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Abstract

Since 1954, 840 patients have been treated at Lawrence Berkeley Laboratory with stereo-
tactic charged-particle radiosurgery of the pituitary gland. The initial 30 patients were
treated with proton beams; the subsequent 810 patients were treated with helium-ion beams.
In the great majority of the 475 patients treated for pituitary tumors, marked and sustained
biochemical and clinical improvement was observed. Variable degrees of hypopituitarism
developed in about one-third of patients treated solely with radiosurgery. In the earlier
years of the program, 365 patients underwent radiosurgery to treat selected systemic dis-
eases by inducing hypopituitarism. Focal temporal lobe necrosis and cranial nerve injury

occurred in about 1% of patients who were treated with doses less than 230 Gy.

Key Words: heavy-charged particles, pituitary adenomas, pituitary irradiation, stereo-

tactic radiosurgery
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Introduction

In 1946, Wilson [1] proposed the therapeutic use of charged-particle beams, based on
their un.iqﬁe physical characteristics. After completion of the 184-inch Synchrocyclotron at
the University of California at Berkeley - Lawrence Berkeley Laboratory (UCB-LBL) in 194?
[2], Tobias et al [3,4,5] began the study of the biologic effects of narrow beamts of protons,
deuterons and helium ions, with emphasis on reaction to radiation injury in the brain. The |
first clinical trials using charged particles were begun in 1954 by Lawrence, Tobias and
their colleagues [6,7,8,9] for the pituitary-hormone suppression treatment of patients with
metastatic breast carcinoma. Since then, stereotactically directed focal charged-particle
pituitary radiosurgery has been used at UCB-LBL to treat 840 patients (Table 1). The
initial 30 patients were treated with plateau prot;)n beams; thereafter, almost all patients
were treated with plateau helium-ion irradiation, although selected patients with larger
tumor volumes and more recent patients received Bragg peak helium-ion radiosurgery.

In the earlier years of the program, patients with various disorders underwent treatment
to effect hormonal suppression of disease by induction of hypopituitarism; this included 183
patients with metastatic breast carcinoma and 169 patients with diabetic retinopathy, as
well as selected patients with prostatic carcinoma and other adenohypophyseal hormone-
responsive malignancies (Table 1) [6,7,8,9,10,11,12]. In 1958, the charged-particle radio-
surgery program was expanded to include patients with endocrine and metabolic disorders
of the pituitary gland, i.e., acromegaly, Cushing’s disease, Nelson’s syndrome, prolactin-
secreting adenpmas‘ and chromophobe adenomas (8,11,13,14,15,16]. -In the 441 patients
with hormone-secreting tumors, the therapeutic goal has been to destroy or inhibit the
growth of the pituitary tumor and control hormonal hypersecretion, while preserving a
functional rim of tissue with normal hormone-secreting capacity, .and minimizing neurologic
injury (11,13,15]; an additional 34 patients with nonsecreting chromophobe adenomas were

treated to alleviate sequelaé of an expanding mass lesion (Table 1).

Methods

Physical Properties of Charged-Particle Beams




Charged-particle beams manifest 'several physical properties that can be exploited to
place a high dose of radiation within a deeply-located intracranial target volume t;or stereo-
tactic radiosurgery (Figure 1) [11,17]. These include: (1) an initial plateau region of uniform
and relatively lower dose as the beam penetrates through matter, followed by a region of
higher dose (the Bragg ionization peak), at tl;e end of the range of the beam, which can be
adjusted to conform to the length of the target, so that the entrance dose can be kept to
a minimum; (2) a well-defined range that increases with the energy of the beam and can
be modulated so that the beam stops at the distal edge of the target, resulting in little or
no exit dose beyond the Bragg peak; and (3) very sharp lateral edges that can readily be
made to conform to the projected cross-sectional contour of the target, so that little or no

dose is absorbed by adjacent normal tissues.

