of these patients.
Minakova et al [78,92) have reported ezxcellent results following stereotactic pléteau—beam

proton radiosiu-gery in Moscow in a series of 489 patients with metastatic breast carcinoma

~ and in a series of 92 patients with metastatic prostate carcinoma (Ye. I. Minakova, personal

communication). Konnov et al [44] have also reported ezcellent clinical results in patients

treated with 120 to 180 Gy plateau-beam proton radiosurgery in St. Petersburg. In a series

of 91 patients with bone metastases, 93% had relief of pain following treatment. Of 45

patients treated for metastatic disease with combined medical. therapy and proton-bea1;1
hypophysectomy, 20 had no signs of recurrence or metastases after a fo]low-up penod of 2
to 6 years Kjellberg et al have used Bragg-peak proton-beam therapy of the pituitary to
treat 31 patients with metastatlc breast cancer at MGH-HCL (R. N KJellberg, personal

commumcatxon)

Diabetic Retinopathy —

Between 1958 and 1969 at UCB-LBL, 169 patients with proliferative diabetic retinopa-
thy received stereotactic plateau-beam helium-ion pituitary irradiation. This procedure was

performed to evaluate the effect of pituitary hormonal suppression on prbliferative diabetic

~ retinopathy. Earlier reports had suggested that_ suigica.l hypophysectomy resulted in regres-

sion of proliferative retinopathy in many diabetic patients, a phenomenon believed related -
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to decreased insulin requirements and lowered growth hormone levels [80,81]. The first 30

patients in this cohort wéré treated with 160 to 320 Gy delivered in six to)eight fractions

(27 to 50 Gy per fraction) over 11 days to effect total pituitary ablation; the subsequent 139

patients underwent subtotal pituitary ablation with 80 to 150 Gy delivered over 11 days.

Most patients had a 15% to 50% decrease in insulin .requirements; this result occurred sdoner

in patients receiving hiéher vdoses,. buf, ultimately both patient gréups had éompa.rable in-
sulin requirements. Fasting growth hox.'rnone"levels and reserve; were lowered within sevéral

months after irradiation. Moderate to good vision was preserved in at least one eye in 59
of 114 patients at 5 years after pituifary irradiation (J.H. Lawrence, unpublished). Of '169'
- patients treated, 69 patients (41%) ultimately required thyroid replacement and 46 patients

(27%) required adrenal hoﬁnone replacement. There were four deaths from complications

of hypopituitarism. Focal temporal lobe injury was limited to an early group éf patients
that had received .at least 230 Gy to effect rapid pituitary ablation in advanced disease; four

patients in this high—dose group developed .extra;)cular palsies. Neu.rologié injury was rare

in those patients receiving doses less than 230 Gy (J.H. Lawrence, unpublished).

In a series of 25 patients treated with 100 to 120 Gy plateau-beém proton radiosurgery
in Russia, Konnov et al {44] found that those with higher visual acu.ﬁ;j and without prolifer-
vative changes in the fundus had stabilization ‘and regression of retinopathy after treatment;
tm'croa.neu.ryéms were decreased a.nd visual acuity was stabilized or improved. However,
patients with poor visual acuity and proéressive proliferative retinopathy responded less
favorably. A reduction in msulm requiréments ‘was obser\.red in all patients. Kjellberg et al
[39] reported comparable results following stereotactic Bragg-peak protén radiosurgery in .

183 patients.

Histopathologic Studies

- Histopathologic observations on autopsies from early patients, who had received helium-

ion pituitary jrradiation for hormonal suppression of metastatic breast carcinoma, confirmed
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that more than 95% of pituitary cells were destroyed and replaced with connective tissue

'in a period of several months with doses of 180 to 220 Gy delivéx;ed in 2 or 3 weeks total

time [86,118). At. lower doses, the magnitude of the histologic effects depended on the dose
at the periphér_y of the pituitary gland, where viable hormone-secreting cells were usually
found [61,113).

Woodruff et al [118] performed autopsies on 15 patients who had be‘eh treated with
stereotactic plateau-beam helium-ion irradiation of the pituitary gland at UCB-LBL. Ten
of 1-:hese patients had been treated fér progressive diabetic retinopathy with average.doses
of 116 Gy delivered in six. fractions. All cases 'demonst‘rated progréssive pituitary fibrosis. -
However, no radiation changes were found in the surrounding brain tissue or cranial nerves, .
Ldemonstrating that plateau-beam radidsurgery applied with r'ela.tivély. high doses created a

sharply-delineated pituitary lesion.
PITUITARY ADENOMAS

Since 1958,‘more than 2,500 patients \&orld-wide with pituitary adenomas have been
treated with stereotacticv irradiation of the pituitary gland as a primary noninvasive treat-
ment, as adjunétive radiation therapy for incomplete operative x;esection and as treatment
for late récurrences after surgery [4,6,19,38,61,68,83,90,111]. Radiosurgery has been ap-

plied to the treatment of acromegaly, Cushing’s disease, Nelson’s syndrome and prolactin-

~ secreting tumors, as well as to the treatment of nonfunctioning and selected other adenomas.

At UCB-LBL, helium-ion radiosurgery has resulted in réliable control of tumor growth and

_ suppression of hypersecretion in a great majority of the 475 patients treated for pituitary

adenomas [61]. Excellent clinical results have also been achieved with proton-beam Bragg-
peak radiosurgery in nearly 1,100 patients at MGH-HCL [38,40], with plateau proton-beam

radiosurgery in nearly 700 patients in Russia [44,83,90] and with gamma knife radiosurgery

in about 300 patients {19]; smaller numbers of patients more recently have been treated

~with linear accelerator-based radiosurgical systems.
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Prior to thé introdﬁction of transsphenoidal microsurgery, s_urgica.l hypophysectomy was
often associated with high morbidity and mortality, and stereotactic rad.i_osurgery .was'con.-
sidered to be an excellent altémative treatment. With the -de’velopment of safe and effective
transsphenoidal 'techniques, vthe extensive clinical use §f prir_na.ry radiosﬁrgica.l treatment,
concentrated for many years in the Stockhohn, Boston and Berkeley programs, has decreased
significantly. Currently, primary radiosurgery for treatment of nﬁcroadenémas is most often
Jinﬁted to patients who are considered to.be poor surgical candidates or who have refused
surgery. Proton-beam radiosurgery, however, remains as a primary thérapeutic procedure
for treatment of pituitary tumors in Russia [44,61,83,89,90]. The radiosurgical a:pproach is
now being applied mostly as adjunctive therapy in combination with microsurgefy, where
complete removal of large adenomas is pot possible or for recurrences of tumor growth. .

