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INTRODUCTION

e

Charged-particle irradiation of intracranial lesions has been the subject of biomedical
research and clinical development since 1946, when Wilson [76] proposed the therapeutic use
of charged-pa.rticlé beams, based on the unique physical cha.récteristics of a.lpha-emittihg
radionuclides first observed by Bragg 1n 1904 [4]. After completion of the 184-inch syn-
chrocyclotron at the Universityb of California at Berkeley - Lawrence Berkeley Laboratory
(UCB-LBL) in 1947 [5], Tobias and Lawrence and theﬁ colleagues [72,73,74] began the
study of the biologic eﬁ'ect§ of beams of prqtons, deuterons and helium jons, with particular
emphasis on reaction to radiation injury in the brain.

Since 1954, more than 7,000 patients, world-wide with intracranial and juxtaspinal lesions
have been treated with charged-particle irradiation!. The majority of these patients\have
been treated at UCB-LBL [7,16,3.8,66], the Harvard Cyclotron Laboratory - Massachusetts
General Hosf)ital (HCL-MGH) [24,25,27,69], the Institute for Theoretical and Experimental
Physics in Moscow (ITEP) [58,61] and the Institute of Nuclear Physics in St. PeteréBuré
.(lNPh) [28]. Most patients have been treated with single-dose irradiation or With a few -
large-dose»fractions (i.e., a stereotactic radiosurgical a_.pproach), but several hundred patients
with primary malignant tumors have been treated using conventional fractionation schedules
(6,7,8,69].

Clinical applications were constrained initially by the limitations of neuroradiologic tech-
niques for treatment planning, stereotactic localization and dose distribution [38]. Early
clinical trials, therefore, were restricted to pituitary-ablation treatment, in which high—dosé
radiation was used to induce selective destruction of small, well-defined intracranial target
volu:hes. The ﬁrst stereotactic irradiation procedﬁ.res utilizing charged particles in clinical
patients were performed‘by Law;'ence and colleagues [31] at UCB-LBL 1;1 1954 for pituitary-
hormone suppression in the treatment of metastatic breast carcinoma. Shortly thereafter,

charged-particle radiosurgery was applied to the pituitary-ablation treatment of patients

1Only charged particles of proton mass or greater are considered in this chapter.
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With prolifere.tive diabefic retinopathy [34,36] and to the treatment of pituitary adeno-
mas [27,35,45]. During these early years, limited numbers ef patients were also treated
for other conditione, including certe.in furictiorral djsorders and malignant brain tumors
'[35]. With the development of improved techniques of stereotaxis and cerebral angiographjr,
the cha.rged-partiele radiosurgical approach, using Bragg-peak pror\ons, was applied to the
- treatment of arteriovenous IrralfOrmations (AVMs) at HCL-MGH by Kjellberg et al [24] in
1965. More recently, the advent of high-resolution computed X-ra.y tomography (CT_) and
magnetic resonance imaging (MRI) has made it possible for reliable stereotactic loce.].ization
and irradiation techniques to be app]ied to the treatment ef a diverse.collection of disorders
- [37]. The expanded application of charged-particle irradiation for intracranial lesions is an
- important development in neurosurgery and radiation oneology, which promises new and
innovative approaches that will influence therapeutic strategies, not only in the brain but
elsewhere in the central nervous system and at other sites within the body. ‘ In the past few
- years, advances in neuroloéic .imagingv have been ahcompanied by technological advances
and by computer software dedicated to charged-particle treatment plann.ihg and dose de-
livery. During the past five years, especia.lly, all these factors have contributed to ihcreased
numbers of institutions rxrorld-gvide building and/or planning chérged—pa.rticle treatment
' fac1ht1es (38]. X
The ob Jectlves of this chapter are to present the ratlonale for the use of charged-particle
irradiation as:a neurosurgical and/or radiotherapeutic procedure and to describe the spec-
trum of human research studies thus far ‘carried out in the development of charged-particle
irradiation for intracranial lesions. A comprehensive review of these topics is beyond the

r.
scope of this chapter Selected historically s1gmﬁcant or representatrve stud1es and reviews,

therefore have been summarized and/or cited for further: reference

PHYSICAL PROPERTIES OF CHARGED-PARTICLE BEAMS

Ionizing radiations used for external-beam irradiation may be classified as high-energy
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photons (e.g., X-rays or gamma rays) or accelerated charged particles (e.g., protons or
helium ions). As photons traverse and interact with tissue, their ionization events atten-
uate .with depth in tissue (Fig. 1); satisfactory dose distributions in deep-seat.ed lesions
are achieved, at the cost vof a relatively high integral dose to the batiént, b‘y using beams
from maﬁy different angles o;'intersecting dynamic arcs. Charged-particle beams manifest
very different physical properties that can be exploited to place a high dose of radiation
preferentially within the boundaries of a deeply located taiget volume [19,38,63]. These
properﬁes include: (1) a well-defined range that c\an be adjusted precisely so that the beam
stops at the distal edge of the target and deep within the tissue, resulting in little or no éx.it
.dose; (2) an in.ifial region of low dose (the plateau) as the beam penetrates through tissue,
followed by a region of high dose (the Bragg ionization peak) at the end of the range of the
beam which can be adjusted to conform to the location and dimensidns of the targef, 50
that the entrance dose can be kept to a mlmmum, and (3) very sha.rp lateral edges that
vcan be shaped by metal apertures to conform to the pro jectéd cross-sectional contour of the
target, so that negligiblg dose is absorbed by the adjacent normal tissues (F.‘igs.v 1,2,3,4).

Each charged-particle beam can be directed to place individually shaped three-dimension-
al high-dose regions precisely within the brain by using an appropriately shaped apertu;é,
spreading the Bragg peak and adjusting the bearh range (Fig. 3). For irregularly‘ shaped
lesions and to accommodate skull curvature, tiss‘ue—equiva.len_t compensators positioned in
the beam path are used to match the distal edge of the spread-out Bragg peak (across the
transverse profile of the bearn? to the distal surface of the target volume [19,38]. Several
entry angles and béam porté (typiéa]ly, four) are directed étereétactica]ly so that the high-
dose regions of thé individual ‘t;eams intersect within the target volume, with a much lower

dose to immediately adjacent and intervening normal brain tissues [16,19,38,39].

TREATMENT PLANNING AND DOSE DELIVERY?

2Portions of this section are ada.pted with permission from: KA Frankel [19].
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The application of charged-particle irradiation to the treatment of intracranial lesions
présents a number of problems not encountered in conventionz_w.l radiotherapy [10,15,75].
Treatment planning and dose delive;y consist of sequential neuroradiél.ogic. imaging stud-
ies, computer-assisted image correlation and calculation of dose djstribution,’positiom'ng of
the patient and farget volume within a three-dimensional frame of reference, and delivery
to the target of carefully mcm'tored charged-particle Beams [16,19,.53,64]. In this secfion,
we consider briefly the methods of treatment planning and dose delivery that have been
developed at UCB-LBL for stereotacti; radiosurgery for Bragg-peak and plateau-beam irra-
diation of vascular and other disorders; similar techniques in principle are employed at other
charged—parficle facilities and are applicable as well to eXtended—fractionation de]ivéry of
chafged-p'artiéle irradiation. The reader is referred to Frankel et al [19] for a‘ more-detailed

review.

STEREOTACTIC LOCALIZATION .

A transportable stereotactic frame—rhaék system, consisting of an individualized ther-
moplastic immobilizing head mask and stereotactic frame with fiducial markers, h_as been
developed to permit accurate and réproducibl_e ‘posbitioning of the patient’s head for neuro-
radiologic procedures, including target definition and localization, treatment planning and
radiosﬁ.rgical__ treatment (Fig. 5) [53] The stereotactic ‘vframe can be attéched to neuré—
radiologic couches and to the steréotactic i)osition.ing couch — the Irradiation Stereotactic |
Apparatus'for Humans (ISAH) (Fig. 4) {52,53]. This system has proven to be safe and

reliable in more than 1,300 patients [38]. . |

NEURORADIOLOGIC EVALUATION AND IMAGE CORRELATION

Methods for correlation of stereotactic MRI and CT images have been developed for tar-

- get definition and localization for neoplastic disorders and angiographically occult vascular

malformations (AOVMs) [16,19,42]. In the patient whose brain-stem lesion is illustrated

in Fig. 6, radiosurgical térget contours a.re'delineated on stereotactic MRI and CT images. -
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The MRI-derived target contours are transferred to CT for comparison with CT-derived
céntours, and a final set of target contours is then defined on the noncontrast CT images.
For each CT slice, the inner and outer tables of the skull are digitized, along with selected
other bony landmarks, such as the pituitary sella, frontal plates and anterior and posterior -
protuberances. A computerized digitization program then generates CT-derived treatment-
localization overlays (alignment aids), based on the final target contours and the digitized
bony landmarks [64]. The CT data are also used to determine the coordinates required to
position the patient on ISAH. The radiosurgical treatment of pituitary adenomas represents
a special situation for which the localization procedure is greatly simplified, because the sella
turcica 'can’usua.lly be readily identified and locélized on plain orthogonal radiographs [19].
For AVMs, stereotactic cerebral angiography is the most précise imaging method for
‘determining the shape and location of the lesion. (MRI and CT imaging, however, are useful
for demonstrating relationships of the AVM to adjacent anatomic structures.) The contours
of the AVM target, derived from selected orthogonal angiographic films -and transferred
to the CT images, form the basis for ‘the stereotactic treafment-planning procedure [16,
19,64]. Via geometric optics; the digitization program uses the positions of the fiducial
markers of the stereotactic frame as they éppear on the rad.ioéraphs, in conjunction with
their known :positions on the frame, to calculate radiographic magnification factors and the
coordinates of the target volume within the framé. The digitized angiographic data are
also used to calculate the initial translational coordiﬂates of the patient-positioning couch
and to generate overlays of the stereotactic-frame fiducial markers, angiographically derived
target contours and midplane bony landmarks of the ;kuﬂ for lateral and a.nteropostefior
localization radiographs (Fig. 7) |
‘The digitization progra‘m also models the angiographically derived AVM target volume
as a series of ellipses on corresponding axial CT slices. The CT data and derived target _
contours for each axial CT slice are feformatfed to generate relevant views in coronal and

sagittal planes. The reformatted target contours, which are corrected for parallax and



’

Charged-Particle Irradiation / RP Levy et al 7

magnification, then have approximately the same shape and location as the AVM target
delineated on the orthogonal angiographic films (64]. In the case of irregularly shaped

AVMs, MRI and CT image information may be used to modify the target contours [19].
: \ ' .

