-

LBL-33467

UC-408

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

To be published as Chapter 12 in Stereotactic Radiosurgery,
E. Alexander, J.S. Loeffler, and LD. Lunsford, Eds.,
McGraw-Hill, New York, NY, July 1993

Particle-Beam Irradiation of the Pituitary Gland
R.P. Levy, J.I. Fabrikant, and K.A. Frankel

July 1993

Donner Laboratory

Bﬁ@ 0G|
IGinG
}waﬁﬁ_@@

"\
I
|
I
y

97eINDIT)
10N s980(Q
Ad0D HEINIYIIAH

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098

w
(=]
) e
73
U
(N

=
= w
- [
o Q 1
H o w
o ke w
H < =
] )]
i =

{



DISCLAIMER

This document was prepared as an account of work sponsored by the
United States Government. Neither the United States Government
nor any agency thereof, nor The Regents of the University of Califor-
nia, nor any of their employees, makes any warranty, express or im-
plied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe pri-
vately owned rights. Reference herein to any spedific commerdial
product, process, or service by its trade name, trademark, manufac-
turer, or otherwise, does not necessarily constitute or imply its en-
dorsement, recommendation, or favoring by the United States Gov-
ernment or any agency thereof, or The Regents of the University of
California. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States Government
or any agency thereof or The Regents of the University of California
and shall not be used for advertising or product endorsement pur-
poses.

Lawrence Berkeley Laboratory is an equal opportunity employer.




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-33467

Particle-Beam Irradiation of the Pituitary. Gland

Cha ter 12 '
In E. ‘Alexander, J.S. Loeﬁ‘ler, L.D. Lunsford (eds)

Stereotactic Radiosurgery
McGraw-Hill, New York, 1993

Richard P. Levy, M.D., Ph.D.
Jacob L. Fabrikant‘, M.D., Ph.D.
Kenneth A. Frankel, Ph.D.

Life Sciences Division
Lawrence Berkeley Laboratory
University of California at Berkeley
Berkeley, CA 94720

July 1993

This research was supported by the Director, Office of Energy Research,
Office of Health and Environmental Research, Medical Applications Division
of the U_.S. Department of Energy under Contract No. DE-AC03-76SF00098.



PARTiCLE—BEAM IRRADIATION OF THE PITUITARY GLAND!

’R.icha.téd‘P. Levy, M.D., Ph.D.t, Jacob L Fabrikant, M.D., Ph.D.}, and Kenneth A. Frankel,
Ph.D3 ‘ :

t Assistant Adjunct Professor of Radiology, University of California, San Fran(:iéc_o;‘ |
‘Medical Scientist and Staff Scientist, Donner Pavilion and Donner Laboratory, Division of
Life Sciences, Lawrence Berkeley Laboratory, University of California, Berkeley, California

1 Professor of Radiology, University of California, San Francisco and Berkeley; Medicai
Scientist and Senior Scientist, Donner Pavilion and Donner Laboratory, Division of Life
- Sciences, Lawrence Berkeley Laboratory, University of California, Berkeley, California

§ Assistant Adjunct Professor of Radiology, University of Ca_]ifbmia, San Francisco;
Staff Scientist, Donner Pavilion and Donner Laboratory, Divisior_l of Life Sciences, Lawrence
Berkeley Laboratory, University of California, Belfkeley, California

- Direct correspondence to: .

Richard P. Levy, M.D., Ph.D.
Donner Pavilion and Donner Laboratory
University of California at Berkeley
Berkeley, California 94720

. Telephone: (510) 486-7479 -

Chapter Outline
INTRODUCTION A
PITUITARY ADENOMAS
Acromegaly
Cushing’s Disease
Nelson’s Syndrome
'Prolactin-Secreting Adenomas
- . Complications e :
- PITUITARY HORMONAL SUPPRESSION
Hormone-Dependent Metastatic Carcinoma
~Diabetic Retinopathy - '
Histopathologic Studies
FUTURE DIRECTIONS