The therapeutic goals in the primary radiosurgical treatment of pituitary adenomas
are control of tumor growth and hormonal hypersecretion, with acceptably low horm§nal
and neurologic complic#tions. These goélé l_iave been met with remarkable success over the
past 35 };ears, especia]l& considering the limitations of the available neuroradiologic imaging
methods during the early years of these ixivestigations. The clinical and metabolic follow-
up data describing the respoﬁse 6f' pituitary adenomas to radiosurgery have been reported
extensively; the reader is referred to references [23] and [61] for more detailed reviews. In
this section, the emphasis is limited to a brief discussion of dose considerations and selected

clinical studies on acromegaly, Cushing’s disease and complications of treatment.

Dose Selection

In the pituitary irré.diation program at UCB-LBL, plateau helium-ion beams were di-
rected stereotactically in six to eight fractions over 2 to 3 weeks in the first few years of
the program, and in three or four fractions over 5 days subsequently [113]. In Cushing’s
disease, maximum central dose§ to the pituitary gland ranged from 50 té 150 Gy, most often

delivered in 3 or 4 daily fractions. The dose to adjacent cranial nerves and temporal lobes
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‘was considered to be the limiting factor rather than the dose to the pituitary gland; the
medial aspect of -the temporal lob'e.‘was restricted to 36 Gy during longer courses of therapy
and to 30 Gy during shorter courses of treatment. As the dosei fell off rapidly from the
éentral axis, the dose to the periphery oi" larger pituitary ~targets (e.g., acromegalic tmnorsj
~ was considerably less than the peripheral dose to smaller targets (e.g., Cushing’s disease).
| Kjellberg et al [38] has empirically derived a method for selection of treatment dose for
single-fraction Bragg-peak proton therapy according to the beam diameter used and the -
'th_erapeutic objective for the pa.rticula_r: diagnostic category (i.e., the desired degree of radi-
ation necrosis). The highest dose range is used for acromegaly and Cushing’s disease. Lower
doses, but still within the “ﬁécrotiziﬁg range,” are used for proiactin—‘s&réting tumors and
Nelson’s syndrome. Subnecfotizing doses are considered sufficient for nonfunctiorﬁng ade-
nomas. Within each category, larger-diameter beams are considered to require lower doses .
tQ produce biologically-equivalent responses. Selected adenomas with extrasellar ext_exllsion‘
are treated using a “beam-Wilthin-a-bea.m” .t.ecéh.nique; here, a subnecrotizing dose (e.g., 10
Gy) is given to the larger‘ overall target volume, and an additional necrc;ti.zi‘ng dose (e.g.,

35 Gy) is given to the smaller intraclinoid volumne. o

Acromegaly

At UCB-LBL, stereotactic helium-ion plateau-beam radjo.surgery'ha.s proven to be very
effective for the treatment of acromegaly in 318 patients [49,52,68]. A susfained decrease in
serum-growth hormone (GH) secretion was observed in most patients; the mean seruxﬁ-GH :
level in.a cohort of 234 of these patient; decreased nearly 70% within 1 year and continued
to decrea.sé thereafter. Normél levels were sustained during more than 10 ye’a.rs:of follow-up.
vComparable( long-term resﬁlts were observed.in a cohort of 65 patients who were irfadiated
‘with helium ions because of resid;la.l or récurrenf inetabolic abnormalities persisting af-
tér sﬁrgical. hypoéhysectomy. Serial GH levels Were examined before and after helium-ion

irradiation as a function of neurosurgical grade. Statistically significant differences (p <
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0.01) in fasting GH existed only between the microadenoma patients with ﬁomal se]la.r vol-
umes (Hardy’s Grade I [30]) and patients with macroacienomas (Grades II through IV) [68].
Grade I patients Ifesponded very well and, ha.\_re; a good prognosis for.cure; a lower incidence
of post-treatment hypopituifarism was also obsefvved in these patients. The more invasive
tumors were slo&er to respond, but by 4 years after irradiation they were associated with
GH levels.no't' statisticélly different from levels found in patients with Grade I tumors.
Treatment failures following helium-ion irra_d.iation, genera._lly resulted from failure to
assess accurately the degfee of extrasellar tumor extension [49,52,68]. Conversely, failure to
identify thé precise location and limit of intraseliar tumors necessitated that a larger-than-

.optimal portion of normal functional pituitary gland be included in the radiosurgical térget;

this difficulty has presumably resulted in an incidence of hypopituitarism in excess of what -

. should now be attainable with the impréved definition of pituitary- tumors and adjacent
neura.l tissues made possible by recent advan;es in MRJI and CT scanning. These imaging
considerations highlight the evolving role of stereotactic rad_iosurgéry for the treatment of
macroadenomas which extend into the ca.vemoﬁs_sinus, sphenoid sinus or fegion of the optic
chiasm [61,68].

Kjellberg et al [38,39,40] have now treated over 580 patients with acromegaly using
Bra.gg-pe’a.k pi‘oton irradiation at MGH-HCI_,.: Therapy has resulted in objective clinical
improvement in abc;uf 90% of a cohort of 145 patients 24 months after irradiation. By
this time, 60% of patients were in renﬁssion (GH level < 10 ng/mL); after 48 months, 80%
were m rem.is_sion.v About 10% of patients failéd to enter remission or to improve, gnd they

required additional treatment (usually transsphenoidal hypophysectomy).