Radiosurgery

* Plateau Region: When charged-particle beams of sufficiently high energy, and hence

greater depth of penetration, are available, radiosurgery can be performed with the plateau
portions of the narrow beams, using several intersecting arcs. In this technique, the plateau
ionization regions of the charged-particle beams pass through the entire brain and the Bragg
peak regions occur distal to the patient {18]. The isodose contours attained with the plateau
irradiation technique are quite sharply delineated (Figure 2), and usually approximate the
dose distributions attained with the Bragg peak technique (see below); differences are minor
for small target volumes (e.g., pituitary gland). With this technique, consideration of the
tissue inhomogeneity normally encountered in the head is not important, but accurate
stereotactic localization of the intracranial target volume and precise isocentric technique
are essential. Stereotactic plateau-beam radiosurgery has been employed at UCB-LBL for
irradiation of the pituitary gland since 1954 [11,18].

A beam delivery system was developed at the UCB-LBL 184-inch Synchrocyclotron us-
ing 230 MeV/amu helium ions in the plateau ionization region. Patient immobilization
was effected by an integrated system, consisting of an individually fabricated thermoplas-

tic mask, stereotactic frame and an isocentric stereotactic apparatus (ISAH) (Figure 3).

"
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Dose-localization was assured within a precision of 0.1 to 0.3 mm [19]; continuous and

-discontinuous rotation about the isocenter was achieved in two of three orthogonal planes

(Figure 3). The optimal treatment procedure ensured that the optic chiésm, hypothalamus,
and outer portions of the sphenoid sinus received less than 10% of the central-axis pituitary

dose (Figure 2) [18]. Until the introduction of high-resolution CT and MRI scanning, it

~ was necessary to use pneumoencephalography and polytomography to define the precise

location of the pituitary gland, optic chiasm, nerves and tracts, and the adnexae of the
cavernous and sphenoid sinuses.

Treatment was delivered 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 subsequéntly. The dose to adjacent
cranial nerves and temporal lobes was conside're.d to be a limiting factor rather than dose
to the pituitary glax;d; the medial aspect of the temporal lobe received 36 Gy during longér
courses of therapy, and 30 Gy to the same region duriné shorter courses of treatment. As
the dose fell off rapidly from the central axis, the dose to the periphery of larger pituitary
targets (e.g., acromegalic tumors) was considerably less than the pe;ipheral dose to smaller

targets (e.g., Cushing’s disease).

Bragg Peak: Each charged-particle beam can be directed stereotactically to place uniquely
shaped three-dimensional high-dose regions precisely within the brain by adjusting the
range, by spreading the Bragg peak, by introducing tissue-equivalent compensators, and by
using an appropriately-shaped aperture [11,17]. Several entry angles are chosen so that the
high-dose regions of the individual beams intersect within the target volume. This tech-
nique provides considerable flexibility of choice of beam direction for multiport stereotactic
treatment planning for three-djmeﬁsional conformal therapy, with a much lower dose to
immediately adjacent and intervening normal brain tissues, and complete protection of the
largest proportion of the normal brain tissues. For helium, the relative biologic effectiveness
(RBE) in the Bragg ionization peak is assumed to be approximately 1.3, based on in vitro
and in vivo studies [20).

For Bragg peak pituitary irradiation, the plateau-beam delivery system described above



has been modified using 165 MeV /amu helium-ion beams at the LBL Bevatron. The tumor
and its relationships to adjacent neural structures are defined on stereotactic MRI scans,
and the radiosurgical target is delineated [11]. The radiosurgical treatment plan is designed
to place higher dose in the tumor mass lying within the sella and lower dose in any tumor

mass extending into extrasellar tissues.
Results

Hormone-Dependent Metastatic Carcinoma

Between 1954-1972, stereotactically directed proton (initial 26 patients) or helium-ion
beams (157 cases) were used at LBL for pituitary ablation in 183 patients with metastatic
breast carcinoma. Patients received 180 to 270 Gy stereotactic plateau helium-ion beam
irradiation to the pituitary gland to control the malignant spread of carcinoma by effecting
hormonal suppression through induction of hypopituitarism [6]. Treatment resulted in
a 95% decrease in pituitary cellularity with connective tissue replacement within a few
months. At lower doses, the magnitude of cellular loss was dependent on the dose to the
periphery of the gland [18]. Many patients experienced long-term remissions. Eight cases
of focal radiation necrosis (including asymptomatic necrosis found at autopsy) limited to
the adjacent portion of the temporal lobe occurred, all from an earlier group of patients
entered in a dose-searching protocol who had received higher doses to suppress pituitary
function as rapidly as possible; clinical manifestations, including temporal lobe injury and

transient extraocular palsies, occurred in only four of these patients [21].