. !Research supported by the Director, Office of Energy, Health and Environmental Research of the United
States Department of Energy under Contract DE-ACO3-76SF00098. -




Particle-Beam Pituitary Irradiation / RP Levy et al 2
PARTICLE-BEAM IRRADIATION OF THE PITUITARY GLAND!
INTRODUCTION

The clinical application of cha.rged—pa.rticle irradiation has been the sub jvect of biomedical
research and clinical development since 1946, when Wilson [1] first proposed the therapeutié ‘
use of charged-particle beams, bé.sed on their unique physical characteristics. After comple-‘
tion of the 184-inch synchrocyclotron at the University of Caﬁforﬁa at Berkeley - Lawrence
Berkeley Labox:atory (UCB-LBL) in 1947 [2], Tobias and Lawrence and their colleagues
[3,4,5] began thé study of the biologic effects of fine focal beams of protons, deuterons and |
helium ions, with particular émphas_is on reaction to radiation injury in the brain [6,7].

Clinical applications Wére consfra.ined initially by the limitations of neuroradiologic tech-
niques for treatment planning, stereotactic localization and dose-distribution [6] Early
chmcal trials, therefore, were restricted to pituitary. ablation tréatment, in which high-dose
ra.diati§n was used to induce selective destruction of small, well-defined intracranial target
volumes that could be localized reason#bly accurately by existing neuroradiologic proce-
dures. In 1954, the first stereotactic irradiation procedﬁreé utilizing charged particles in
clinical patients were performed at UCB-LBL for pituitary hormone suppression in the
" treatment of metastatic breast carcinoma [4,5,8,9,10]. Since that time, more than .3,5‘00
patients world-wide have.been treated with stereotactic charged-'partide irrad.iatioﬁ of the
pituitary gland for various localized a.nd systemic disorders (Ta.ble 12-1). Nearly all of
these patients have been treated at UCB- LBL {8,9,10,11,12,13,14], the Harvard Cyclotron
Laboratory - Massachusetts General Hospital (HCL-MGH) [15,16,17], the Burdenko Neu-
rosurgical Institute in Moscow (ITEP) [18,19,20,21], and the Institute of Nuclear Physics
in St. Petersburg (INPh) [22]. Chal;ged-particle rad.ioéurge_ry of the pituitary gland has
proven to be a highly effective method for treatment, alone or in combination with sur-

gical hypophysectomy and/or medical therapy. Disorders treated include primarily: (1)

1Portions of this chapter are adapted with permission from: Levy RP, Fabrikant JI, Frankel KA, Phillips.
-MH, Lyman JT: Charged-particle radiosurgery of the brain. Neurosurg Clin North Am 1:955-990, 1990.
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pituitary adenomas [6 12, l3 14 15,17,19,22,23]; and (2) conditions responsive to pituitary
suppression, such as hormone-responswe metastatic carcmomas (e.g., breast and prostate
cancer) (4, 8 18,20,21, 22 24 ,25) and prohferatlve diabetic retmopathy [10 16,18,20,21,22,26). i
“The physmal properties of charged-particle beams and their apphcation to treatment
planning for Bragg-pealc v_and'plateau-beam radiosurgery, the metho}ds of image correlation

~ and stereotactic localization, and the'charged-particle-irradiation treatment procedures are
- described in Chapter 9. In this c.hapter, we revi‘evt:r the world-wide clinical experienee with
_ .charged-pa.rticle radiosméery of the pituitary gland. The emphasis onihelium-ion radio;_
.surgery' reflects the authors’ experience at UCB—LBL; these developments have been paral- |

leled by extensive experience with proton-beam therapy elsewhere [6].