Cushing’s disease

Cushing’s disease has been treated successfully at UCB-LBL using stereotactic helium-
ion plateau-beam irradiation [49,52]. In 83 patients (aged 17-78 years) thus far treated,

mean basal cortisol levels in a cohort of 44 patierits and dexamethasone-suppression testing
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in a cohort of 35 patients returned to nomd values within 1 year after treatment and
remained normal during more tha.n 10 years of follow-up [68].' A]l five teenage patients
were cured by doses of 60 to 120 Gy without con;:omit.a,nt hypopitujtarism or neurologic
sequelae; however, nine of 59 older paﬁients subsequently underwent bﬂateral adrenalectomy

" or surgical hypophysectomy due to relapse or failure to respond to treatment. Of. the nine
treatment failures, seven occurred in the eax;lier group of 22 patients treated with 60 to 150
Gy in six alternate-day fractions; when the same total doses were given in three or four
‘da,ily fractions, 40 of 42 patienté were successfully treated [68]. The marked improvement »
in response to reduced fractionation in the Cushing’s disease group of patients has provided
support for the single-fraction irradiation treatment of pituitary adenomas. |

Kjellberg et al [38] have treated over 175 Cushing’s disease patients with Bragg-peak
proton-beam irradiation at MGH-HCL. Complete remission with restoration of noﬁnal clin-

" ical and laboratory findings has occurred in about 65% of a col_lort of patients followed-up
for 24 months; another 20% were impfoved to the extent that no further treatment was
considered necessary. | »

Degerbla.d et al [19] r.epbrt.ed long-term follow-up in a series of 35 patients with Cushing’é
disease treated with gamma knife radiosurgery (70 to 100 Gy, single dose). Uririary cortisol
levels normalized in 76% of patients, about half of them within 1 year after irrad.iationv
and the rest within 3 years. However, most patients required more than one radiosurgical |
treatment to achieve normalization of adrenocérticotropic hoﬁnone l_evels. No recurrences
were reported duriﬁg follow-up lasting from 3 to 9 years. Delayed pituitary insu.fﬁciehcy

developed in 55% of these patients.'

Cbmp lications

Following stereotactic helium-ion plateau-beam radiosurgery, variable degrees of hypopi-
tuitarism developed as sequelae of attempts at subtotal destruction of pituitary function

in about one third of the patients, although endocrine deficiencies were rapidly corrected
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in most cases with 'appropriate hormoﬁa.l replacemént therapy [68,100]. Diabetes insipidus
has not been observed in any pituitary patient treated with helium-ion irradiation [68].
Other than hormonal insufﬁciency,v coﬁiplications in the pitu.italfy tumor patients treated
with helium-ion plateau r'adiosurgervaere relatively few and limited most frequently :to
those patients who had rec;ived_ prior photon treatment. These sequelae included mild or
transient extraocular nerve palsies, partial visual field deﬁcifs and seizures due to ljmitea
. temporal lobe injury [68]. There were very few sigﬁiﬁcant complications after the initial .
high-dose grc.;)up of patients. After appropriate adjustments of dose schedules based on this
early experience, focal temporal lobe necrosis and transient éranial nerve injury have been
rare sequelae, in th(:; range of 1% or less, and no other permanent therapeutic sequelae have
occurred [68,86,100]. A very low incidence of sig‘xﬁﬁcaht adverse sequelae has also been re-
ported in patients treated with.Bragg-peak préton irradiation in the Harvard and Moscow

experience and with plateau proton irradiation in the St. Petersburg series [38,44].
OTHER BENIGN TUMORS

vStereotactic radidsurgery has been appligd to the treatfqent bf' a yariety of benign tu-
mors, including acous"cic neuromas [31,71,72,94,95,96]', merﬁngiomas [21,42,79] and cranio-
pharyngiomas [3]. With benign tumors; a successful response to radiosurgery is generally
defined not by complete radiélogic disappearance of »the tumor, but rather by lack of further
tumor growth a.nd/ or improvement in symptoms. (With acoustic neuromas, preservation of
hearing and other cranial nerve function are additional goals of treatment.) Radiosurgical
treatment appears to inhibit tumor growth through cell death and necrosis with suBsequent
fibrotic replacement of tumor mass. Radiation-induced obliteration of the vascular supply
to the tumor may also play a signiﬁ;a.nt role in controllihg or reversing tumor growth;' this |
hypothesis has beeg supported by observations that loss of central CT~contrast-'en.hancé— .
“ment is predictive of delayed tumor shrinkage in acoustic neuromas [71]. In general, clinical

results have been excellent for acoustic neuromas and meningiomas, and particularly note-

worthy for lesions that presént substantial operative risk. Long-term follow-up evaluation
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for some other categories of benign tumors ha§ thus far beén limited.

H Norén et al [96] recently repérted long-tenﬁ outcome (mean follow-up, 54 months; range,
12 to 206 months) following 227 gamma knife pfbcedures for treatment of acoustic néuromé.
Initially, maximum central.déses of 50 to 70 Gy were used, v&}jth peripheral doses of 25 to
35 Gy; doses were gradually reduced to 15 to 25 Gy centrally and 10 to 15 Gy peripherally.
Based on CT and MRI evaluation, about 50% of tumors were decreased in size, 35% showed
no change and 15% increased. Facial nerve weakness occurred in 16% of patienfs but was
transient in all cases. Trigeminal dysfunction occurred in 20% of patients and persisted in
about 8%. Hearing was unchanged in 22% of patients, slightly worse in §3%, much worse
in 23% and improved in 2%. The clinical results were céﬁsidered to cdmpare favorably -
with the results for microsurgical resection. Liﬁskey et al [71,72] reported compafable early -
results in a series of 101 patients. |

-Luchin et al {79] used protonfb.eam irradiation (two t§ four fractions; plalteau—bearri or
Bragg-peak meth(:d) to tre.atv52 patients with cavernous sinus menjhgioma;s. Maximum
central doses of 50 to 70 Gy were used. . With meai.ﬁ follow-up of 40.6 months (range, 13 |
to 77 months), local control was obtained in 84% of patients; ﬁw}e pétients with inadequate
dose-distribution in the tumor volume exhibited continued tumor growth. |

Kondzio]ka et al [42] used gamma knife radiosurgery to treat 50 patients with menin-
giomas; the most freque_nt site of origin was the skull bése; The actuarial 2-year tumor-
, céntrol rate was 96%; only two patients have shown delayed tumor growth outside the
‘radiosurgica.l treatfneht volume. |

Comparison of radiosurgically-treated patienfs with surgically-treated and contfol groups
is complicated by the variable natural history of these lesions. Meningiomas are generally
" well-circumscribed énd sloﬁv-growing tuino’rs, Wlﬁch may remain stable wi_thout treatment
for many years. Untreated acoﬁstic neuromas, on the other hand, occasionally remain sta-

ble, but more often they éxhibit a wide range of potential growth rates [71]. The ultimate

role of radiosurgery in the treatment of these benign tumors has yet to be defined, and long-
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term clinical and radiologic follow-up will be required to assess the response to treatment

and the incidence of delayed tumor regrowth.