COMPUTER-ASSISTED TREATMENT PLANNING
For homogeneous tissues, the task of positioning the Bragg peak at a specxﬁed depth is

qmte straightforward. For the heterogeneous tissues of the skull and bra.m, however, th.ls

procedure is more complex {10,75]. Generally, denser bone tissue slows the incident stream

of charged particles more per unit length of tissue than does less dense parenchymal tissue.
Thug ,a bea.m travérsing denser tissue will have its 'Braég-peak region displaced proximally
to a greater extent than a beam traversmg less dense tissue. Knowledge of the physical
characteristics of each volu.me element of tissue along the beam path on a pixel-by-pixel

basis is necessa.ry for precise determination of dose distribution and for calculating the depth

of penetration of the beam. Noncontrast-CT data provide electron-density information (X- )

ray absorption coefficients), which is converted to charged-particle energy loss by established
calibration functions [10]. Dose-absorbing filters of approprié,te thickness are pla-ced in the

beam path to adjust the range in tissue precisely to the desired value (Fig. 4).

A computer-assisted treatment-planning progra.fn is used to calculate dose distributions

and to generate isodose curves [10]. Figures 8 and 9 are representative éxamples of the
isodose-contour displays of treatment plans for small and large AVMs, respectively. The

size, shape and location of the lesion, and the dose to the target volume and adjacent brain

“structures are interrelated factors that affect the ch01ce of beam ports entry angles and

dose- con.ﬁgu.ratwn pattems The final treatment plan is selected after 1terat1ve refinement

of a number of prelumnary treatment plans.

TARGET LOCALIZATION AND TREATMENT PROCEDURE
The radiosurgical procedure requires that the target volume be localized precisely at the

intersection of the charged-particle beam and the isocenter of ISAH [52]. ISAH has three

“
3
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degrees of freedom for translation, two degrees of freedom for rotation (the third degree of
rotatijonal freedom is effected by rotation of the beam-shaping aperture) and a mechanical
precision of 0.1 mm and 0.1°. (Based upon the limits of resolution of imaging data and
correlation and the intrinsic uncertainties in pat-ient posjtioning, the overall localization
and alignment system is reproducible in repeated diagnostic and thera;peutic sessions to
approximately 1.5 mm and 1.5° in each translational and rotational degree of f;eedom,
respectively [53,64].) |

| At treatment, the patient is positioned on ISAH in the stereotactic frame-mask system,
and orthégonal localization radiographs are performed. Final alignment of the patient
is verified by comparing the localization ‘radiographs and port films exposed immediately
prior to treatment to the computer-generated treatment-localization overlays [16,19]. The
treatment beams are delivered throggh a ngmber of beam ports by rofating the patient’s
head and/or treatment couch sequentially to predetermined fixed positions. Each beam port
requires 10 to 15 qﬁnutes for patient positioning, aperture adjustment and compensator
placement and 1 to 3 minutes for beam exposure. The entire treatment procedure typically

requires about 30 to 60 minutes.

PLATEAU-BEAM STEREOTACTIC IRRADIATION

When a charged-particle beam of sufficiently high energy, ax;d hence greater depth of
penetration, is available, radiosurger& can be performed with the plateau-ionization portion
of the beam. In this treatment con.ﬁgu.ratior{, the beam passes completely through the head,
depositing .plateau-region radiation in vthe brain; the Bragg-peak dose is absoxlbed in the wall
_ of the the treatment room opposite the beam line. This method was developed by Lawrence
and colleagues [30,31,70,73] at UCB-LBL for irradiation of the pituitary gland with plateau
beams of protons and (subsequently) helium ions, and it is currently applied to radiosurgery
of small intracranial target volumes at several proton-irradiation centers in Russia [28,60,61].

With the plateau-beam-irradiation technique, consideration of the tissue inhomogeneity

normally encountered in the head is not important, but accurate stereotactic localization of

A
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the intracranial target volume e.nd precise isocentric technique are essential. The plateau-
beam radiosurgical system developed at UCB;LBL uses a stereotacfié position.ing table and
head holder in combination with ind.ividuaﬂy fabricated plastic head masks for immobi-
lization (Fig. 10). Following delineation ef' the .targe_t volume, the'charged-particle beam |

is centered on the sella turcica by means of orthogonal localization radiographs and port

films, and the_Beam contour is shaped by a brass aperture. During irradiation, the head

is turned in pendului’n motion a.rou.ﬁd a horizontal axis while the patient is pOsitidhed se-
quentially at 12 discrete angles around a vertical axis (Fig. 10). The irradiation arcs are
directed such that the’dose fall-off is very rapid in the anteroposterior direction end toward
the optic chiasrh; the dose fall-off decreases more slowly laterally towara the temporal lobes
(Fig. 11). With this method, the optie chiasm, hypothalamus and outer portions of the
sphenoid sinus receive less thanvlo% of the central-axis pituitary dose [70]. Plateau-beam ,
radiosu.rgery can also be used for treatment of disorders other than pit'ujtary"adenomas.
For these applications, however, it is necessary to incorporate the more-general methods of
stereotactic target localization described previously [19].

The dose distributions that result from the use of isocentrically directed arcs of plateau-

- beam irradiation are qu.lte comparable to those produced with stereotactic radJosu.rglcal

systems using X-rays or gamma rays. Their application, therefore is similarly limited

primarily to the treatment of lesions less than 2 to 3-cm dla.meter [63].
CLINICAL APPLICATIONS?

Four decades have now passed since the first patient was treated with charged-particle _
irradiation of the brain. Clinical experience has been obtained in the follbwing categories:
pituitary hormone suppression, pituitary adenomas, malignant gliomaé, vascular malforma-

tions, ju.xtaépinal tumors and ocular melanomas. In this section, we review selected aspects

*Portions of this section are adapted with permission from: JI Fabrikant [16], RP Levy [38], and GK
Stemberg [68, 68]
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,Of the world-wide clinic;'zl experience with charged-particle irradiation of intracranial and
Jjuxtaspinal lesions; for more-detailed information, the reader is referred to several recent
reviews [14,16,37,38]. The relative emphasis here on helium-ion irradiation reflects the au-
thors’ experience at UCB-LBL and at Stanford University Medical Center (SUMC); this

experience has been paralleled by extensive experience with proton-beam therapy elsewhere.

' PITUITARY HORMONE SUPPRESSION

| Cha.rged-pa.rticle irradiation of the pituitary gla.-nd has been shown in more than 1,300
patients to be very effective for indﬁcing suppression of normal pituitary function with
minimal associated risk vof inducing injury in adjacent neural structures [38,'65]. The primary
applications of cha.rged—particle hypophysecéomy have been to control the rﬁetastétic spread
of selected honnone-responsi{re carcinomas (e.g., breast and prostate cancer) [11,28,31,32,
34,35,48,58,61,62,73] and to induce regression ofl proliferative diabetic retinopathy (26,28, -
34,36,44,58,61]. ' '

In North A_therica, pituitary-ablation treatment is no Iongef in common uée. In the.
case of metastatic breast carcinoma, for example, mOdem anti-estrogenic drugs are now
available for selective use, guided, in part, by reliable estrogen-._receptor classification of
tumors. In the case of diabetic retinopathy, pituitary-ablation treatment has also fallen
out gf favor. Nonetheless, the exten;ive clinical experience accrued has servevd to‘provide
considerable information about radiation tolerance of the pituitary gland, parasellar tissues,

cranial nerves and temporal lobes [65].

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 pitu.itary-ablatio-n treatment
in 183 patients with metastatic breast carcinoma [35].. Patients reéeived 180.to 220 Gy
stereotactic plateau-beam helium-ion irradiation to the pituitary gland, in order to control

the metastatic spread of carcinoma by effecting hormonal suppression through induction
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of hypopituitarism. The total dose was 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 in later -

years. Each dose fraction consisted of 30 to 50 Gy. Many patients experiehced long-term

remissions. Eight cases of focal radiation necrosis limited to the adjacent portion of the

temporal lobe océurred; all were from an earlier group of pafients who had received higher

doses to suppress pituitary function as'rapidly as possible [56]. Clinical manifestations of
_' temporal lobe injury and transient cranial nerve involvement occurred in only four of these
patients.

Minakova et al [48,62] have reported excellent results following stereotactic plateau-beam

proton radiosurgery at ITEP in a series of 489 patients with metastatic breast carcinoma -

and in a series of 92 patients with metastatic prostate carcinoma (Ye. I. Minakova, pe;sonal

;ommunication). Konnov et al [28]' ilave also reported excellent clinical results in breast

carcinoma patients treated with 120 to 186 Gy plateau-beam proton radiosurgery at INPh.

In a series of 91 patients with bone metastases, 93% had relief of pain following treaément.
. N

.Of 45 patients treated for metastatic disease with combined medical therapy and.prof,on-

beam hypophysectomy, 20 had no signs of recurrence or metastases after a follow-up period

of 2 to 6 years. Kjellberg et al have used Bragg-peak proton-beam therapy of the pituitary

to treat 31 patients with metastatic breast cancer at HCL-MGH (R. N. Kjellberg, personal
¢ . - .

communication).

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 eﬁ'ec_t§ of pituitary hormonal suppression on proliferative diabetic
retinopathy. (Eai’lier reports had suggested that surgical hypophysectomj resulted in re-
'gression vof ﬁroliferative retinopathy in many diabetic patients, a phenonienon suspected

to be related to decreased insulin requirements and lowered growth hormone (GH) levels

23
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[50].) The first 30 patients in this cohort were treated with 160 to0 320 Gy delivered in six
to eight fractions (27 to 50 Gy per fra,ctien) over 11 days to effect total pituitary ablation;
the subsequent 139 patients uhderwent subtotal pitﬁitary ablation with 80 to 150 Gy. Most
patients had a 15 to 50% decrease in insulin requirements; this result occurred sooner in
patients receiving higher doses, but ultimately both patient groups had comparable insulin
requirements. Fasting GH levels and reserves were lowered within several months after -
irradiation. Moderate to good vision was preserved in at least one eye in 59 of 114 pa-
tients at 5 years after pituitary irradiation (J.H. Lawrence, unpublished). Of 169 patients
treated, 69 patients (41%) ultimately required thyroid replacement and 46 patients (27%)
required adrenal hormone replacement. There were four deaths from complications of hy-
‘popituitarism. Focal temporal lobe injury was limited to an earl}; group of patients that
had received at least 236 Gy to effect rapid pituitary ablation in advanced disease; four
patients in this high-dose group developed extraocular palsies. Neurologic injui‘y was rare
in those patieﬁts receiving dos/es less than 230 Gy (J .H. Lawrence, unpublished).