PITUITARY ADENOMAS -

Charged-particle radiosurgery has been use.d' as a. priniary 'treatment for pituitary ade- a
nomas, as adjunctive therapy for mcomplete operative resection, and as treatment for late
recurrences after surgery. At UCB-LBL, plateau—beam he]ium -ion radiosurgery has resulted
in reliable control of tumor growth and suppression of hormonal hypersecretion in a great
maJority of the 475 patients treated for pitmtary adenomas this total includes patients
w1th ‘acromegaly, Cuslnng s disease, Nelson s syndrome and prolactm-secretmg adenomas

(Table 12-1). Exce]lent clinical results have also been achieved with Bragg—peak proton- |
| beam"radiosurgery in nearly 1,100 patients at HCL~M.GH [15,17], and with plateau-beam
proton radiosurgery 1n over 360 patients at ITEP [.19’23] and in over 300 patients at INPh
[22]. Thé therapeutic obj_eetive has.been to destroy the tumor or the 'eentra.l core of the -
pituitary gland, while preserving a narrow rim of functional pituitary tissue. |
' Aei'omegaly |

- At UCB‘LBIi, stereotactic heliu.m-ion. radiosurgery has proven to be very effective for
the treatment of ‘acromegaly in 318 patients [11,12,13] . The maxxmum dose to the pituitary

tumor ranged from 30 to 50 Gy, most often delivered in four fractions over 5 days. The
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choice of dose varied according to the extent of disease and the corresponding size of the
target volume. Maximum pituitary doses were selected so that the cortex of the temporal
lobes received no more than 15 Gy. Clih.ical and metabolic improvement (e.g., improved
_glucose tolerance, norma.hzatlon of serum phosphorus levels) was observed in most patients
within the first year, even before a sxgmﬁcant fall in serum growth hormone (GH) level was
noted. A sustained decrease in GH secretion was observed in most patients; the mean GH
level in a cohort of 234 of these patients decreased nearly 70% within 1 year a.nd continued
to decrease thereafter (Fig. 12-1)._ Normal levels were sustained during more than 10 years
of follow-up. Comparable long-term results vvere observed in a cohort of 65 _patients who
"were irradiated with helium ions because of residual or retﬁrierit metabolic aonorma.lities'
persisting after surgical hypopixysectomy.

Serial fasting GH levels were examined before and after helium-ion irradiation as a func-
tion oi; neurosu;gical grade. Statistically significant diﬁ'erenees (p < 0.01) in GH existed”
only between the microadenoma patients wiﬁh normal sellar volumes (Hardy’s [27] Grade I)
and patients with macroadenomas (Grades II through IV) [13]. Grade I patients responded
very well and have a good progn051s for cure; a lower incidence of post- trea.tment hypop1-
" tuitarism was also observed in these patients. The more invasive tumors were slower to
vespond, but by 4 years after irradiation were associated with GH levels not statistically -
different than levels found in patients with grade I tomors (Fig. 12-2).

Treatment failures following helium-ion irradiation genera.liy reéulted from failure to
assess accurately the degree‘of extrasellar tumor extension t11,12,13]. It is ixhportant to
recognize that the great mejoﬁty of the pe.tient's in this cohort were treated before the
advent of computed tomography (CT) and magnetic resonance imaging (MRI), and that
tumor assessment and target-volume determination, therefore;- relied on relatively crude
neu.roradxologlc procedures such as polytomography and pneumoencephalography.

Kjellberg et al [15,17] have now treated about 600 patients with acromega.ly using Bragg-

peak proton irradiation. Treatment pa.rameters are determined in accordance with an
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empirically‘-deri%d dese—volume nomogram which vaxfies with adenoma type [15]. Doses |
are inversely related to the beam diameter selected. Therapy has resulted- in ob jective clin-
~ ical improvement in.aBout 90% of a cohort of 145'patients‘ 24 months after irradiation. By
this time, 60% of patients tvere in remission (GH level < 10 ng/rnL)# after 48 months, 80%
were in remission. About 10% of patients failed to enter remission or to ‘improve aixd they
reqmred addxtxonal treatment (usually transsphenmdal hypophysectomy)