Diabetic Retinopathy

Between 1958-1969, 169 patients with proliferative diabetic retinopathy received plateau
helium-ion focal pituitary irradiation to control insulin- and growth hormone-dependent
retinal angiogenesis. The first 30 patients were treated with 160 to 320 Gy delivered 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 15-50%

decrease in insulin -requirements; this result occurred sooner in patients receiving higher

O

!



S‘

#

&

doses, but ultimately both patient groups had comparable insulin requirements. Fasting
growth hormone 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 patients 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
replacement. There were four deaths from compliizations of hypopituitarism. Focal temporal
lobe injury was limited to an early group of patients that had received at least 230 Gy in
order to effect rapid pituitary ablation in advanced disease; four patients in this high-dose
group developed extraocular palsies. Neurologic injury was rare in those patients receiving

doses less than 230 Gy (J.H. Lawrence, unpublished).

Pathologic Changes

Autopsies were performed on 15 patients who had been t_;reéted with plateau heliurn;ion
irradiation of the pituitary [22]. Ten of these patients had been treated for progressive
diabetic retinopathy with average doses of 116 Gy delivered in six fractions. All patients
demonstrated progreséive pituitary fibrosis. Five patients with eosinophilic adenomas re-
ceived an average of 56 Gy in six fractions. These adeﬁémas developed cystic cavitation at
the site of .the adenoma, suggesting greater radiosensitivity of the tumor than the surround-
ing normal anterior pituitary gland, which in turn proved to be more radiosensitive than
the posterior pituitary gland. No radiation changes were found in the surrounding brain or

cranial nerves (Figure 4).
Acromegaly

Stereotactic helium-ion irradiation has proven to be very effective as the treatment of
acromegaly [8,11,13,14,15]. Maxxmum dose to the pituitary tumor in 318 patients treated
ranged from 30 to 50 Gy, most often delivered in four fractions over 5 days. Marked clinical
and biochemical improvement was observed in most patients within the first year. The
mean serum growth hormone level decreased nearly 70% within 1 year, and continued to
decrease thereafter (Figure 5). Normal levels were sustained during more than 10 years

of follow-up. . Comparable results were observed in 65 patients who were irradiated with



helium ions because of residual or recurrent metabolic abnormalities persisting after surgical
hypophysectomy. Most of the treatment failures after helium-ion irradiation apparently

resulted from inaccurate assessment of extrasellar tumor extension [15].

Cushing’s Disease

Stereotactic helium-ion radiosurgery has been applied successfully to the treatment of
Cushing’s disease in 83 patients [8,11,13,14,15,16]. Mean basal cortisol levels and dexam-
ethasone suppression testing returned to normal values within 1 year after treatment, and
remained normal during more than 10 years of follow-up. The pituitary gland received
doses ranging from 30 to 150 Gy, most often delivered in three or four daily fractions. All
five teenage patients were cured by doses of 60 to 120 Gy without inducing hypopituitarism
or neurologic sequelae; however, nine of 59 older patients relapsed or failed to respond to
treatment. Of the nine treatment failures, seven occurred in the earlier group of 22 patients
treated with 60 to 150 Gy in six alternate-day fractions; when the same doses were given in
three or four daily fractions, 40 of 42 patients were successfully treated [15]. The marked
improvement in response with reduced fractionation in this group of patients has helped pro-
vide the clinical rationale for single-fraction treatment with stereotactically directed beams

of heavy-charged particles.

Nelson’s Syndrome

Nelson’s syndrome has béen treated by helium-ion treatment in 17 patients, including six
patients who had prior pituita.ry surgery, but persistent tumor or elevated serum ACTH lev-
els (11,13,14,15]. Treatment dose and fractionation were comparable to that in the Cushing’s
disease group, i.e., 50 to 150 Gy in four fractions. All patients exhibited marked decrease
in ACTH levels, but rarely to normal levels. However, all but one patient had radiologic
evidence of local tumor control {13,14]. One patient who had presented with invasive tumor
had progressive suprasellar extension following radiosurgery, and died postoperatively after

transfrontal decompression.