In a series of 25 patients treated with 100 to 120 Gy plateau;beam proton radiosurgery,
Konnov et al [28] found that those with higher visual acuity and witheut proliferative
changes in the fundus had stabilization and regfession of retinopathy after treatment;
microaneurysms were decreafed and visual acuity was stabilized or improved. However,
patients with poor visual acuity and progressive pfoljferative retinopathy responded less
favorably. A reduction in insulin requifements was observed in all patients. Kjellberg et al

[26] reported comparable results following stereotactic Bragg-peak proton radiosurgery in

183 patients.

Histopathologic Studies

Histopathologic observations on autopsies from early patients, who had received helium-
ion pituitary irradiation for hormonal suppressioﬂ of metastatic breast carcinoma, confirmed

that more than 95% of pituitary cells were destroyed and replaced with connective tissue
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‘in a period of several months with doses of 180 to 220 Gy delivered in 2 or 3 weeks total
. time (Fig. 12) [56,77]; At lower doses, the magnitude of the histologic effect depeﬁded on
the dose at the periphery of the pituitary gland, where viable hofmone-secreting cells were
usually found. | | |
Woodruff et al [77] performed autopsies on 15 patients who had beén treated with
stereotactic plateau-beam helium-ion irradiation of the pitﬁjﬁary gland at UCB-LBL. Ten
of these patients had been treéteci for progressive diabetic rétinopathy’v‘vith average doses of
116 Gy delivered in six fractions. All cases démonst;ated pi‘fﬁitary ﬁbrosis without radiation

changes in the surrounding brain tissue or cranial nerves.

PITUITARY ADENOMAS

Since 1958, more than 2,000 patients'World-wide with pituitary adenomas have been
treafed with charged-particle irradiation of the pituitary gland as a primary noninvasive
treatment, as adjunctive radiation therapy for incomplete operative resection and/or med-
ical therapy and as treatment for lat'e recurrences after surgery [25,27,28,33‘,43,45,51,60].
Charged-particle radiosurgery has been applied to the treatment of acromegaly, Cushing’s
vdiseése, Nelson’s syndrome and prolacfin—secreting tumors, as well as to the treatment of
nonfunctioning and selected other adenomas. r

Prior. to the introduction of tra.nssphenoidal microsurgery, surgiéa.l hypoiahysectomy
.was often associated with high morbidity and mortality, and chérged—partic:ié fadiosurgery
was considered to i)e an ekcellent_ altemativé treatment. With the development of safe:
and eﬁ'ective‘tra.nssphenoida.l téchh.iqﬁes, the extensive clinical use of primary radiosurgical
treatment, concentrated for many years in the UCB-LBL and HCL-MGH programs, has
 decreased significantly. Currently, primary réd.iosurgery for treatment of nﬁcroadenomas is
most often iim.ited to patients who are consi&ered to be poor Isurgicai ‘cand.idates or who

have réfused surgery. Proton-beam radiosurgery, however, remains as a primary- therapeutic

procedure for treatment of pituitary tumors in Russia [28,38,51,59,60]. The charged-particle
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radiosurgical approach is now being applied mostly as adjunctive therapy in combination
with microsurgery, where complete removal of large adenomas is not poséible, or for recur-
rences of tumor growth. |
_The therapeufic goals in the primary radiosurgical treatment of pituitary adenomas
are control of tumor, growth and hormonal hypersecretion, with acceptably low hormonal
and neurologic compjicatioﬁs. These goals have been met with remarkable success over
the past 35 years, especially considering the limitations of the available neuroradiologic
imaging methods during the early years of these invesfigations. (The greaf majority of
patients were treated before the advent of CT and MRI, and adenoma assessment and target- '.
volume determination, therefore, relied on relatively crude neuroradiologic procedures such
z;,s polytomography and pneumoencephalography.) The clinical and metabolic follow-up
data describing the response of pitu.itary adenomas to charged-particle radiosurgery have
been reported ektensively; the reader is referred to references [14] and [38] for morg-detailed
reviews. In t}-l.is section, the emphasis is limited to selected clinical studies and complications

of treatment.

Acrorhegaly

At UCB-LBL, stereotactic helium-ion plé,teau-beam radiosu.rgery has proven to be very
effective for the treatment of acromegaly in 318 patients [30,33,43]. The maximum dose to
- the pituitary tumor ranged from 30 to 50 Gy, most often de].i?ered in four fractions over 5
days. The choice of dose varied according to the extenf qf disease and the corre_spbnding
size of the target volume. Maximum pituitary doses were sele_cted so that the cor‘céx of
the.temporal lobes received no more than 15 Gy. As the dose fell off rapidly from the
central axis, the dose to‘ the periphery of larger tumors was consideraBly less than the
peripheral dose to smaller ones. A sustéined decrease in serum-GH secretion was observed
in most patients; the mean serum-GH levei in a ¢ohort of 234 of these patients decreased

nearly 70% within 1 year and continued to decrease thereafter (Fig. 13). Normal levels
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were sustained during more than 10 years of follow-‘up. Comparable lo;:lg-term resqits were
observed in a cgﬂbrt of 65 patients who.were irradiated with helium ions because of fesidﬁa.l
or recurrent metébolic abnormalities persisting after su}gical hypophysectomy. Serial GH
levels were examined before and after helium-ion irradiation as a function of neurosurgical
grade. Stét_istically significant differences (p < 0.01) in fasting GH existed only between
the microadenoma patients with normal sellar volumes (Hardy’s Grade I [21]) and patients
\&ith rﬁacroadenoma;s (Grades II through IV) [43]. Grade I patients had lower initial GH
levels, responded more rapidly to treéfment, and had a good prognosis for cure; a lower
incidence of post-treatﬁent hypopituitarism was also observed in fhese patients. The more
invasive tumors were slowér to respond, but by 4 years after irradiation they were associated
with GH levels not statistically different from levels found in pétients with Grade I tumors.
Clinical and metabolic improvement (e.g., improved glucose toleraﬁce, nbrrna]ization of
serum phosphorus leQels) was observed in most patier'xtv's'within the first year, even before a
significant fall in serum-GH level _wés noted. .

Treatment failures following helium-ion irradiation géﬁerally résul{:ed from failure fo_
assess accurately the degree of extrasellar tumor extension [33,43]. With recent advances in -
MRI and CT scanning, the radit;surgical target can now be better dé]jneatéd, which in turn
shbuld lead to irnprqvéd rates of tumor cure and control. These same imaging improvements
also make possible more reliable determination of tissue inhomogeneities in the brain and
adjacent tissues and correspondingly more precise positioning of the Bragg iomiatibn peak
within the target volume [19,38].

Kjellberg et al [25,27] have treated about 600 patients with acrofnega.ly using Bragg-peak
protén irradiat'ion at ‘HCL-MGH. Using a nomogram based on lésion size and complication
ratein a large number of treated patients, doses selected are invérsely related to the beam di-
‘a.meter; intrasellar tﬁmors typically receive maximal central doses of 60 to 120 Gy. Selected
adenomas with extrasellar exﬁénsion are f;eated using.a “beam—withﬁ-a—beam” ._techn.ique;

| here, a subnecrotizing dose (e.g., 10 Gy) is given to-the larger overall target volume, and an
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additional necrotizing doge (e.g., 35 Gy) is given to the smaller intraclinoid volume. Ther- -
apy has resulted in objective clin.icalrimprovement in about 90% of a cohort of 145 patients
24 months after irradiation. By this time, 60% of patients were in remission (GH level <
10 ng/mL); after 48 months, 80% were in remiss.ion. About 10% of patients failed to enter
“ remission or to improve, and they required additional treatment (usually tfanssphenoidal
hypophysectomy).

Another appréach under considerafion for the charged-particle-irradiation tre_at-ment_ of
invaSive macroadenomas is the use of more extended fractionation schedules. Historically,
 stereotactic irradiation regimens have not been designed to exploit the differential response
between normal cells and tumor cells that is the biologic basis for the use of fractionated
external-beam irradiation [41]. With the development of stereotactic immobilization sys-
tems capable of reliable serial repositioning, this approach _oﬁ'ers the pbtential for improved‘
treatment outcome by combining the excellent dose-localization and dose-distribution char-
‘acteristics of charged-particle irradiation wiﬁh the favprable radiobiologic properties of frac-
tionated irradiation.

In the Russian experience, plateau-beam proton radiosurgery has also proven successful
for treatment of acromegalic tumors. Minakova ef al {60] reported excellent results in
93 patiént’s with a.cfomegaly treated at ITEP. Konnov et al [28] observed partial or total

remission in 89% of 145 patients treated with doses of 100 to 120 Gy at INPh.

Cushing’s Disease

Cushing’s disease has been treated success’ful»l‘;v at UCB-LBL using stereotactic helium-
ion plateau-beam irradiation [33,43,45]. In 83 patients (aged 17-78 years) treated, mean
basal cortisol levels in a cohort of 44 patieﬁts and urinary fluorogenic corticosteroids in a
cohort of 37 I.patients retﬁrned to normé,l values within 1 year after treatment, and these

indices rem_ainéd normal during more than 10 years of follow-up (Fig. 14). All five teenage

patients were cured by doses of 60 to 120 Gy without concomitant hypopituitarism or



Charged-Particle Irradiation / RP Levy et al 17

neurologic sequelae; howerer, nine of 59 older patients subsequently underwent bilateral
ad.renalectorny or su.rgica.l hypophysectomy due to relapse or failure to respond to treatment.
Of the nine treatment fa.11ures seven occurred in the earlier group of 22 patients treated
‘ w1th 60 to 150 Gy in six alternate-day fractions; when the same total doses were gi\ien in
three or four daily fractions, 40 of 42 patients were cured [43].
Kjellberg et al [25] have treated more than 175 Cushmg s disease patients with Bragg-v
pea.k proton-beam irradiation at HCL-MGH. Doses are mversely related to the beam di-
ameter selected (typica.lly, 60 to 120 Gy) Complete remission ‘with restoration of normal
“clinical and laboratory ﬁndmgs has occurred in about 65% of a cohort of patients fo]lowed-
up for 24 months; a.nother 20% were unproved to the extent that no further treatment was
consxdered necessary | | |
Minakova et al [58,60] have reported excellent results in 224 Cushing s disease patients v
treated with plateau-beam. proton radiosurgery at ITEP. Konnov et al [28] have reported
that plateau-bea.m proton radiosurgery (doses, 100. to 120 Gy) has induced partial or total

remission in 34 of 37 patients who were followed 6 to 15 months after treatment. -

Nelson’s Syndrome

Plateau-beam helium-ion radiosurgery has been used at UCB-LBL in 17 patients with
Nelson’s synd.rome [33,43). Treatment doses and fractionation scheduies were comparable to
 those for the Cushing’s disease group, i.e., 50 to 150 Gy in four fractions. Six patients had
prior pituitary surgery, but persistent tumor ‘or elevated serum ACTH 1eve1s indicated that
further treatment was required. All patients in the Nelson’s syndrome group had marked
decreases in ACTH levels, but rarely to normal levels. All but one patient, }iowever, had
neuroradiologic evidence of local tumor control.