In the Russ1a.n experience, plateau-beam proton radlosurgery has also proven succes’sful .
for treatment of acromegalic tumors. Minakova et al [19] reported excellent results in
93 patients with acromega.ly treated at ITEP Konnov et al [22] observed pa.rtlal or total

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

N

Cushmg s Disease

Cushing’s disease has been treated effectively at UCB- LBL usmg stereotactxc plateau~
beam helium-ion irradiation [11,12]. Doses to the pituitary gland ranged from 50 to 150
' Gy, most often delivered in 3 or 4 daily ﬁ’actions. In 83 petients (aged'lf-78 years) treated, -
mean basal cortieol levels in a cohort of 44 patients and dexam_etha.sone suppression tests
in a cohort of 35 patients returned to normal values within 1 year a.fter treatment, and
these indices remained normal during more than 10 years of follow-up [13]. All five teenage
patients were cured by doses of 60 to 120 Gy without inducing hypopituita.risxh. or neurologic
* sequelae. However, nine of 59 older patients subsequently required bilateral adrenalectomy
or surgical hypophysectomy due to relapse or failure to respond to trea.tment. of these nine
treatment failures, seven occurred:in the earlier group of 22 patients treated with Sd/te 150
Gy in six altemate—day fractions; when the same total doses were given in three or four

da.lly fractions, 40 of 42 patients were successfully treated (13].
Flgure 12-3 illustrates the blochem.lca.l results of hehum-lon radmsurgery in the UCB-
- LBL Cushmg s disease series [13]. In a cohort of 37 patients the mean urinary ﬂuorogemc

cortisol was 1,350 pg/24 hours prior to treatment. One year followmg radiosurgery, this '

mean daily ouput fell to a normal level of just over 200 pg; normal levels were maintained
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for at lgast 10 years. Mean plasma cortisol lév'els decreased from 30 pug/dL before treatment
to 16 pug/dL 1 year following treatment and these levels also remained in the normal range
for at least 10 years. These post-treatment changes in urinary and plasma cortisol levels
were highly significant (p < 0.001). Response time varied from a few weeks to 24 months,
but mosf patients responded within 6 to 12 months. |
Plasma é.drenocdrticotropic hormone (ACTH) (14 patienfs),. plasma cortisoi (30 pa-
tients) and urinary fluorogenic cortisol (21 patients) levels were measured pre- and l-year
post-treatment [13]. Results were statistically significant (p < 0.0lj for plasma and urinary
cortisol measurefnents. - The mean ACTH level decreased from 90 pg/ml before treatme_nf
to 58 pg/ml 1 year after treatment, but this result was not statistically signiﬁca.ntv (p >
0.1). Plasma cortisol suppféssion by dexamethasone and i)lasma 11-deoxycortisol response
to ﬁxetyrapone both normalized at 1 year after treatment and these responses remained
normal for at least 10 years of follow-up [13] Relapse has been rare, and normal ACTH
reserve was maintained in most patients; relapse was not seen in patientsjinhose metyrapone
response rétumed to normal. Prior to he]jum—ion treatment, mean plasma cortisol was ele-
vateci to 30 /.l.g/ dL and this baseline level was incoxﬁpletely sﬁppressed by déxa.metha.sone to
a mean Vélue' of 19 pug/dL. Following treatment; the baseline cortisol levels became normal
and suppression to,v;lues < 5 pg/dL occurred.
| Kjellberg et al [15] have treated more than 175 Cushing’s d.ise_a.sg patients with Bragg~
peak proton-beam irradiafion; complete remission with restoration of normal clinical and
laboratory findings hé,s occurred in about 65% of a cohort of 36-p_atien;ts; another 20% were
improved to the extent that no further treatment was considéred necesséry.
Minakova et al [18,19] have reported excellent .results in 224 patients treated with
platgau—beaxh proton radiosurgery at ITEP. Konnov et al [22] have reported that plateau-
beam prqﬁon radiosurgery (doéés, 100 to 120 Gy) has induced partial or total remission of