VASCULAR MALFORMATIONS -

More than 3,000 pétients world-wide since 1965 have been treated with stereotactic ra-

diosurgery for vascular malformations of the brain (primarily, angiographically-demonstrable

AVMs) [8,15,22,24,25,26,34,35,36,37,62,82,87;102,105]. The clinical objectives of radiosurgery

for the treatment of AVMs are to achieve: (1) reduction or elimination of intracranial hemor-
- thage and its associated morbidity and mortality; (2)'stébﬂization or reversal of progressive
neurologic dysfunction; (3) lower frequency of seizures; and (4) fewer subjective complaints,

* including frequency and intensity of disabling headaches [24,62,102]. In order to achieve

‘these objectives optimally, the entire AVM must be sclerosed and the local hemodynamic

condition converted to normal or near-normal status. The mechanisms underlying the ob-

served improvements in seizure activity and headache synd.rome§ and the stabilization or

improvement of progressive nqn.hemorrhagi-c neurologic dysfunctipn following radiosurgery
are poorly understood. However, these changes #ppear to be a.sst_:;ciated, in large measure,
with the improved regional cerebral blood flow, stabi]ization of hemodynamic imbalance
and reversal of vascular steal associated with progressive thrombosis of the ma.lfor"matioﬁ
[24,102].'

| As.,a result of extensive clinical experience, more is known about the efficacy of the
radiosurgical prc;cedure for the treatment of AVMs as regards patient .‘selection critéria,
treatment planning, dose prescriptions, clinical and neu.rofadiologic results and complica-
tions than for any other iﬁtr'acra.nia.l disorder. In general, the observed patterns of éﬁnjcal
response can be summarized as follows: (1) after a variable latency period, the likelihood
of a.chieving complelte, AVM obh’terétion increases progressively over a period of about 3
years; (2) the pfobabilities of eventual AVM obliteration and adverse treatment sequelae
‘both increase as the radiation dose increases; and (3) favorable response is achieved more

- readily with smaller lesions. The reader is referred to the original papers and reviews cited
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at the beginning of this section for detailed information and analyses of these findings.
Many uncertainties remain, however, regarding optimai radiosurgical treatment parameters
for malformations of various sizes and locations in the brain [24,27,84,102] and the evolving
role of embolization and/or nﬁcrésurgery in combination with radiosurgery [85,104]. In
this section, selected'tl;eoretica.l and practical issues are discussed, including the utiﬁty of -
radiosurgery for the trea.tfnent of angiographically-occult vascular malformations (AOVMs)

[24,41,62,65,103] and carotid-cavernous fistulae [45).

Mechanisms of Vascular Obliteration

Obliteration of AVM vasculature can be effected either by inducing a focal necrotic lesion
encdmpa.ssi.ng the AVM or by inducing complete thrombosis of the AVM without sigﬁiﬁcant
parenchymal ne;rosi;. Data from animal studies have suggested that the formatio.ﬁ of .
focal tissue necrosis may be favored by somewhat higher doses (e.g., 30 to 50 ‘Gy) and
occurs with a shorter latency, whereas thrombétic oblitération'of vascular structures withoﬁt
;onéénﬁtant necrosis appears to be favored by somewhat lower doses (e.g., 15 to 25 Gy) and
occurs with a lénger latency [32,112,116]. The disfihctioh between these two mechanisms
of injury, however, is a.rbifra.ry and the transition between them ﬁost likely represent§
an overlapping and interdependent continuﬁm [10]. Necrotizing doses appéar to be very
effective for the treatment of small AVMs in relatively silént regions of the brai'n‘; AVM
.obliteration can thereby be achieved relatively ciuickly and with minimal sequelae. However,
sﬁnﬂar doses rﬂay ‘Well be excessive for other more sensitive and eloquent brain régions'or
where larger volumes of normal tissue adjacent to the target volume are at risk. In thése
.cases, lower (non;necrotizing)' doses, associated with ‘a.. more prolonged latency and/or lower
‘cure rate, may be préfera.ble. Th15 considera.t'ic:m may have pa.rt_icular applicability _to the
E t?eatment of large hemispheric AVMs and ma.lformatioﬁs’ 1n ‘the brain stem and central

nuclei [64].
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Dose—Volume Considerations

~ The >rate and extént of AVM obliteration, as defined by angiograplﬁcally-demonstrablé
change, and the incidence of \ad\v(erse sequelae of treatment are dependent, in large mea-
sure,-on treatment vélume and ddse [15,24,62,64,102]. Moreover, the response to dose'.is a
threshéld phénomenoﬁ; the minimum effective dose for obﬁtératién of AVM shunts appears
to be somewhere betweeﬁ 15 and 20 IGyE [2'4].> Although dose reduction has lowered the
incidence of delayed éompﬁcations, it also may lead to undesirablé clinical outcomes by
decreasing the incidence of complete AVM obliteration or by exténd.ing the laténcy interval
before complete obliteration occurs. By attempting to eliminate all potential risks of late
cc;mp]iéations, patients may be placed at increaseci risk of morbidity or mortality due to
post-treatment hemorrhage. | .

The géal of complete AVM obliteration without adverse sequelae becomes progressively
more difficult to achieve with increasing AVM size [24,100,102]. The volume of abnormal
~vasculature in a éphei‘ical AVM, fqr example, increases as the cube of the AVM rad.iu.s,

a.nd- the number of shunting vessels requiring.thrombosis to ensure complete obliteration
increases accordingly. From aradiobiologic perspective,. the dose-response of a co]lectipn
- of vessels can be predicted by a Poisson distribﬁtion function [73]. For an equivalent dose,
therefore, the probability of some vessels remé.ixﬁﬁg patent after irradiation is greater fqr '
larger AVMs. |
With increa.sihg AVM size, the volume of normal tissue at risk for rad.iatioﬁ injury also
*increases markedly.. For the hypothetical spherical.ta.rget volume, the differential volume
at the AVM périphery increases as ‘the square of the AVM radius. - Since the dose-response
relationship of this incremental normal tissue can also be presumed to follow a Poisson rela-
tiqnship, the risk of normal-tissue injury for any given dose increases with lesion size. This
radiobiologic dilemma is further compounded because irradiation of larger target volumes is
typically associated with shallower peripheral dose fall-off gradients, a phénoinenon v}hich

further increases the volume of normal tissue at risk for radiation injury.
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One promising strategy fc;r the treatment of la.réer AVMs is to take advantage of the
stéeper peripheral dose gradients available with charged-pa.rticle radiosurgery as coxﬁpa.red
with photox{-based radj'osurgerg; [98]. Dose-volume' histograms for cha.réed—pa.rticle and
photon—based radiosurgical systems have been shpwi; to be fairly similar for irradiation of
small target volumeé, but to divefge very rapidly in favor of ché.rged—particlé radiosurgery -

for targets largér than 2 to 3 cm in diameter.