Kjellberg and Kliman [25] r‘epo:ted sumlar findings in patients treated with Bragg-peak'
proton irradiation. Of a cohort of 19 patients treated, 12 of 14 patients experienced some

{ : .
depigmentation following treatment; headache was reduced or eliminated in eight of 11 .

\
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patients. ACTH levels were decreased in all four patients for whom data were available,

. but levels became normal in only one patient.

Prolactin-Secreting Adenomas

Twenty-nine patients with prolactin-secreting pituitary tumors were treated é.t UCB-
LBL using stereotactic plateau-beam heliu.m-ior; radiosurgery {30,43]. Treatment dose and
fractionation were comparable to that in the Cushing's disease and Nelson’s syndrome
groups, i.e.v,‘ 50 to 150 Gy» in four fractions. _Helium-ion irradiation was the sole treatment
in 17 paﬁients; the remaining patients were irradiated after surgical hypophysectomy hacll
failed to provide complete or permanent improvement. Of 20 patients foHowéd 1v year
after irradiation, 19 had a marked fall in prolé._ctin level (12 to normal levels) (Fig. 15).
Amenorrhea and galactorrhea often resolved before prolactin levels returned to normal [43]. :
Two patients became pregnant a.ftef treatment. |

Konnov et al [28] have repor\ted partial or total remission in about 85% of patients with
prolactin-secreting tumors treate‘d with plateau-beam proton radiosurgery (doses, 100 to 120
Gy) at INPh. Excellent clinical results have also been reported in 75 patients treated with
plateau-beam proton rad.ios_urgery at ITEP (Ye. I. Minakova, personal communication), and .
~ in 132 patients treated with Bragg-peak proton therapy at HCL-MGH (R. N. Kjellberg,

personal communication).
Complications

Variable degrees of hypopituitarism developed as sequelae of atfempts ét subtotal dé-
struction of pituitary function in. about oné third of the patients follovﬁng stereotactic
helium-ion plateau-beam fad,iosurgery, although endocrine deficiencies were rapidly cor-
rected in most cases with #ppropriate hormonal repla:cement therapy [43,65). Retrospec-
tively, it appears likely that, in many vcases, larger portions of the pituitary gland had to be

designated for radiosurgical treatment to assure sufficient dose to the adenoma than would
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now be indicated baséd on current MRI and CT techniques. Diabetes insipidus has not been

observed in any pituitary patient treated with helium-ion irradiation [43]. Other than hor-
monal insufficiency, conipliéatioﬁs in the pitu.ifary tumorvp‘atientsv treated with helium-ion
: platea.ﬁ ré.d.iosurgery were relatively few Aand limited most frequently to those patients who
had received prior phof:on irradiation. These sequelae included mild or transient extrgocﬁlar
nerve palsies, partial vigual field defic_its and‘seizu.fes due to limited temporal iobe injury
(43,56,65]. There were very few significant complications after the initial high-dose group of
patients. After appropriate adjustments.of dose schedules based on this early experiénce,
focal temporal lobe necrosis and transient cranial nerve injury have been rare sequelae, in
the range of 1% or less, and no other permanent therapeutic sequelae lhave oécurred. A

o

very low incidence of significant adverse sequelae has also been reported in patients treated

. with Bragg-peak proton irradiation at HCL-MGH and ITEP. and with blateau—beam proton

itradiation at INPh [25,28].

/

OTHER BENIGN TUMORS

Charged-particle irradiation has been applied to the treatment of a variety of benign

intracranial tumors, including meningiomas, acoustic neuromas and craniopharyngiomas

[38]. Selection criteria, treatment parameters and long-term clinical results in most cases

have not yet been clearly defined. Mofe-detailed follow-up evaluation is available for selected
cohorts of patients with meningiomas. | |

Luchin et al [49] used proton-beam irradiation (two ’to four fractions; plateau-beam or
Bragg-peak method) to treat 52 patients With cavernous sinus men.ing‘ic.)mas. Maximum
central doses of 50 to 70 Gy were used. With mean follow-up of 40.6 months (range, 13
to I77 months), local control was obtained 1n 84% of patients; five patients with inadequate
dose-distribution in the tumor volume exhibited continued tuinof growth. |

Excellent lqca.l control has also beeﬁ reported in patients treated with conventionally
fraﬁtionated helium-ion irradiation for spheno_id ridge meningioma, where the optic nerves

and/or chiasm were considered critical dose-limiting tissues. Tumor doses ranged from 53

*

fen
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to 80 GYE (mean, 63.5 GyE) (J. R. Castro, personal communication). The local control
rate (minimum follow-up of 2 .yea.rs) in a series of 24 patients was 88%; the 3-year Kaplan-
Meier actuarial survival v&;as 87%. This series includes patients with partially unresectable
lesions or gross recurrences. While the range of follow-up extends to more than 8 years
in some patients, the oniy failures occurred within 36 months of therapy in several early
patients accepted for treatment with massive recurrent lesions. Treatment tolerance has

been excellent.

'MALIGNANT GLIOMAS

Malignant gliomas are among the human tumors that respond relatively poorly to con-
ventional mega.voltage irradiation. Treatment failures in resistant tumors can often be
attributed, at least in part, to two factors: (1) tumor-dose limitations imposed by tolerance
of adjacent normal tissues; and (2) intrinsic radioresistance of the tumor. Neon-ion irradi-
ation has been proposed as a solution tc; both problems [46,71]. Néon—ion beams have the
favorable dose-distribution characteristics of lighter charged-particle beams (see section on
“Physical Prbperties of Charged-Particle Beams”), as well as the incréased relative biologic
effectiveness (RBE) associated with high linear energy transfer (LET). ngh-LET» radia-
tions include neutrons, pions and heavier-charged particles (e.g., neon ions). The dense
ionization in tissue associated with these particles gives rise to several radiobiologic prop-
erties of potentiél value for the treatment of selected malignancies resistant to low-LET
irradiation with protons and photons [3,8,65,71]. These properties include: (1) improved
oxygén enhancement ratio, i.e., réduction of the radioresistance tjpical of hypoxic tumor
cells; (2) decreased variation in the cell-cycle-speciﬁvc radiosensitivity of tumor cells; (3)
reduced ability of irradiated cells to repair potentially lethal and sublethal damage; and (4)
diminished radioresistance attributable to cell-ciensity or cell-contact effects. The increased
RBE of high-LET radiation has been demonstrated by decreased cell survival in cultured
r'nammalia_n'ce]ls and by reduced repair of radiation damage in vitro and in pivo.

The role of neon-ion irradiation in the treatment of malignant glioma is as yet undefined,
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and outcomés have thus far not been better than obtained with conventional irradiation.
Pre].iminary studies have been limited to 16 patients treated with fractionated Bragg-peak
neon-ion irradiation at the UCB-LBL Bevatron [8,46]. Because of limited availability of the
neon-ion beam, most patients received nﬁxed—bearﬁ treatments combining neon, helium and
photon irradiation to bring total tumor doses to prescribed levels. Doses were ‘calcu.lated
as gray-equivalent (GyE), using experimentally derived RBE factors which laccounted for
fraction size, type of tissue irracii_ated, beam energy, Bragg-pez;,k width and biologic endpoint
chosen [46]. In this fénnu.lation, neon RBE values ranged from 2.0 to 3.5, and helium RBE
values fa.nged from 1.2 to 1.4. |

. Nine patients withvg].iol.alastoma (GBM) and '_séven with anaplastic astrocytoma (AA)
_received total equivalent doses ranging frorﬁ 48.0 GyE to 69.0 GyE (median, .49;3 GyE),
with neon physical doses ranging from 13.8 Gy to 25.0.G_y (median, 18.6 Gy) [46]. Foliow- .
up ranged from 3 to 77 months. Local control was obtained in énly one patient (with
GBM) who died 31 months after treafme_gt.- The énly patient surviving at the time of
analysis had developed local recurrence of AA 25 months following treatment. Two patients
treated sé»lely with neon for GBM developed fatal radiation necrosis. One had received 54.4
' GYE (assumed RBE, 2.43); the other patient died from combined local failure and brain
| ne';:rosis (48.0 GyE; assumed RBE, 2.98). Although the acute skin reaction m each cas,e‘
was consistent with these éi.s.silmed RBE values; the RBE for late brain necrosis was revised
upwé,rd to a range of 4.0 to 4.5. It remains uncertain whethef the potential benefits of

high-LET irradiation for malignant gliomas will be realized.

‘VASCULAR MALFORMA'I"IONSV AND CAROTID-CA_VERNOUS FISTULAE

More than 2,000 patients worlé:l-.wide since 1965 have been treated with cha;rged;pafticle
radiosurgery for vascular ma.lformations of the brain, primarily at UCB-LBL [16,17,18,39,
42,66,67,68), HCL-MGH (22,23,24], ITEP [58,59,61], and INPh [28,29,57]. Between 1980
and 1992, we treated 426 patients with intracranial vascular malformations using helium-

ion beams, initially at the UCB-LBL, 184-inch synchrocyclotron and subsequently at the
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UCB-LBL Eevatron. This total includes 379 patients with angiographically demonstra-
ble AVMS and 47 patients with AOVMs. The therapeutic goals of radiosurgery for {:he
treatment of AVMs are to achieve: (1) reduction or elimination of intracranial hemorrhage;
(2) stabilization or reversal of progressive neurologic dysfunction; (3) lower _frequency of
seizures; :;Lnd (4) improvement in _freciuency and intensity of headaches. In this section, we
describe the methods of patient sel_ection and evaluation, and clinical and neuroradiologic
outcome and complications in a cohort of 86 consecutive patients with angiographically
* demonstrable AVMs, who were treated between 1983 and 1988 through the collaborative
LBL-SUMC radiosurgery program [66]. The results of other programs using proton radio-
surgery for treatment of AVMs and carotid-cavernous fistulae are then discussed 'brieﬂy, as

is our experience with the helium-ion treatment of AOVMs.