Cushing’s disease in 34 of 37 patients who were followed 6 to 15 months after treatment.
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Nelson’s Syndrome |

'Plateau-l.)eam heliumfion radiosurgery has been used at UCVB-LBL in 17 patients with
Nelson’s syndrome [13] Treatment doses and fractionation schedules were compa.rable to
those for the Cushmg s disease group, i.e., 50 to 150 Gy in four ﬁ'actlons Six patients had
prior pituitary surgery, but persistent tumor or elevated serum ACTH levels indicated that
further treatment was required. All petients in the Nélson_’sl syndrorrle groulr héd marked
decrea.ses in ACTH levels, but rarely to norma.l levels. However, all but one patient had
neurorad1olog1c evidence of local tumor control 11,12 13]

Kjeliberg a.nd Kliman [15] reported similar findings in patients treated with Bragg- pea.k :
proton irradiation. Of a cohort of 19 patients treated, 12 of 14 patients experienced some
depigmentation following treatment; headache was reduced or elimina.‘ted' in eight of 11
patients. ACTH levels were decreased in all four patients for whom data were available, g

but levels became normal in only one patient.

Prolactin-Secreting Aderromas

At UCB-LBL, in 29 patients with prolactm-secretmg pituitary tumors, serum prolactin
levels were successfully reduced in most patients fo]lowmg stereotactic platea.u-beam helium- J
jon radiosurgery. Treatment dose and fractionation were comparable to that in the Cush-
ing’s disease and Nelson’s syndrome greups, i.e., 50 to 150 Gy in four fractions;. Helium-ion
irradiation was the sole treatrrrent in 17 patients; the rerxrairling patients were irradiated
after surgical hypophysectomy had fa.iled to provide complete or permanent improvement.
Of 20 patients followed 1 year after irradiation, 19 had a marked fall m prolactin level (12
to normal levels) (Fig.. 12-4) [11,13]. Amenorrhea and galactorrhee often resolved before
prolactin levels returned r,o rror-mal [13]. Two patients became pregnant after treatment.

Konnov et a.l [22] have reported partial or tote.l remission in about 85% of patients with
prolactin-secretirrg tumors treated 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—bearn proton radiosurgery at ITEP (Ye. I. Minakova, personal communication), and
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in 132 patients treated with Bré,gg-pea.k' proton therapy at HCL-MGH (R N. Kjellberg,

personal communication).

-

Complications
Following stereotacticbplate.au-beam -helium;ion radiosurgery, vaiiablé degfees of hypopi-

tuitarism developed as sequelae of attempts at subtotal destruction of pituitary function
in about a third of the patients, although en:iocrine deﬁcienéies were _i'apidly éorrected 1n
mosf patients with appropriate hormonal replacement therapy [7,-13]. (It is again important
to note that for the great majority of these pafiénts MRI and CT sca'xmiﬁg were not yet
available to facilitate accurate localization of microadenomas and assessment of extrasellar
" tumor extension; tI;ese neuroradiologic liinita_tioné dictated tha;t, in many cases, to assure
suﬂiciént dose to the adenoma, larger portions Qf the pituifa.ry gla1~1d be designated for radio-
surgical treatment than would now bé indicated based on current MRI and CT tech;xiqués.) _
Diabetes insipidus has not been observed in any pituitary patient treated with helium-ion
 irradiation [13]. Other than hormonal insufficiency, complications in the pituitary tumor
patients treated with plateau-beam heﬁqxn~i0n radiosurgery were relatively few and limited
most frequently to éhose patients who had received prior photon irradiation. These compli-
cations included seizures related to focal temporal lobe injury, mild or transient extraocular |
nerve palsies, and partial visual field deficits [i3]. There were few significant complica- |
tions after the initié.l ‘high-dose patient cohort. After appropriate adjustments of dose‘and
fra.ctidna.tion schedules based on this early e;cpeﬁencé, the incidence of focal tempbra.l lobe
necrosis and tra.néient cranial nerve injury has been in the range of 1% or less, and no
other permaneni: therapeutic ;equelae‘ have been repofted [7,13,28]. A very low incidence

of sigzﬁﬁca:zlt adverse sequelae has also been reported_ in patients treated with Bragg-peak

proton irradiation in the HCL-MGH experience and with plateau-beam proton irradiation

in the ITEP and INPh series [15,22].
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PITUITARY HORMONAL SUPPRESSION