_ A Role for Fractionated Stereotactic Irradiation?

| In 1928, Cushing {17] described iﬁtraoperative findings in ‘an AVM patient before and
after radiation therapy. The initial surgical procedure was aborted due to excessive blood
loss resulf;ing from extreme friability of the‘ la.rgé (5-cm ld.iameter) AVM. Irradiation of tﬁe :
AVM was performed on an experimental basis to attempt to achieve sclerosis of the mal-
' formétion_; it was already well-known at that time that irradiation could inciuce sclerosis in
_cgt_:a.neous angiomas. The patient Wa;s given a total of 16 “deep X-ray” treatmeqts (doses
riét specified) from January 1924 to February 1927. One month after fhe last treatﬁent, a
second craniotomy was pérformed because of the gradual developxﬁent of renewed seizure
aétivity and the onset of Imld hemiparesis. The puléatile vessels that had beeﬁ seen i;ﬁtiaﬂy
were subsequentiy observed to be mdstly thrombosed and transformed into “gmaH bloodless
- shreds” that were easily sepa.ratedv from the adjacent nonnal cortei; the arterial intima had
ma.rke& endothelial proliferation, often a.sséciated with comp'lete vessel occlusion. These
findings encouraged other investigators to conduct clinical trials -usiﬁg radiation therapy
for the treatment of AVMs. The results with multifractionated irradiation in cqn;'entional
doses,_ howe'ver,,\.;vere disappointing and this approach was generally abandoned as u.néuc-
cessful .[33,46]. When the AVM-irradiation tech;ﬁque was éha.nged to stereotactic irradiatidn
with th fractional doses (i.e., radiosurgery), on the other hand, considerable success was
achieved. |

In theory, the phenomenon of enhanced vascula.r-oblitemtioh response to radiosurgery
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(vis & vis conventioné.l radiation thérapy) might be explained by considering that, for an
equivalent level of biologic eff;ctiveness in tissue, a much higher total dose is required fof
conventionaﬂy—ﬁ'actionated irradiation than for single-fraction iné.dia.tion [66]. Available
data suggest that fractionated-irradiation prcﬂ;tocols‘ have not yet been e\'aluatéd at doses -
. high enough to Be biologically equivalent to eﬁ'eétive siﬁgle-fr#ction doses [46]. Higher doses
of multifractionated irradiation very likely ’&ould lead to increased rates of AVM oblitera-
tion, although these higher total doses, if applied using broad-field techniques, would also be
; expected. to lead to increased risks of normal-tissue injury [27]. Hypg}:hetit_:glly, this prob-
lém would be minimized if comparably-fractionated high-dose treatments were delivered
to the target volume using stereotactic irradiation techniques and dose distributions. This
approach is currently under investigation for the treatment of .selected ﬁlalignant tumors
[9,99]. It remains uncertain, héwever, whether this sti'ategy would favorably or unfavorably
alter the therapeutic ratio in the treatment of AVMs, where the target tissue consists of

abnormal vascular shunts rather than neoplastic cells.

Multistage Treatment

An increasing number of patients are now being evaluated for multistaée procedureé,
including embolization and/or partial surgical resection in selected cases, to reduce mal-
formation size and ‘decrease the high rate of blood flow in preparatién for radiosurgery.
Although this approach is proving useful for certain large and complex malformations, the
potential for serious additive compli'cationsvvhas b.een recognized [24]. Consequently, these
adjunctive procedures are currently indicated only under special circumstances, such as for '
~ cases where there is a high like]ihéod of achieving significant reduction in the radiosurgi-
cal target volume or where a limited number of la_.rge arteriovenous fistulae appear to be
supplying major portions of the AVM. |

An area of current research'is the potential value of microsurgical resection and/or

embolization following radiosurgery in selected cases with incémplete vascular response
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[85,104]. Steinberg et al [104] have reported a series of eight patients who underwent com-
plete microsurgical resection of their AVMs after incomplete obliteration following helium-
" ion radiosurgery. Most of these: AVMs began as very large lesions (20 to 80 cm?®) located
in or adjacent to eloquent bra.ip- regions and extendiﬁg deep into the white matter. While
follow-up é.ngiograms 2 to' 3 years after radiosurgery had shown little change iﬁ AVM vol-
umé, there appeared to be decreased ﬂbw within the AVM, thought to be associated with
rad.iation—indgcéd obliteration limited to the small-vessel éomponent. _Three of these pa-
tients underwent embolization of their AVMs before microsurgical reséction. At surgery, all
eight AVMs were found to be markedly less vascular and more easily resecﬁed than had been
anticipated had they not undergone prior radiosurgery. Clinical outcomes were excellent in’
all eight 'patienfs. Stereotactic radjbsurgery followed a few yearsllater by open microsurgery
appears to be a promising multistage-management approaf:h for treatment of selected large

and complex AVMs that have not responded fully to initial radiosurgical treatment.

Incomplete Vascular Response

Patients with AVMs remain at some risk from hemorrhage untii their AVMs are com-
pletely obliterated [102,105]. The data are too sparse at.present to détermine whether some
degree of protection against hemorrhage is conferred during the prolonged latency period
before cbmplete oblitera.tion occurs or by incomplete obliteration following irradiation with
doses greater than some thus-far-undefined threshold. It has been suggested thé.t» micro-
scopic thickening of AVM vessel walls, in the absence of -complete AVM obliteration, may
protect against hemorrhage or mitigate its severity [37]. However, if irradiation is re#tricted
(e.g-, by technical constraints) to a portion of an AV M (“pért:ial-voluine radiosurgery”),
the potentiél benefit of vessel-wall thicken.in’g may be forfeited. Moreover, it has been hy-
pothesized that incoxﬁplete AVM obliteration fqllowing partial-volume radiosurgery may be
accompa.rﬁed by an increase in outflow-resistance in the remaixﬁng vascular shunts, thereby

predisposing the AVM compartment to hémorrhage before obliteration is complete [73].
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Angiographicaliy-Océult Vascular Malformations