Arteriovenous Malformations: Berkeley — Stanford Series

Patient Selection. In the LBL-SUMC patieﬁt series [66], there were 47 females and 39 males,

ranging in age at the time of treatment from 9 to 69 years (mean, 33 years). Many patients

presented with mox;e than one symptom; 60 had hemorrhaged, 11 had neurologic deficits v
unassociated with hemorrhage, 35 had seizures, and 40 had headaches. Sixty patients
(70%) were graded clinically (using the Drake [13] neurosurgical staie) as excellent beforé
radiosurgery, 24 (28%) as good, and two (2%) as poor. Prior to radiosurgery, 17 patients
ha& undergone partial resection of their AVMs, seven had flow-directed embolization, and
ﬁvé had both embolization and surgery.' Nearly half of these patients (44%) had AVMs
located in the brain stem, corpus callosum, thalamus or basal gangﬁa, and most of the
remainder had large ma’]fonnations in critical areas of the cerebrum — the sensory, motor,
language, or visual areas of the cortex. Using angiographic-volume criteria (the volume of
the parallelepiped enclosing the AVM target volume delineated on orthogonal stereotactic
cerebral angiograms), the preradiosurgical volumes of the malformatioﬁs were 0.33 to 288

cm?®; 25% of AVMs were larger than 25 cm®.
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Clim'cal Follow-Up and Outcome. Clinical evaluation, performed 24 to T2 months (mean,'
38 months) a.fter radiosurgery, found that 63% of panents presentmg with seizures andv
68% of pat1ents presenting with. headaches had 1mprovement of these symptoms (66]. Of 11 |
patlents_presentmg with progressive neurologic deficits unrelated to hemorrhage, there was |
improvement in 3 patients and stabilization. of neurologic stetus in 6 patients. The mech-

" anisms underlying the observed improvements in seizure acfivity and headache syndromes
and the stabilization or improvement of progressive nonhemorrhagie neurologic dysfunction
fo]iowipg radiosurgery are poorly‘ understood. These changes appeas to be associated, in
lerge measure, however, with improved regional cerebral blood ﬂow, stabilization of hemo-
dynamic imbalance and reversal of vascular steal associated with progressive thrombosis
of the malformation [16,66): Table 1 shows the distribution of clinical grades for patieﬁts

before radiosurgery and at most recent follow-up. Clinical outcome was ezcellent in 58%

and good in 36% of all patients in the series.

. Neuroradiologic Response. Cerebral a.ngiogfaphy was performed at yearly intervals to eval-
‘uate postradiosurgical changes. In general, the observed patterns of response can be sum-
marized as follows: (1) after a variable latency period, the likelihood of achieving complete
AVM obliteration mcrea,ses progressively over a’ penod of about 3 years ( 2) the probabilities
of eventual AVM obliteration and adverse treatment sequelae both increase as the radia-
tion dose i mcrea.ses; (3) the ent1re AVM must be th.romj{'Josed to aclueve an optimal clinical
outcome; and (4) favorable response is achieved more readily with smaller 1e51ons The ﬁrst
hemodynam.lc changes observed mclude a decrease in blood flow through the AVM prob-
ably due to progressive obhteratlon of the small shuntlng vessels, with a decrease in size
of the feeding arteries and.dra.inin:g veins. This stage is followed by a progressive decrease
in the AVM volume until stabilization or complete obliteration of the AVM occurs. Many
uncertainties remain regarding .optima.lvradiosurgical treatment parameters for >malforma-

tions of various sizes and locations in the brain [16,66] and the evolving role of embolization -

and/or microsurgery in combination with charged-particle radiosurgery [55,68).

-
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~ The angiographic results 2 years after radiosurgery (Table 2) indicate that complete
obliteration of the AVM occurred in 70%, partial obliteration (10 to 99% ob].it'era_tion) in
23%, and no change in 7%. By 3 years after treatment, 90% éf patients had complete AVM
obliteration, 6% had partial obliteration, and 4% had no éha.nge. The rate and extent of
obliteration appear to be threshold phenomena directly related to the AVM volume and the
radiation dose. Smaller AVMs had higher rates of obliteration than larger ones (p<0.005
after 1 and 2 years, Mann-Whitney test). AVMs smaller than 4 cm® vth.rombosed.mOre
rapidly and more completely than larger lesions (p<0.05 for the comparison with AVMs 4
cm® to 25 cm® in volume and p<0.001 for the comparison with those >25 cm?®, Cox test)
(Fig. 16). Intermediéte—sized AVMs were obliterated more rapidly and more completely
“than large AVMs (p<0.05, Cox test). .
Complet_e ob].iter;tion occurred more frequently in malformafions treated with higher
~ doses (30 to 45 GyE) (p<0.05 after 1 and 2 years, .Mann-W_hjtney test) (Table 3). AVMs
treated with intermediate doses (24 to 28 GyE) also responded well at 2 and 3 years.
Preliminary results witﬁ the lowest-dose group (11.5 to 20 GyE) were én.couraging- after
3-year follow-up, but thus far the numbef of patients in this group is too. small to permit

firm conclusions.

i

Post- Tr;eatment Hemorrhage. Ten of 86 pafients (12%) have hemorrhaged from residua_l
a.ngiographica.lly demonstrable AVMs éft;er radiosurgery, 7 patients during the first year, and
3 thereafter [66]. Hemorrhage resulted in permanent ﬁew neurologic deficits in 3 patients.
and death in 2 patienté; the other 5 patients recovered fully. AVMs in 7 of these 10 _'
patients had bled before treatment. No patientsl with angiographic evidence of complete
obliteration of the malformation hemorrhaged subsequently.’ Untﬂ complete obliteration
occurs, patients remain at risk; one patient with 95% AVM obliteration hemorrhaged 34 .

months after treatment.

Complications and Sequelae. Serious early sequelae have been negligible following radio-
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surgery [16,39,40,66]. A few patienfs with a prior history of seizures had .transiently in-
créased‘ seizﬁre activity which was réadjly controlled by ‘adjustment of anticonvulsant med-
icafions. A few patients who presented inifia.lly with severe headaches required ‘increa.sed
doses of ofal analgesics for a few days following treatment. No patients experienced nausea,
vomiting or hyperpyrexia. No deaths havé occurred from the irradiation procedure.

Severai categories of delayed radiation injury have been obseryed [39,40,54,65]. On the
basis of MRI, CT,v angiography and clinical evaluation, the treatment-a‘ssdciatedvsequelae
can be classified as white matter changes or vasculopathy and include vasogenic edema,
;occlusion of functional vasculature and radiation necrosis. The manifestations and incidence
of .c]i'n.ic.:al sequelaé depend, in part, on the région of the brain involved, the volume of normal_‘
and abnormal brain tissue affected, the radiation dose, the presence of pridr tiﬁéue injury
~ from spontaneous hemorrhage or previous interventional ~procedure)s, and the tiﬁﬁng and
nature of therapéutic measures.

_ C].inica.l.comp]ica.tions following radiosurgery were most common in patients with AVMs .
in the brain stem, thalamus or basal ganglia. About 20% of ‘patients (17 of 86) experienced
complications between 3 and 38 months after treatment (mean, 13.4 months). Seven pa-
tients had minor comﬁlications, such as vis‘ﬁa.l field -deﬁéit, d.iplépia, unilateral hearing
impairment, slight gait ataxia or mild paresis; thre.e of them recovered c§mplétely and foﬁr
partially. Ten patienfs (lé%) had major: c'ompl'iéations-., includjﬁg hemiparesis, gait ataxia,
cra.rﬁai nerve palsies, partial aphasia or hypothala.niic syndromé; two reéovered fully, seven
recovered partially, and one remained uncha.ngéd. Some patients had moré than one com;
pﬁcation. Hemiparesis was the most common major céfnplication and visual field deficit
was the most common minor complication. v

In about half of all the pétienté (33 of 65) examined after radiosurgery with MRI and
CT, deep-white-matter changes occurred betweeh 4 and 26 months after treatment (mean,
15.3 months); 20 of these patiénts were asympt§matic. In the i3 patients who were clin--

ically éymptomatic, the white-matter changes had MRI and CT patterns consistent with
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those described follow&ing radiation-induced. brain injury, viz., abnormal signals on MRI or
low attenuation on CT scans. These findings usually were associated with an appreciable
amount of cerebral edema. A biopsy of the involved white matter in one patient revealed
areas of tissue necrosis. Of 13 symptomatic.petients, changes observed on MRI and CT
resolved pa_.rtia.lly in 11 patients, and completely in two patients. Radiation-induced vascu-
lopathy occurred in three patients and was characterized by arterial stenosis or thrombosis
on cerebral angiograms and by MRI and CT changes consistent with cerebral ischemia.
Doses ranged from 25 to 45 GyE, delivered to angiographic volumes of 0.85 cm® to 40 cm?.
Complications were more prevalent with higher doses and larger volumes of treated brain
tissue (Fig. 17). Among the 20 patients who received doses above 25 GyE and whose angio-
graphic volumes of treated tissue were more than 13\. cm®, 10 experienced major or minor
complications; these represented almost 60% of all clinical cemp]ications. ’Cox.np]jc.ations
were limited to the initial 46 patient;s treated in the higher-dose phase of .the dose-searching
protocol. None of the 40 patients 1n the seifies treated with lower doses in the later phases

of the protocol experienced any complications during this last 5-year period since 1986.