Prolactin-Secreting Tumors

Je



Serum prolactin levels were reduced in the great majority of a cohort of 23 patients
with prolactin-secreting pituitary tumors following helium-ion radiosurgery. Of 20 patients
followed 1 year after irradiation, 19 had a marked fall in prolactin level (12 to normal
levels) [13,15]. Treatment dose and fractionation were comparable to that in the Cushing’s
disease and Nelson’s syndrome groups, i.e-., 50 to 150 Gy in four fractions. Helium-ion
irrédjation was the sole treatment in 17 patients; the remaining six patients were irradiated

after surgical hypophysectomy had failed to provide complete or permanent improvement.

Complications of Pituitary-Tumor Radiosurgery

Variable degrees of hypopituitarism developed in about a third of the patients, as sequelae
of attempts at subtotal destruction of pituitary function, although endocrine deficiencies
were rapidly corrected in most patients with appropriate hormonal replacement therapy.
Diabetes insipidus has not been observed in any pituitary p.atients treated with helium-ion
irradiation [15].

Complications in 318 acromegalic patient§ treated with helium-ion irradiation were rel-
atively few and limited almost exclusively to those patients who had received prior photon
treatment. Of seven patients who had previously undergone unsuccessful photon irradiation, ‘
three patients subsequently developed focal and readily-controlled seizures due to Hn;ited
temporal lobe necrosis; three patients developed mild or transient extraocular palsies; two
patients had partial field deficits. Thefea.fter, previously irradiated patients were excluded
from the protocol [21]. Temporal lobe injury, but no cranial nerve dysfunction, occurred in
only two of 283 patients treated solely with plateau helium-ion irradiation; both were cases
treated in the initial series, and who had received h.igh;er radiation doses than were used in
later years [15].

Neurologic sequelae of stereotactic radiosurgical treatment have been infrequent in the
Cushing’s disease group of patients. One patient develqped asymptomatic visual field
deficits 18 months after treatment. Two patients developed rapid progression of ACTH-

secreting pituitary adenomas (i.e., Nelson’s syndrome) following bilateral adrenalectomy

that had been performed after helium irradiation failed to control the tumor growth ade-
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quately. Two patients developed transient partial third nerve palsies 6 to 7 years following

helium-ion treatment [15].

- 3 . "
Discussion and Conclusions

Stereotactic heavy-charged-particle helium-ion radiosurgery of the pituitary gland has
proven to be a highly effective method of treatment for a variety of endocrine and metabolic
hormone-dependent conditions, alone or in combination with surgical hypophysectomy.
Since 1954, 840 patients have received stereotactically directed focal plateau or Bragg peak
helium-ion pituitary irradiation at UCB-LBL to suppress pituitary function and/or control
tumor growth. In the great majority of patients with pituitary tumors, this method has
resulted in reliable control of neoplastic growth and suppfession of hypersecretion, while gen-
erally preserving a rim of functional pituitary tissue. Variable degrees of hypopituitarism
resulted in a number of cases, but such endocrine deficiencies and associated metabolic
dysfunction were readily corrected with appropriate hormone supplemental therapy.

Clinical protocols for stereotactic helium-ion Bragg peak radiosurgery for pituitary mi-
croadenomas and recurrences following surgery are in progress at LBL, to make use of the
uniquely advantageous dose-distribution and dose-localization properties inherent in the
Bragg ionization peak. Improved anatomic resolution now possible with multiplanar MRI
and CT scanning has made possible better localization of pituitary microadenomas and
adjacent neural structures, and more accurate assessment of extrasellar tumor extension.
These recent neuroradiologic advances should result in improved cure and control rates for
pituitary tumors and related intracranial disorders, decreased treatment sequelae, and a de-
crease in the number of treatment failures previously found to have resulted from inaccurate

assessment of tumor extension.
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Figure 1: The plateau and Bragg ionization curves are shown for an unmodulated charged-
particle beam of helium ions (225 MeV/u). As the beam of charged particles enters an ab-
‘sorbing material, the resulting ioniz‘ation (or dose) is nearly constant in the initial plateau
portion of the beam path, increases rapidly in the Bragg ionization peak and then decreasés

precipitously to negligible levels in a rapidly tapering tail.