Stereotactic radiosurgery of AOVMs presents complex proElems in diagnosis, patient
selection criteria, tfeatment planﬁng, dése sele;tion and cfitefia. for clinical and neuroradi-
ologic follow-up evaluation [24,41,62,65,103]. It is recognized that slow-flow AOVMs cofn-

prise a number of pathologic conditions, and that only ;bout half of clinically-symptomatic
| AOVMs are '}ﬁstologicé.]ly similar to AVMs that are aﬁgiographica]ly demonstrable [74].
Accordingly, mechanisms of radiation-mediated thrombotic vascular obliteration a550ciated
with AVM radiosurgery may not apply to many AOVMs. “In the absencé of established
criteria for differentiating the various types of AOVMs, patients must be evaluated~for ra-
diosurgical treatment based on their clinical symptoms and neuroradiologic studies. More-
over, it is d1fﬁcu.lt to determine the appropriate radiosurgical target with certainty, and
it may be necessary, therefore, tovin_clude some ;sensitive normal tissue within the target
volume to énsUre that the abnormal vasculature is enclosed by the target volume. Unfor-
tunately, even a small rim of necrosis m the brain étem or central nuclei, e.g., may cause
significant néurologic dyéfunction. Furthermore, there is no racﬁologic standard by which
to vgrify.a successful response to treétment, because vcur;ent imaging techniques are not
sufficiently sensitive for imaging fhe obliterative response in AOVMs. Improvements in
diagnostic specificity should provide improved criteria for patient selection for stereotactic
radiosurgery and aid in image correlation for treatment i:lanning and long-term evaluation
of clinical and neuroradiologic response to treatment [61,62,65,102]. At present, it remains
uncertain whether radiosurgical treatment of symptomatic inoperable AOVMs favorably

alters their natural history.

Carotid-Cavernous Fistulae

Stereotactic radiosurgery with plateau-beam proton irradiation has been used by Mi-
nakova and colleagues [45,88,89,91] to treat 24 patients with carotid-cavernous fistulae

(Ye. I. Minakova, personal communication). Patients were treated with 40 to 60 Gy in
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one or two fractions. Thus far, all patients have had regression of ocular symptoms and
headaches, usually between 4 and 8 months after treatment. In four of eight patients ex-
amined, complete obliteration of the fistulae was observed on follow-up angiograms; three

other patients had partial fistulae obliteration.

PRIMARY MALIGNANT TUMORS

The role of radiosurgery in the treatment of primary malignant brain tumors is not
well defined. While the hallmark of radiosurgery is a sharply-delineated dose-distribution
delivered in a single or limited number of fractions, this approach would be escpected to result

"in a less favorable response in malignant tumors than conventienal large-field fractionated
radiotherapy; Firstly, the property of sharp dose fall-off is of dubious benefit, given that
the invasive tumor edge typically inﬁltretes to a varying extent beyond fhe margins of gross
tumor and/ or reactive edema suggested by neuroradiologic evaluation. As with any form
of radiation therapy, a “geographic rn_iss” or significant underdosage to a tumor-containing
volume may negate the possibility of eﬁ’ectiv’e treatment.

Secondl&, delivering the total dose with a linlited-fraction irradie.tien technique negates
the well-recognized radiobiologic advanteges of fractionated radiotherapy for the freatment
of mahgnant tumors [66]. Normal tissues interspersed within the target volume generally
repair radiation injury more efficiently between fractions tlra_m do tumor cells. Fraetio‘nation'
also enhances tumor-cell killing by permitting interfraction reoxygenation of radioresi>Stant
.hypoxic tumor cells and by a.llowing redistribution of tumor cells into more sens_itive phases
of the cell-division cycle. These phenomena all contribute to a favorable therapeutic ratio
of tumor-cell killing to normal tissue injury.- |
- Given the apparenf compa.rative advantages of conventional radiotherapy for the treat- -

v ment of malignant tumors, it would appear that radiosurgery is probably best -su.ited for '

“boost” therapy in combination with standard radiotherapy and/or interstitial implantation

of radioactive sources or for palliative treatment [47;75]. However, when the logarithmic

nature of cell killing is considered, the radiation sterilization of the core of the tumor volume
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is not as big a therapeutic advantage as it may seem at first glance; for example, killing 50%
of tumor cells represents avga.in equivalent to only about 2.5 to 3.0 Gy of a conventional
multifractionated regimen [66,117]. Nevertheless, sofne patients appear to have responded
weﬁ- to primary radiosurgical freatment, although long-term data on duration of response
are not yet available. Colombo et al [14] evaluated a series of patients with low-grade astro-
cytomas following radiosurgery. Séria.l contrast-enhanced CT scans demonstrated a pattern
of progressive tumor eﬁla.rgement over a period of 6 to 9 months with the concomitant de-
velopment of a contrast-enhanced ring correspo__ﬁding to the border of the origin_al t;‘e_atme%pt_ .
volume; from this time until 12 to 24 moﬁt_hs following treatment progressivé shrinkage of .
the lesion was noted. This radiologic pattern was corhpa.rable to that described in patients
 treated with interstitial radioactive implants [97]. | | |

Sturm et al [107] treated a series of 29 patients with malignant gliomas with doses of 60 to
70 Gy in two fractions within 5 days, using a linear accelerator-based radiosurgical system.
SurViva.l rates were similar to that observed with convéﬁtional radiotherapy. However, one
thlrd of patients developed severe side effects, due to necrosis and edema, 1 to 3 months
~ after treatment. It was concluded that coriventional fréctiénation schedules were preferable
to radiosurgery. ‘ o

Séme recent reports have déscfibed the use of multiply-fra.ctio'nated. stereotactic irradi-
ation for the treatment of malignant brain tumors [9,99]. The theoretical considerations

underlying this promising approach are discussed below (see Section on Future Directions).

METASTATIC TUMORS

The application of stereotactic radiosurgery to the treatment of intracra'pial metastatic
lesions, particularly those that have been resistant to conventional external-beam radio-
.therapy, is proving to be a valuable alternative to invasive surgical procedures or prolonged
courses of conventional radiotherapy [47,76,77,107,108]. Radiosurgical treatment for metas-
tases has generally been associated with lov;r m‘orbid.ity, impréved quality of life and extended

survival for several years in certain cases.
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Sturm and coﬂeag"ues [108] were among the first to report the radiosurgica.l.t'reatmer.lt :
of solitary Bra.in metastases of low rad.ioéensitivity (e.g., hypernephroma, adenocarcinoma).
Twelve patients Qho had not had prior conveﬁtional radiotherapy Weie treated with doses
of about 20 to 30 Gy delivé_red to the 80% isodose surface at the CT-defined tumor margin,
using 2 linear accelerator-based radiosurgical system. Of seven patients followed at least 3
months, two had a complete response by CT, and all improved clinicajly. Sim.ilar results
were obtained in an expanded series of 27 patients followed-up 1 to 42 months (mean, 8.5
months) [107]. Although mea.ﬁ sﬁvivd was not improved in comparison with conventional
treatment methods, radiosurgery offered the advantages of high efficacy, low incidence of
side effects and shért hogpitahzation times.