Additional .Therapy. In selected patients in whom radiosurgery has not achieved complet_e
AVM obliteration within 3 years, we have carried out additional treatment with micro-
surgery, embolization, or both [55]. In three patients who underwent open surgery for
residual AVMs several yea.rs after radiosurgery, Qe found the AVMs to be markedly less
vascular and more easily resected than expected had the patient not received radiosurgery.
In another patient whose AVM was not obliterated 3 years following radiosurgical treatment,
we were able- to achieve complete thrombosis of the AVM using endovascular embolization
alone. It appears that the sma.ll-vessel component of the AVM had likely been obliterated
by the radiosurgical treatment, and that embolization-induced occlusion of the limited num-
"ber of _residuél fistulae was able to obliterate fully the remaining AVM shunts. Although
our experience with helium-ion radiosurgery prior to openv nlicresurgery and embolization

is limited, this approach may prove useful in the multistage management of some unusually
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la_u‘ge ahd complex AVMs in which complet‘e obliteration has not §ccurred by 3 years or
more. | |
Partial- Volume Radiosurgery. Certain sequelae of the treatment procedﬁe may arise from
thé hemodynantﬁc alterations of the AVM as it uﬁdergoes obliteration [40]. The creation of
high-flow shunting within the AVM may increasé the ‘probébihty of in.trac'rani'al hemorrhage
[47]. This is a potential hazard of any incomplete 'treatmerit. Undesirable shunts can be
created acutely, by.subtotal surgical excision or émbo]jzation, or subacuteiy; by limited focal
irradiation (partial-volume radiosurgery). During the initial phase of our <.:].infica1 érotocol,
a selected number of patients with large hemispheric AVMs were treatea with stereotactic
focal irradiation limited to the earliest-filling component of thg arterial i)hase, that is, the
so-call;ad nidus of the AVM, rather thén the entire angiographic arterial phase, that is, the
complete AVM core. In many cases, this approach resulted in ob].itération of the target
volume, but the pefiphery of the malforrna'tion was left intact, thereby creating én unde-
sirable shunt with attendant risks of hemorrhage. We no longer consider it acceptéble to
treat an AVM without encompassing its entire arterial phase with a homégenéous dose dis-
tribution.v Those patients whose initial radiosurgical treatment failed to meet these criteria

‘are re-evaluated and given additional treatment if residual AVM shunts persist.

Arteriovenous Malformations: Other Series

Kjellberg and associates '[22,23,24]'have used single-fraction Bragg-peak proton (160
MeV) therapy at HCL-MGH to treat more than 1,300 patients with vascular ma.lformations
of the brain (R. N. Kjellberg, personal communication). VIrrad.iation generally is deh"vered.
with‘par-a]lel opposed treatment ﬁelds.v Doses (typically, 10 to 50 Gy) are s'elected.according
to dja.rheter of the AVM, using a nofnogram bésed’ on lesion size and coinplicati_on rate in é
 large number of tréated patients [24]. Findings of follow-up evaluation in 1,000 patients with
AVMs, 2 to 24 years after treatment With proton-beam therapy, have been reported [23].

In 104 patients, the clinical outcome was unrelated to hemorrhage or proton-beam therapy.



Charged-Particle Irradiation / RP Levy et al 28

Of the renia.ining 896 patients, 818 (91.3%) were the same or imprbved as compa.fed to their
- neurologic status at the time of treatment; 27 (3%) had moderate deficits from hemorrhage
or proton-beam therapy but functioned indeéendently at pretreatment levels; seven (0.8%)
had severe deficits and were dependent to varying degrees; two (0.2%) were vegetative; »
39 (4.4%) were dead (37 from hemorrhage and two from treatment. cémp].ications); three
(0.3%) were lost to follow-up after surviving hemoﬁhage [23]. Analysis by actuarial life-
table methods showed 98.4% 24-year suririval for patients with AVMs <3 cmin djazﬁeter and -
93% 24-year survival for all patients [23]; these data were contrasted to a 24-year survival:
of 77% repérted for an untreated historiéal control gr§up. Of the 37 patients who died from
hemorrhage, 22 died within the first 2 years after treatment; .33 lethal hemorrhages occurred
in patients with AVMs >3 cm in d.iameter; An additional 101 patients sﬁrvi\{ed hemorrhage, ‘
including the three above-mentioned patiehts who were lost to follow-up. Complications
of treatment occurred in 17 patients (6 months to 6.5 years afterl treatment), but only
seven were in the last 925 patients fo]iowing downward adjustments in treatment doses. In
general, treatment dosés used in this patient series were sign.iﬁca.ﬁtly lower than those used _
in the LBL-SUMC series described abovg. | |

Minakova and colleagues [58,59,61] have usved Bragg peak proton radiosurgery at ITEP
in 66 patients with AVMs (Ye. I. Minakova, personal communication). The Bragg peak
is spread to a width of 15 to 25 mm as requvired'; seven or eight beam ports are used.
Single-fraction maximum doses of 30 to 50 Gy are used, depending on the size and location
of the AVM; the periphery of the lesion is treated to the 50% isodose. Of 28 patients
f_'o]lowed—up angiographically for 2 years after treatment, 71% demonstrated total or partial
obliteration. Two patients sustained hemorrhage within the first year after treatment. Two
patients experienced néurologic sequelae with corresponding CT ﬁndjhgs of edema, the
onset occurring in éne patient at 22 months, and in the other, lé months after radiosﬁrgery
(dose, 50 Gy; beam diameter, 20 mm). Both patients responded vwell to brief courses of

high-dose steroids.
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| Konnov and co-workers [28,57) have used plateau-beam proton radiosurgery at LINPh
to treat 187 patients with AVMS a.nd 6 pafients with arterial anemygms (B. A. konnov,
personal cdnunurﬁcation). Of the first 148 AVM patients treated, embolization and partial
surgical excisioﬁ were ‘perfofmed in 18 patients and 16 patients, respectivély. Using isocen-
trically directed converging irradiation arcs, maximal doses of 40 to 80 Gy were delivered
to diameters of 5 to 10 mm; the irradiated-field size was defined by the exteﬁt of the 50% -
isodose contour [28].. Larger AVMs were treated with two isocenters. Five patients died
from recurrent hemoﬁhage during the first year. Angiographic follow-up 1 to 8 years after
treatment was obtained in 109 patients. Complete AVM obhteration waé achieved in 23 |
-+ of 36 pafients (64%) with angiographically ‘determi.ned AVM volumes <2.0 cm?®, in 'f'of 20

v f)atients (35%) with 2.1- to 4.0-c® AVMs, in 3 of.10 (30%) with 4.1- to 6.0-cm® AVMs,.and
in 1 of 43 (2%) with AVMs >6.0 cm?® [57]. Nearly all case's of comblete AVM obliteration
occurred within the first 3 yea:ls. after treatment. AVM. obliteration and volume decrease '
“were positively correlated with both average absorbed dose and dose to the margin of the

treatment volume [57).

Carotid-Cavernous Fistulae

Ste;'eotactic ra&iosﬁrgefy withvplateavu-bea.m proton ﬁradiation has been used by Mi-
nakova‘va.nd colleagues [29,58,59,61] to treat 24 patients With cérotid-cévemous ﬁsfulae
(Ye. I. Minakova, personal communication). Patients were treated with 40 to 60 Gy in

“one or two fractions, using 10- to 12-mm beams. Thus far, all patients have had regressibn
of ocular symptoms and headaches, usually between 4 and 8 months after treatment. In four
of eight patients examined, complete ob].iterafion of the fistulae was obsgrved on follow-up
angiograms; three other patients héd partial fistulae obliteration. No patieht experienced

adverse sequelae.

‘Angiographically Occult Vascular Malformations



Charged-Particle Irradiation / RP Levy et al 30

Stereotactic radiosurgery of AOVMs presents complex problems in diagh_osis, patienf
selection criteria, treatment- planning, choice of dose, and criteria for clinical and neurora-
diologic follow-up evaluation [39,42,67]. Since 1983 we Have treated 47 patients with symp-
tomatic AOVMs with stereotactic hea;vy;charged-particle Bragg peak radiosurgery (dose _
range, 8 to 45 GyE), using the helium-ion beams at the UCB-LBL 184-inch synchrocy-
clotron and Bevatron. There were 25 males and 22 females, ranging in age at the time of
‘treatment from 13 to 64 years. Twenty-eight AOVMs (60%) were located in the brain stem,
15 (32%) in the thalamus, internal capsule or basal ganglia, three (6%).in the motor or lan-
guage cortex, and one (2%) in the cerebellopontine angle. AOVMs measured between 0.1
cm® and 15.2 ?:ms. Twenty-two patients (47%) were in ezcellent grade prior to treatment,
20 (43%) in good grade, and five (10%) in poor grade. There was clinical and radiologic
evidence of hemorrhage in all_patients; most. had hemorrhaged repeatedly.

Clinical follow-up gr.ade was ezcellent in 47% of patients, good in 34%, and poor in
9%; five patients (10%) died. Thirty-seven patients. in ezcellent or good condition l:;rior
to treatment remained stable‘or improved neurologically. Two patients initially in poor
céndition, who hﬁd previously received conventional large-field fadjotherapy (approximately
50 Gy) and chemotherapy for presumed brain stem glioma, died of disease progression 9 and
14 months after radiosurgicali treatment; a third pa.tient.with a large hypothalamic AOVM
who was initially in good condition deteriorated from recurrent hemorrhage 26 months after
treatment a;id died 4 months later. These three patients had been'tréa;ted with radiosurgical
doses <10 GyE. A fourth patient initially in poor condition deteriorated markedly as a result
of hemofrhage 13 months following treatment, and died with severe brain stem dysfunction
3 years later; sh'evhad been treated with a dose of 20 GyE. Another patient in poor condition
prior to radiosurgery. died 7' years after treatment (dose, 25 GyE) from recurrent hemorrhage.