Hormone-Dependent Metastatic Carcinoma
] Between 1954 and 1972 at UCB-LBL, stereotactically djrected plateau beams of protons
(inif.ial 26 cases) or helium-ions (157 cases) were used for pituitary-ablation treatment in
183 patients with metastatic breast carcinoma. Patients received 180 to 220 Gy stereotactic
plateau-bea.in helium-ion irrad.iafion to the pitujtéry gland, in order to control the maJignanf
spread of ca.rci"noma by effecting hormonal suppression through induction of hypopituitarism
(9]. The total dose was given in six to eight fractions over 2 to 3 wéeks in the early years of
the clinical progfam and in three or four fractions over 5 days in later years; each fraction.
consisted of 30 to 50 Gy. Many patieﬁts'expefienced long-term remissions. Eight cases of
focal radiation necro‘sisllimited to the adjacent portion of the temporal lobe occurred; all |
were from an earlier group of patients who had received higher doses fo suppress pituitary
' fu.nction as rapidly as posﬁible [28] Clinical manifestations of temporal lobe injury and
transient cranial nerve mvolvement occurred in only four of these patients.

Minakova et al [21,25] have reported excellent results following stereof.actic plateaﬁ-beam
pi'oton radiosurgery in Moscow in a series of 489 patients with metastatic breast cafcinoma
aﬁd m a seriés of 92 patients with metastatic prostaté carcinoma (Ye. I Mina.koira, personal |
communicafi_on). Konnov et al [22] have also reported excellent clinical results in patients
treated with 120 to 180 Gy plateau-beam proton fadiosurgery in St. Petersburg. In a series
of 91 patients with bone metastases, 93% had relief of pa.m following treatment. Of 45
patients treated for metastatic disease with cqmbined medical therapy and proton-beaxﬁ
hypophysectomy, 20 had no signs of recurrence ér metastases after a follow-up period of 2
‘to 6 years. Kjellberg et al ha..ve ﬁsed Bragg-peak proton-beam therapy of the pituitary to
treat 31 patients with metastatic breast cancer at HCL-MGH (R. N. Kjellberg, personal

communication).
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Diabetic Rétinopathy v

Between 1958 and 1969 at UCB-fJBL, 169 patients with proliferative diabetic retinopa-
thy received stereotactic plateau—beain helium-ion pituita.r& irradiation. This proéedure
was performed to evaluate the effects of pituitary hormonal suppression on proliferative di-
h abetic retinopathy. Earlier reports had suggésted that surgical hypophysectomy resulted in
regression of proliferative retinopathy in many diabetic'patients, a i)henoinenon suspectedA
to be related to dec;'eased insulin requirexﬁents and lowered growth hormone levels [29,30].
The‘fix.'st 30 patients in this cohort were treated with 160 to 320 Gy delivered in six to
eight fractions (27 to 50 Gy per ﬁ'action) over 11 daysv'to effect total pituitary ablation; the-
subsequent 139 patients underwent subtotal pituitary ablation with 80 to 150 Gy delivered
ovef 11 days. Most patients had a 15 to 50% decreasé in insulin requirements; this result
occurred sooner in patients receiving higher doses, but ultimately both patient groups had
comparable insulin 'requireménts. Fasting growth hormone levels and reserves were low-
ered within several months after irradiation. | Modefé.te to good vision was preserved m at
least one eye in 59 of 114 pa(;ients at 5 years a.fter pituitary irradiatioﬁ (J.H. Lawreﬁce,
ﬁnpublished). Of 169 patients treated, 69 patients (41%) ultimately required thyroid re-
placement and 46 patients (27%) required adrenal hormone.replaceme’nt.. There were four
deaths from comphwﬁom of hypopituitarism. Focal tempdfél lobe injury was ﬁrn.ited to an
early gi'ou_p of patiénts that had received at least 230 Gy to. effect rapid pituitary ablation in
advanced disease; four patients in thvisb high-dose group developed extraocular palsies. Neu-
rologic injury was rare in those patients receiving doses less than é30 Gy (J.H. Lawrence,
unpubiished). | |