Loeffler et al [76] treated 18 patients with 21 brain metastases, recurrent or persistent
after prior conventional radiotherapy and/or surgery, with single radiosurgical doses of 9
to 25 Gy, using a ﬁnear accelerator-based radiosurgical system. The ‘median dose of prior
whole-brain radiotherapy (refused in one case) was 36 Gy:(r.ange: 30 to 49 Gy); three patients
had received an additional 10 to 30 Gy boost of conventional radiotherapy to the tumor
site. With median foﬂoﬁ-up of 9 months (ran.ge,v 1 to 39 months), all tumors were contlrolled
in the radiation field; two patients‘ had tumor recurrence in the immediate margin of the
_ tumor volume é.nd were subsequently treated with surgery and intgrstitia.l implantation of
radioactive iodine. Complications were limited and transient.

As opposed to primary malignant brain tumors, brain metastases are often ﬁve]l-circum-
scribed radiologically and more or less spherical, rendefing them ifleal geometric targets
for radiosurgery. Since the treatment volume is generally small and presumed_ to con-
tain liftle or no fu.tictiona.l brain tissue, the risk of nornial-tissﬁe injury is 'generally not
thdught to represent a significant problem [76]. However, metastatic tumors are capable of
microscopically ‘invading adjacent tissues outsidé thé rad.ioiogically-deﬁned target volume;
late marginal recurrénce remains a concern in cases treated with radiosurgery as primary .

management without a.djunctivé fractionated whole-brain irradiation. The primary role of
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radiosurgery may ultimately prove to be boosting the main tumor volume in concert with
multifractionated large-field irradiation [47,76]. Radiosurgery also appears to be a useﬁﬂ
and relatively safe method for treatment of recurrent metastases in patients previously

treated with conventional irradiation {47,76).
MISCELLANEOUS DISORDERS

Several thousand patients in the United States and Europe have been treated for ocular

- melanoma using tightly-localized Bragg-peak irradiation-with protons.or helium ions (50 to. .. _. .. _

80 Gy) typically delivered in five fractions over 7 to 12 days [12,18,29,119]; this treatment
procedure can be considered as a form of fractionated stereotactic irradiation. In these
clinical series, local control exceeding 95% has been achieved in selectéd patient groups,
but djstént met#stases occurred in about 20% vof patients. A large proportion of treated
eyes maintained useful vision; however, enucleation due to complications was required in
7% to 12% of batients; A number of centers have recently initiated clinical trials with
fractionated irradiation of ocular tumors using photon-baéed radiosurgical systems [13]; '
long-term clinical results are not yet available.
The management of juxtaspinal aﬁd base-of-skull tumors (e.g., chordomas and chon-
drosé.rcomas),is a complex problem in‘neurosurgery and radiation oncology. Complete
‘ surgical reseétion is uncommon, and most patients require post-operative irradiation. The
proximity of these tumors to the spinal cord or bram sfem, however, limits the rad.iaﬁion
dose that can be safely delévered to the tumor with ;onventiona.l radiotherapy techniques.
High-precision charged-particle radiotherapy delivered with conventional fractionation (60
to 75 GyE tumor dose, approximately 2 GyE per fraction) with protons [1,109] and h§7
lium ions (11] has been used with good success; a 5-year actuarial Vloc_al control rate of
82% has been achieved [1]. Recently, single-fraction‘gamma radjosu.rgery (20 Gy marginal
dose) has been used to treat six patients with small (< 30 mm diameter) chordomas and

chondrosarcomas [43]; no patient has thus far exhibited growth of treated tumor:
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‘The treatrﬁent of angiographically-demonstrable vascul# ma.lformatioﬁs of the cervi- _
cal spinal cord is a potenti'a.lly-importa_nt new app]ication of radiosurgery. This approach
hasvrecently been empioyed'using Br_agg—peak helium-ion beams delivered through a singie
po;teridf port (unpub].ished data). The patient underwent a dorsal laminectomy before
irradiation to mjn'.inﬁvze tissue ’mhomogéneities in the beam path and to place radiographic
clips at the margins of the AVM to guide stereotactic localization. Follow-up angiography

12 months after treatment (20 GyE; two fractions) showed partial obliteration of the lesion.
FUTURE DIRECTIONS

‘Promising avenues for future research include: (1) enhanced three-dimensional target
* definition; (2) improved dose distributions for large or irregular target volumes; and (3)

evaluation of the role of fractionated stereotactic irradiation.

Target Definition

Accurate delineation of the_radiésurgicai target volume is one of the most important-as-
pects of any radiosurgical procedure. However, determination of the true three-dimensional
configuration of the targét volume is difficult to achieve, even under ideal circumstances,
such as occur with relatively épherical lesions [98]. Imaging data from CT and MRI scans
+ are constrained by Hﬁﬁtations vof tomographic slice thickness a;rxd slice separation. Even
with high-resoiution cerebral angiography, the available anatomic detail is limited by the
angiograp}ﬁc views s;elected; ob].iquely-orientéd and/or irregularly-shaped lesions j/iewed in
orthogonal projections‘ méy wéll suggest an apparent targét volume that falsely includes a
substantial volume of normal tissﬁe [28]. Improved three-dimensional target definition can
be expected from future adva:nces in the resolﬁtion of CT and MRI scamﬁng and perhaps
from tile development of tomographic angiogrdphy. Improvements in the resbluﬁion of pizys-
z;ologic imagz'ng (e.g., positron emissionv tomography, phosphorus-based MRI techniques)
may serve to supplement anatomic imaging informa'tionr and help establish more eﬁ'éctive

guidelines for determination of appropriate margins for irradiation of malignant tumors.
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Dose Distribution

With the expected development of better target deﬁnition; the next cha]lehge will be to
improve three-dimehsional dose distribqtions for large or irregularly-shaped lesions. Cur-
rently, photon-based radiosurgery ef these lesions often fequiree using multiple overlepping
isocenters to achieve an adequate marginal isodose contour; this approach, however, can
result in .substa:ntial dose inhomogeneity (ineluding hot and cold spots) within the-tar-

get volume. For all radiosurgical modalities, increasingly sophisticated treatment-planning - |

software is being aeveieped to helprvmrarirrlfain theee_éese ‘inhonllogeneitiesvwi-thjn eccebt:
able limits while minimizing the dose to sensitive adjacent normal tissues. Software is
also being developed to accommodate the application of variable multileaf collimators for
continuous beam shaping during photon-arc irradiation. For chafged-pa.rticle radiosurgery,
beam-scanning techn.iqﬁes are currently under development to effect va.riaBIe spreading of

the Bragg ionization peak as the beam sweeps across the target volume [28].