Eight other patients had transient or permanent neurologic deterioration due to recur- '

rent AOVM hemorrhage 2 months to 5 years after treatment (five within 13 monfhs). Five

of these patients recovered fully to their previous condition, including three following mi-
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c_rosurgica.l resection of thexr AOVMs 20 months,‘ 3 years and 5 yéars, respectively, after ra- |
diosurgery; histologic examiﬁation. conﬁrmed that these AOVMs were partially thrombosed
[67]. The other three patients had permanent neurologic worsening following hemorrhage.

| Seven of 47 patiéﬁts (15%) with AOVMs had possible or probable tréatment-as;sociated :
séquelae 3to 12 mont_hs after helium-ion radiosurgéry; six of these patients had findings 6f
enhanced signal on T2-weighted MRI. Two patients recovered fully without su.rgica;l treat-
ment, three .recow/;ered to their baseline neu.fologic sfatus following nﬁc;osurgical résection
of their AOVMs, and two patients had perfnanent wor_serﬁng. Un;ietected recurrent hemor-
" rhage or sponfaneous thrombosis of adja?ent vessels may have also contributéd to neu;*olog‘i'c
deterioration in some of these patiéﬁts. | |

Most patients demonstrated little change on sequential MRI scans over timé, other than

what could be explained by partial reso.rp'tio'n or evolution of pre-existing hemorrhége [42].
No AOVM had associated radiologic ﬁ.ndings. compérable to those seen following radio-
surgery for angiographica]ly. demonstrable AVMs, i.e., MRI findings typically _aséoéiated
with obliteration of abn;)rm'a.l vagcular stmctux;és were not seen [39]. Follow-up CT scan-
ning has been of limited valﬁe, other than for diagnosing acute recurrent hemorrhage where
clinically suspected [42] - |

. \The clinical results following helium-ion radiosuigery for AOVMs are not as favoréble _
as the result‘_s' for high-ﬁow AVMs [16,42,67). >Considera.ble clinical research is required to
deﬁ.né more precisély the selection criteria for stéreotactic rad.iosurgeiy 1n patients with
AOVMs. The optimal treatment dose and radiosurgical target volume must be determined
for the. treatment of AOVMs in various locations withih the brain. Neu.rorad.iblogié imaging
methods-are presently not able to demonstrate the vascular structures in most AOVMs
or obliterative changes in res_ponsé to radiosurgery. We have concluded that microsurgical
| resectic;n shouid be the priipary treatmént for suréicaﬂy accessible, symptomatic AOVMs.
The potential value of ‘helium-ion radiosurgery for surgically inaccessible AOVMs remains

uncertain.
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JUXTASPINAL TUMORS

'The management of juxtaspinal and base-of-skull tumors (e.g., chordomas and chon-
drosarcomas) is a complex problem in neurosurgery and radiation oncology [2,7]. .Complete
surgical resection is uncommon, and most patients require post-operative irradiation. The
proximity of these tumors to the spinal cord or brain stem, however, limits the radiati‘on
dose that can be delivered safely to the tumor with conventional radiotherapy techniques.
Charged-particle radiotherapy delivered with conventional fractionation (60 to 75 GyE tu-
mor dose, approximately 2 GyE per fraction) has been used with excellent results.

From 1978 through 1991, 85 patients with chordoma or chondrosarcoma of the cra-
nial base or cervical spine were treated at LBL with helium-ion irradiation, most following
subtotal surgical resection [2,6]. A minority of patients had received the first part of.their
radjation treatment with photons and were referrect for helium-ion “boost;’ treatment; an-
other group of pat‘ients was referred because of recurrent disease. Total helium-ion doses
ranged from 36 to 80 GYE (mean, 67 GyE). Local control was obtained in 59 of 85 patients
(70%) with a follow-up period ranging from 2 to 163 months (median, 34 months). The
projected 5-year Kaplan-Meier actuarial su.rvivé.l was 67%; the actlrarial survival and local
- control for these pat1ents at 3 years were 70% and 68%, respectively. Patlents treated for

primary disease had a 78% actuarial local control rate at 2 years, whereas the rate for
patients with recurrent disease was 33% [2]. Those patients with smaller tumor volumes
(< 20 cm®) had a 51gmﬁca.ntly better local control rate than patients with larger tumor
volumes (80% vs 33% actuarial rate at 5 years), as did patient_s whose radiation treatment
was solely with charged particles. Local control was better for chondrosarcoma than for
chordoma, and in the skull base than in the cervical spine. Serious complications iricluded
three pé.tients with unilateral vision loss, two whq became blind, and four with radia'tidrl
- injury to the brain stem.
Fractionated proton therapy has also proven successful for treatment of 'chordoma and

chondrosarcoma of the base of skull; 5-year actuarial local control rates of about 80% have
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been réported [1,69]. By contrast, the local recurrence rate for these tumors following

conventional photon irradiation is 64% [69].

OCULAR MELANOMAS

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

melanoma using Bragg-peak irradiation with protons or helium ions (50 to 80 Gy) typically
delivered in five fractions over 7 to 12 days [9,12,20,78]. In these clinical series, local control
exceeding 95% has been achieved in selected patienf groups, but distant mefastases occurred

in about 20% of patients. A large proportion of patients have maintained useful vision in

the treated eye; however, enucleation due to complications has been required in 7% to 12%

of patients.

©3

SUMMARY
'Charged-pai'ticle beams manifest unique physical. properties which offer advantages for
neurosurgery and, radiation oncoiogy. Thése-properties include a finite range in tissue, a
Bragg ionization peak and very shax"pv lateral edges. Charged—pax;tiéle irradiation can be
applied effectively using either th.e'Bragg-peak method, where the charged particles stop
within the ta.fget volume, or the plateau-beam method, where the charged 1;artic1es pass
completely through the patient’s head. In eithér case, the target volume must be defined

‘and located precisely within a reproducible three-dimensional frame of reference, the phys-

" jcal properties of the materials to be traversed by the beam must be determined accurately,

and the patient must be positioned exactly with respect to the beam. Treatment plan-

{

ning consists of sequential stereotactic néﬁrorad.iologic imaging studies, computer-assisted -

correlations among the different types of imaging .in.formation and calculations of dose dis-
tribution. | |

‘Since 1954, more tha.ﬁ 7,000 pafients World-wide have been treated with charged-particle
ixfra.diation for various intracranial and juxtaspinal lesions.” Most patients have been treated

with single-dose irradiation or with a few large-dose fractions, but several hundred ‘patients

)
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have been treated using conventional fractionation schedules. Therapeutic efficacy has
been clearly demonstrated for the treai;ment of selected sites,b e.g., pituitary adenomas,
AVMs, juxtaspinal tumors and ocular melanomas. Optimal trea’cnient p'a.rameters‘ (dose,
fractionation and choice of charged-particle species) have yet to be determined for lesions
of varying h.iétology, size and location. Improved three-dimensional treatment planning and
beam delivery can be expected to improve cure rates and minimize adverse sequelae of

treatment, especially for large or irregularly shaped lesions.
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Figure Legends

Figure 1. Relative dose in water as a function of depth is shown for 8-MeV photons
(dotted line), an unmodulated helium-ion (165 MeV/u) beam (solid line) and a helium-ion
beam with a spread-out Bf‘agg peak (SOBP) modulated to 2-cm width (dashed line) by
interposing variable-thickness absorbers in the beam path. The unmodulated vBragg peak
produces a narrow beam with high energy deposition at the end of the range, suitable for
producing small intracranial lesions. For most radiosﬁrgical applications, it is ﬁecessary to-
spread-out the width of the Bragg péak to ensure optimum dose distribution throughout

the lesion. (From RP Levy [38].)

[XBL 901-331A]

Fig. 2. The Bragg ionization curve and its transverse profile for the 165-MeV /u helium-
ion beam at the UCB-LBL Bevatron. Left, the Bragg-peék-to-ialateau dose ratio is approx-
imately th.ree,. and the relative. biologic effectiveness in fhe peak is estimated to be about _
1.3; thus, the biologic effect in the peak is about four times that in the plé,teau region.
Dose fall-off from 90% to 10% occurs within 2 to 3 mm distal to the Bragg peak. Right,
the transverse ﬁroﬁle of the Bragg peak demonstrates sharp edges; the lateral dose fall-off
from 90% to 10% occurs witlﬁn 2.5 mm. This profile was measured 1 cm proximal to the
distal edge of a beam with a 7-cm residual range and with tile Bragg i)ea.k spread 2 cm.
Distal and lateral dose fall-off are negligibly affected by spreading the Bragg peak. (From
JI Fabrikant [16].)

[XBL 9012-3874]

Fig. 3. Charged-particle beams can be readily contoured by metal apertures shaped
to conform to the cross-sectional size and bshape of the targét volume in any projéction.
Upp‘er, a lateral pré jection view of a stereotactic cerebral angiogram (left internal carotid’
artery injection) demonstrates a large AVM occupying the genu and body of the corpus

callosum. The composite radiosurgical target, selected after evaluation of the multivessel
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cerebral angiogram study, has been outlined (see arrowheads). Lower, an individually

tailored' brass and cerrobend (a low-melting-temperature dense alloy) aperture has been

fabricated from computer-defined contours derived from the cerebral angiogram to conform =

to the radiosurgical target. The apérture is inserted into the beam line for appropriate

+

shaping of the lateral beams during radiosurgery (cf Fig. 5). (From RP Levy [38].)
[XBB 901-795A] S | |

Fig. 4. Schematic dJagram of charged-particle- beam dehvery system at UCB LBL for.

stereotactic radjosu.rgery of mtracramal tumors and vascular disorders. The stereotactic
patient-positioning system (ISAH) a.]lows translation along three orthogonal axes (z,y,2)
and rotation about the y and z axes, thereby f)roviding precise patient immobilization and
'pos_itioning'for stereotactically directed charged-particle-beam thérapy. The width of the
high-dose Br_agg ionization peak within thé brain can be spre'adkto the prescribed size by
int'erposing a modulating filter of éomparable maximum thickness (z cm) in the beam path;
séhematica.lly éhowh h(-;re as a variable-thickness propeller. The range in tissue of the Bragg-
peak region is determined by érange-modjfying absorber. At.the Bevatron acc’elefator, the

range and modulation of the Bragg peak are controlled by use of a variable-position water-

column absorber. An ind.ividué.]ly designed aperture, specifically tailored to the size and

- configuration of the intracranial lesion, shapes the beam in cross-section. Tissue-equivalent
compensators further improve the precision pl_é.cement of the h.igh-dose Bragg-peak region
by adjusting for irregular Vt'a.rget contours, skull curvature and tissue iﬁhomogenéities. Ion

._ chambers rﬁon.itor the dose.deﬁvered in each beam. (From RP Levy [39].)

[XBL 8810-7674]

Fig. 5. Stereotactic frame and patient mask system (cf Fig. 4). The head-immobilization
mask is formed of thermoplastic material, and it is molded ind.i_vi_duélly for each patient’s
head. Letters denote components of the stereotactic frame: (A) Top cross member. (B)

Yoke. (C) Graphite support bar with fiducial marker. An identical bar is present on the
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other side of the frame. (D) Sideplates with fiducial markers. The clear lucite sideplates
have two gfooves machined at right angles. Fine cépper wires cemented into the grooves are
imaged on lateral radiographs and serve as markers for angiograms a.nd CT. For MRI, fine
‘tubes filled with olive oil are substituted into the grooves. (E) Arch with ﬁducial«markers.
The arch supports two copper wire markers {(or oil-tube markers for MRI) that are imaged
on anteroposterior radiographs. (F) Positioning pins. (From JT Lyman [53].)-

[CBB 877-5479A “with overlay”]

Fig. 6. Stereotactic helium-ion Bragg-peak radiosurgery treatment plan for v‘a
29-year-old woman with a symptomatic angiographically occult vascular malformation in
the pons. Left (upper and lower), diagnostic stereotactic MRI scans in the axial and
sagittal planes are used to deﬁné the target volume (ring of white dots) for stereotactic
radiosurgery. Middle (uppér énd lower), the targét contour data are then transferred ‘
to corresponding stereotactic CT images for treatment planning and calculationv of isodose
contours for display. Right (upper and Iowef), the isodose-contour information is then
transferred back to the original MRI scans to permit the explicit demonstration (and mod-
ification, where required) of isodose-contour distributions in all desired anatomic planes.
Isodose contours displayed here in the axial and sagittal planes are calculated for 10, 50, 70
and 90% of the maximum central dose. (From JI Fa;brikant (16].)