In a series of 25 pétients treated wif:h 100 to 120 Gy plateau-beam proton radiosurgery -
in Russia, Konnov et al [22] found that those with higher visual acuity and without prolifer-
étive changes in the fundus had‘stabjlizati‘on and regression of retinopathy after treatment;
microaneurysms were decreased and visual acuity was stabilized or improved. However,

patients with poor visual acuity and progressive prolifel"ative retinopathy responded less
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favora.bly. A reduction in insulin requirements was observed in all patients. Kjellberg et al
[16] reported comparable i'esults following stereotactic Bragg-peak proton radiosurgery in

183 patients.

Histopathologic Studies

Hisfopathologié Qbservations‘ oﬁ autopsies fromAea.rly vpa.tivents, whc; received helium-ion
pituitary irradiation for hormonal suppression of metastatic breast carcinoma, confirmed
that more than 95% of pituitary cells were destroyed and replaced with connectivé tissue
in a period of several months with doses of 180 to 220 Gy delivered in 2 or 3 weeks total
time (Fig. 12-5) [28,31]. At lower_doges, the magnitude of the histologic eﬁ'eéts depended
on the dose at the periphery of the pitu.it&y gland, where viable hormone-secreting' cells
were usually found [6,32).

Woodruff et al [31] performed autopsies on 15 patients who had been.treated with )
'stereotactic plateau-beam helium-ion irradiation of the pituitary gland at UCB-LBL. Ten
of these pétients had been treated for progressive ciiabeticretinopathy with average doses
of 116 Gy delivered in six fractions. A]l cases daﬁonstrated progressive'pittﬁta.ry ﬁbrésis.
| .Five patients had been treated for acidophilic adenomas with average doses of 56 G_y ih
six fractions; these adenomas had developéd cystic cavitation, indicating that the tumor
was _mofevra.d.iosensitive than the adjacent normal anterior pituitary tissue (Fig. 12-5).
The anterior p'ituitary gland was more radiosensitive tha;n' the posterior pituitary gland. -
HoWéw}er, no rad.iation changes were found in the surrounding brain tissue or cranial nerves,
demonstrating that charged-particle beams applied with felé.tively high doses created a

sharply delineated pituitary lesion.

FUTURE DIRECTIONS

Improved anatomic resolution attainable with modern MRI and CT scanning now makes
it possible to localize pituitary microadenomas, identify sensitive adjacent neural structures,

and assess the degree of extrasellar tumor extension more rel_ia;bly than had been achievable



Particle-Beam Pituitary Irradiation / RP Levy et al 12

4

previously. These relatively reéent neuroradiologic advances enable improved delineation
of the radiosurgical target, which in turn should lead to improvéd rates of tumor cure and
control and decreased trea.tmeﬁt sequela.e.‘ These same imagiﬁg improvements also make
- possible more reliable determination of tissue inhomogeneities in the‘ brain and adjacent
tissue; and correspondingly more precise positioning of the Bragg ionization peak within
the target volume [6].