Fractionated Stereotactic Irradiation

The d.isorders currently being treated with st_ereof,actic radiosurgery techniques rei)reeent

a broad continuum of benign and malignant dieeases, with a correspondingly broad range

of therapeﬁtic goals (Table 2). It follows that optimization of treatment for these various

disorders will require a diverse spectrum of radiebiologic strategies, of which fractionated

_stereotactic irradiatioh is among the most promising,. With the deveiopment of stereotactic
immobilization systems capable of reliable serial fepositioning, this approach offers the

potential for improved treatment outcome by ,combinj-ng the excell.entv dose-localization and

dose-distribution characteristics of stereotactic radiosurgery with the favor‘able radiobiologic

- properties of ﬁ'actione.ted irradiation [66]. Dividing the radiatien dose into multiple fractions
is well known to result in preferential kiﬂ.ing of early-responding neoplastic celis vis & vis

- late-responding normal brain cells, i.e., a favorable therapeutic ratio [66].
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Since tile use of stereotactic irradiation makes it pdssible to redﬁce substantially the
amount of normal tissue irradiated to relatively high doses for a- given dose to the tumor (in
a manner analogous to that achieved With brachytherapY), it also oﬁ'ers thé possibility of
improving the local tumor-control rate by increasing the tumor dose to significantly higher
levels than those curreﬁtly used in conventional irradiation, while still preserving accept-
aBle 1\10rma1-tissue tolerarice and maintaining an adequate tumor margin. It remains to be -
‘determined whether this method will eventua.lly replace .brachytherapy in the treatment of
primary malignant tumors. | |

These same éonsiderations may also apply to fhé tfeatment of selected benign and
 metastatic brain tumors, and especially for lesions in particu.larl.y sensitive regions. There is
compelling evidence that single-fraction radiosurgery is very effective for halting the growth
of most benign ‘tu.mors, but radiosurgery can be associated with a sigﬁiﬁ;ant incidence of
nomal—ti;sue iﬁjury. For example, about 75% of acoustic-neuroma patients treated with
radiosurgery experieﬁce hearing loss, and a smali number have tﬁgeminal nerve dysfu.nc-
tion. One hypothesis to consider is whether fractionated stereotactic irradiation can reduce
the incidence of cranial nerve dysﬁmction_whﬂe maintaining equivalent rates of tumor con-
trol. On the other hand, mtﬂtiply-fractidnated stereotactic irradiation may be less likely to
alter the therapeutic ratio favorably when the abnormal target tissues are late-responaing

va.scuiar endothelial cells (e.g'., AVMs) rather than early-responding neoplastic cells (66].

CONCLUSIONS

Stereotactic rad.ibs"urgerx has been the subject of extensive basic and clinical research for .
four decades. During this time, more than 15,000 patients world-wide have been treated us-
ing radiosurgical methods. In recent years, radiosurgery has been applied to an increasingly
d.iverse’collecfion of intracranial disorders. Clinical efficacy and relative safety> have been
well demonstra;ted for selected bénign tumors and vascuiar malformations. For many other
conditions, however, demonstration of clinical efficacy has yvet to be firmly established, and

optimal treatment parameters have yet to be determined. Fractionated stereotactic irradi-
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ation is one of the most promising approaches for improved treatment outcome in patients

with malignant brain tumors or lesions in radiosensitive regions.
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Table 1

Characteristics of External-Beam Radiosurgery and Conventional Radiotherapy

Characteristic

function of a cell population

Radiosurgery Radiotherapy
Number of Fractions one or a few 12035
Duration of Course of minutes to a few days 3 to 7 weeks
Treatment | |
Size of Treatment Fields small ’ large
| (usuélly less than 5 cm (usually greater than 5 cm diameter)
- -~~~ diameter) —— — |- c= —m e e
Volume of Tissue Treated -small | , large
(usually less than 25 cm3) | (usually much more than 50 cm3)
| Location of Lesion primarily intracranial anywhere in body
Dose per fraction _ about 15 to 50 Gy “about 1.8 to 2 Gy
Stereotaxis ' yes no
Entry Angles _ many few
Treatment Ports / Arcs many. few A
Purpose alter structure and/or destroy reproductive capacity of

. tumor cells




Table 2

Clinical Applications of Radiosurgery / RP Levy

Reported Applications of Stereotactic'Rédiosur-gery

Functional Disorders

- Parkinsonian tremor
Intractable cancer pain
Trigeminal neuralgia
Obsessive-compulsive neurosis
Refractory epilepsy

Pituitary Suppression
Metastatic breast carcinoma
Proliferative diabetic retinopathy
Endocrine ophthalmopathy ~
Adrenogenital syndrome

Pituitary Adenomas

- Acromegaly
Cushing's disease
Nelson's syndrome
Prolactin-secreting tumors
*TSH-secreting tumors

- Nonfunctioning adenomas

Other Benign Tumors
Acoustic neuroma
Meningioma
Craniopharyngioma
Hemangioblastoma

Fifth nerve neuroma
Glomus jugular

-

- Vascular Malformations -

Angiographically-demonstrable
Angiographically-occult
eCavernous angioma:
ecapillary telangectasia
eVENous angioma
Carotid-cavernous fistula
Arterial aneurysms

" Primary Malignant Tumors

Astrocytoma, anaplastic -
Astrocytoma, low-grade
Glioblastoma multforme
Oligodendroglioma

Pineal tumors
Ependymoma

Germinoma
Medulloblastoma

Lymphoma

Metastatic Tumors

Miscellaneous Disorders
Ocular melanoma

Chordoma ‘
Chondrosarcoma

Spinal vascular malformations

- * TSH = thyroid stimulating hormone
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