[XBB 898-7352]

Fig. 7. Computer-reformatted overlay of digitized angiographic ﬁ]m; for treatment-
planning procedures, used to transfer the three-dimensional Atav.rget volume for dose local-
ization and to align the patient for the radiosurgical procedure. The overlay maps target
céntours, midplane bony landxnarks, fiducial markers from the jstereotactié frame and the
isocenter of the patient 'positioner (denoted by the cross): Upper, lateral and anteropos-
terior views demonstrate the relative orientation of these elements when the stereotactic

frame center is located at the isocenter of ISAH (upper left). Lower, corresponding views
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demonstrate the relative orientation when the patient has been moved so as to place the

center of the lesion at the isocenter of the immobilization system (“treatment position”).

The two concentric ta.rget contours reflect the a.nglograpluca]ly derived target contour mag- :

nified to match the localization radjograph (outer contour) and the actual size of the AVM

j(mner contour), respectl_vely. (From MH Phillips [64].)
[XBL 888-2832)

FAig.v 8. Stereotaetic helium-ion Bragg-peak radiosurgery treatment plan for a 12-year-
old girl with an AVM of the brain stem (inner ring of white dots). Isodose contours have
" been celeulated at 10, 50, 80 and lOQ% of the max.lmum dose in the axial (left) and coronal
(right) planes. The 100% contou;"‘ conforms precis'ely to the periphery of the lesion. There
is a very rapid fall-off in dose outside the AVM target volume. Since four noncoplanar beams

are used, very little normal brain tissue receives even as much as 10% of the dose to the

AVM and most of the brain receives no radiation at all. There is virtually complete sparing -

and protectlon of midbrain and pontine structures. The helium-ion beam was collimated
by an elliptical brass aperture measuring 8.5 x 11.5 mm,; treatment was pe;formed using
four ports in 1 day, to a volume of 0.3 ¢m® (dose, 25 GyE). (From RP Levy [39].)

[XBB 885-5361A]

Fig. 9. Stereotactic helium-ion Bragg-peak radiosurgery treatmenf plan for a large (54
m?) left tenlporal a.nd deep central nuclei AVM in av39-yeer-old men. Left, axial plane;
right, sagittal plaxle‘. The helium-ion beem was collimated by 61 x 50 mm and 55 x 42 mm
individually shaped brass and cerrobend apertures; 27 GyE was delivered in 3 days to the
lesion (defined by the ring of wlﬁte .dots) using four noncoplanar beams. Isodose contours

have been calculated for 10, 30, 50, 70, 90 and 99% of the maximum dose. The 90% isodose

contour borders precisely on the periphefjr of the lesion. There is rapid dose fall-off to the

70% level, and the 10% isodose contour completely spares irradiation of the contralateral

.hem.ispher'e. (From JI Fabrikant [16].)

et
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[XBB 878-6973A]

- Fig. 10. Stereotactic positioning table and head holder for plateau-beam .helium-ion
pituitary-irradiation system -developed at the UCB-LBL ‘184-inch synchrocyclotron. The
mask is a rigid transparent polystyrene unit which is tailored for each patient. During
.irrad.iation, the patient is positiéned sequentia]ly at 12 discretge angles, covering a 66° arc
around the vertical (y) axis; at each position, the patient’s head is tu.rned in pendulum

motion through a 70° arc a.rou.nd the horizontal (z) axis. (From RP Levy [38]. )

[JHL 2897-C “with overlay”]

Fig. 11. Three-dimensional isodosevcontours for one octant of the radiation field used to
treat pituitary adenomas at the UCB-LBL 184-inch synchrocyqlotron’. Stereotactic irradi-
ation is performed with the plateau-ionization portion of the 230 MeV / u helium-ion beam.
The dose fall-off from 90% to 10% occurs in less than 4 mm in the frontal plane. The
technique produces very favorable dose distributions for the treatment of small intracranial
lesions. (From JH Lawrence [30].).

[MU-14976]

Fig. 12. Autopéy specimen of the pituitary gland of a p;tient with metagtatic breast

carcinoma 14 years after stereotactic helium-ion radiosurgery performed for hormonal sup-

| pression. The cent;ral coagulaﬁive necrosis and the sharply defined peripheral rim of func-
tioning pituitary gland are seen. (From JI Fabrikant {15].) | |

[CBB 762-1381]

Fig. 13. Median plasma human growth hormone (hGH) levels in 234 patients with
aféromegaly treéted with stereotactic plateau-beam helium-ion radiosurgery. The numbers
of patients used to calculate the median plasma levels before radiosurgery and for each
time interval thereafter are shown at the top of the graph. Fourteen patients did not

have pretreatment hGH meaéurementé, but their hGH levels measured 4 to 18 years after .



Charged-Particle Irradiation / RP Levy et al - 51

radiosurgery were comparable with those of the other 220 patients. The 20 patients in
the series who subsequently underwent pituitary surgery or additional pituitary irradiation

were included until the time of the second procedure. (From JH Lawrence [30].)

[XBL 829-4115)

Fig. 14. Pre- and post-treatment levels (mean + SEM) of urinary fluorogenic corti-
costeroids (upper) and pla.;ma -cortisol,(lower) are shown for Cushing’s disease patients
treated with heliﬁm-ion radio"surgery: Normal levels ’of plasma and urinaiy cortisols were
achieved 1 year after treatment and these levels were majnta.ined'for at least 10 years follow-

up. The number of patients studied at each time is shown in parentheses. (From JA Linfoot
43).)

[XBL 915-1090)

Fig. 15. Fasting plasn:ia prolactin levels are showh before treatment and 1 year .folio'w‘-
ing helium-ion radiosu.fgery for females (left) and males> (right) with prolactin-secreting tu-
mors. A Iﬁarked decrease in prolactin, usually to normal levéls (dashed line), was ob';erved
in many piatients at 1 year (*) post-tréatment. Percent change is shown in parentheses.
(From JA Linfoot [43].) -

[XBL 915-1093]

Fig. 16. Kaplan-Meier cumulative plots. illustrate‘ the temporal pattern .of complete
AVM obliteration as a funct"ion of AVM size prior to helium-ion radiosurgery in 71 patients
~ with angiographic follow-up.. Soﬁd line, pretreatment ahgiographic volumes <4 cmi® (23
patients); dashe.d line, volumes 4 cm? to 25vc_r'n3‘ (28 patients); dotted line, volumes >25
cm® (20 patiénts). Vertical lines represent patients with residual AVM. Smaller lesions

obliterate most frequently and with the shortest latency intervals. (From GK Steiﬁberg

(681,)

Fig. 17. The frequency of clinical complications (major and minor) following helium-ion
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radiosurgery in relation to treatment dose and volume of treated AVM in 86 patients. The
maximum doses (ordinate) and treatment volumes (abscissa) are given; the 90% isodose |
surface was contoured to the periphery of the target volume. Open circles, patients with

complications; solid circles, patients with no complications. (Adapted from GK Steinberg

-[66].)

[XBL 926-1278]
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Overall Outcome n (%) ' n (%)
Grade@ .

Excellent 60 (700 50 (58) -
. Good 24 (28 . 31 (36)
Poor * 2 () 2 (2)

Dead ) 3 (3)

Adapted with permission from GK Steinberg et al [66).

2 Drake [13] neurosurgical scale.
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Table 2. Number of patients with ahgiographically detectable obliteration of their lesions after
stereotactic radiosurgery, according to volume of AVM before treatment
Volume (cm3)@ Degree of obliteration
complete partialP nochange fotal

| n__ (%) n (A n (& __n
After 1 year (11-13 months) ;
<4 9 (53) 7 41 1 (6) 17
4-25 7 (29) 12 (50) 5 (21) 24
>25 . : 1 (6) 15 (83) 2 (1) 18
All 17 (29) 34 (58) 8 (13) 59
After 2 years (24-27 months)
<4 17 (94) 1 (6) 0 18
4-25 15 (75) 3 (15) 2 (10) 20
>25 : 8 (42) 9 (47) 2 (11) 19
All 40 (70) 13 (23) 4 (7) 57

r>4 rs (>36 month . ’
<4 18~ (100) 0 0 o 18
4-25 19 (95) 0 . 1 (5) 20
>25 _ 11 (73) 3 (20) 1 - A7) 15
All v 48 (90) 3 (6) 2 (4) 53

Adapted with permission from GK Steinberg et al [66].

a 4 cmS3 volume equals approximately 2.0-cm diameter sphere; 25 cmS volume equals

approximately 3.7-cm diameter sphere.

b Denotes a 10-99% reduction in volume as detected angiographically.
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Table 3. Number of patients with angiographically detectable obliteration of their lesions after
stereotactic radiosurgery, according to treatment dose
-Dose, GyE2 Degree of obliteration .
| _.complete partial® nochange  fofal
n (%) n (%) n (%) n
11.5-20 3 (17) 10 (56) 5 (27) - 18
24-28 5 (20) 18 (72) 2 (8) 25
30-45_ 9 (56) 6 (38) 1 (6) 16
4-2 nth '
11.5-20 . 6 (50) 4 (33) 2 (17 12
24-28 , . 18 (67) 8 (29) 1 4 27
- 30-45 - - 16 (89) 1 (6) 1 (6) 18
After > s (> 36 month : '
11.5-20 8 (100) 0 0. 8
24-28 20 87) 2 (9) 1 4 28
(95) 0 1 (5) 21

- Adapted with permission from GK Steinberg et al [66).

@ 1 GyE equals physical dose in Gy (100 rads) multiplied by a relative biologic effectiveness
of 1.3 for the Bragg ionization peak of helium ions. ,

b penotes a 10-99% reduction in volume as detected angiographically.
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