Figure 2: Stereotactic irradiation with the plateau portion of a charged-particle beam
(helium ions, 230 MeV /u) designed for pituitary irradiation at the Um'.versity of California at
Berkeley - Lawrence Berkeley Laboratory 184-inch Synchrocyclotron; the three-dimensional
isodose contours (90% to 10% isodose curves) for one octant of the radiation field used to
treat pituitary adenomas are illustrated. 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 Tobias CA: Pituitary radiation: Radiation
physics and biology; in Linfoot JA (ed): Recent Advances in the Diagnosis and Treatment
of Pituitary Tumors. New York, Raven Press, 1979, pp 221-243.)

Figure 3: Stereotactic frame and mask immobilization technique as part of the irradia-
tion stereotactic apparatus for humans (ISAH) system for stereotactic multiport helium-ion
irradiation developed for pituitary irradiation at the University of California at Berkeley -
Lawrence Berkeley Laboratory 184-inch Synchrocyclotron. The ISAH immobilization sys-
tem is designed to place the unmodulated Bragg beak within 0.1 mm in water medium in
coplanar and noncoplanar entry angles relative to three planar (x, y, z) coordinates. The
mask is a rigid transparent polystyrene heat-vacuum molded unit which has been tailored
to each individual patient; the system is an integral part of the overall immobilization fa-
cility, and is designed in coordination with the chgrged-particle beam delivery system. The
immobilization technique has provided satisfactory immobilization for stereotactic chgrged-
particle radiosurgery in over 1,200 patients. (From Levy RP, Fabrikant JI, Frankel KA,
Phillips MH, Lyman JT: Charged-particle radiosurgery of the brain. Néurosurg Clin North

Am 1990;1:955-990.)

Figure 4: Pathologic autopsy specimen of the pituitary gland of a patient with metastatic
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breast carcinoma 14 years after st.ereotactic helium-ion radiosurgery for hormonal suppres-
sion. The precise demarcation of normal tissue, the central coagulative necrosis and the
peripheral rim of preserved functioning pituitary gland epithelium are readily identified.
. (From Fabrikant JI, Levy RP, Phillips MH, Frankel KA, Lyman JT: Neurosurgical appﬁ-

cations of ion beams. Nucl Instrum Methods Phys Res 1989;B40/41:1376-1384.)

Figure 5: Changes in plasma human growth hormone (HGH) levels in 234 patients with
acromegaly one or more years after stereotactic helium-ion (230 MeV /u) plateau radio-
surgery at the University of California at Berkeley - Lawrence Berkeley Laboratory 184-inch
Synchrocyclotron. At the top of the graph are the numbers of patients used to calcuiate
the median plasma levels for each time interval following radiosurgery. Fourteen patients
did not have preradiosurgery HGH measurements, but their HGH levels determined 4 to
18 years after radiosurgery are comparable with those of the other 220 patients. Excluded
from this series were 63 patients who had undergone prior pituitary surgery and 5 patients
whose preradiosurgery growth hormone levels were less than 5 ng/ml. 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 Lawrence JH: Heavy particle
irradiation of intracranial lesions; in Wilkins RH, Rengachary SS (eds): Neurosurgery. New

York, McGraw-Hill, 1985, pp 1113-1132.)



Table 1
CHARGED-PARTICLE RADIOSURGERY OF
THE PITUITARY GLAND AT UCB-LBL [a]

1954 to Present

Disorder Patients Treated
Pituitary Tumors (total) 475
Acromegaly 318
Cushing's Disease 83
Nelson's Syndrome 17
Prolactin-secre 23
Nonfunctioning Adenomas 34
Pituitary Suppression (total) 365
Diabetic Retinopathy 169
Breast Cancer 183
Prostate Cancer 3
Ophthalmopathy 3
Other 7
Total 840

[a] UCB-LBL: University of California at
Berkeley - Lawrence Berkeley Laboratory
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