“Another area currently under investigation is the role of charged-particle radiosurgery
in the treatment of adenomas with various degrees of extrasellar tumor extension. One
approach has been to place a higher dos.ebin the component of the tumor mass locatéd
within the sella and a lower dose in the extrasellar tumor component. This tailored dose-
distribution can be achieved either by designing a treatment plan with a single eccentrically
positioned isocenter (see Chapter 9) or by “boosting” the intraseliar component of a larger--
field low-dose target volume — the so-called double-beam technique [15)]. |

- Another apj:roach under consideration for the charged-particle-irradiation treatment of
invasive macroadenomas is tﬁe use of more extended fractionat;ion schedules. .Historically,
stereotactic irradiation regimens have not beén designed to exfldit the diﬁ'érential response
betweehl noﬁna.l cells and tumor cells tI:ha.t is the biologic> basis for the use of fraction-
ated external-beam irradiation [33].’ More recently, however, there have been some reports
describing the use of fractionated stereotactic irradiation for the treatment of neoplastié
intracranial disorders [34,35]. With the development of bstereotactic immobilization systems
capable of reliable serial repositioning, this new é.pproa;h offers i:he potential for improved
treatment outcome by combim’ng fhe excellent dose-localization and dose-distribution cﬁar-
acteristics of charged-particle irradiation with the favorable radiobiologic properties of fraﬁ-

tionated irradiation.
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Figure Legends

Fig. 12-1. Median pla.sma human growth hormone (hGH) levels in 234 patients with
acromegaly treated with stereotactic plateau-beam helium-ion radiosurgery. The numbers
of patients used to calculate the median plasma levels before radiosu.rgery and for each
time interval thereafter are shown at the top of the graph. Fourteen patients did not
have pretreatment hGH measurements, but their hGH levels measu.red 4 to 18 years after
radiosurgery were comparable with those of the other 220 patients. The 20 patients in
the series who subsequently underwent pituita:ry surgery or additional pitmtary irradiation
were included until the time of the second procedure. (From Lawrence J H: Heavy particle
irradiation of intracranial lesions. In Wilkms RH and Rengachary SS (eds) Neurosu.rgery
New York, McGraw-Hill, 1985, p 1121.) [XBL 829- 4115]

Fig. 12-2. Serial fasting plasma human growth hormone (hGH) levels in patients
'w1th acromegaly are shown prior to and at yearlv 1ntervals after hehum -ion radiosurgery.
~ Patients with Grade I microadenomas had lower initial hGH levels and responded more
rapidly to treatment than patients with macrOadenomas (Grade II through IV). By 4 years
_ after treatment, however, macroadenoma response was no longer statistically 'different than
microadenoma response. Results are shown as mean + SEl\/I.‘_(Froxn Linfoot JA: Heavy ion
therapy: Alpha particle therapy of pittlitary tumors. In Linfoot JA (ed)' Recent Advances
in the Diagnosis and Treatment of Pituitary Tumors. New Xork Raven Press, 1979, p 258 )
(XBL 915- -1092]

Fxg 12-3. Pre— and post-treatment levels (mean :i: SEM) of urinary fluorogenic cor-
ticosteroids (upper) and plasma cortisol (lower) are shown for Cushmg s disease patients
treated with hehum -ion radlosurgery Normal levels of plasma and urinary cortisols were
aclueved 1 year after treatment and these levels were maintained for at least 10 years follow-
~up. The number of patients studied at each time lS shown in parentheses. (From Linfoot -
"JA: Heavy ion therapy: Alpha particle therapy of pitu.itar}_i tumors. In Linfoot JA (ed):

Recent Advances in the Diagnosis and Treatment of Pituitary Tumors. New York, Raven
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Press, 1979, p 250.) [XBL 915-1090]

Fig. 12-4. Fasting plasma prolactin levels are shown before treatment and 1 year fol-
lowing helium—ioﬁ radiosurgery for females (left) and males (right) with prolactin-secreting
tumors. A ma.fked decrease in prélaétin,‘ usually to normal levels (dashed line), \*ras ob-
served in many patients ’a_t 1 year (*) post-freatment. Peréent change is shown in paren-
theses. (From Linfoot JA: Heavy ion therapy: Alpha pérticle therapy of pituitary .tumors.
In Linfoot JA (ed): Recent Advances in the Diagnosis and Treatment of Pituitary Tumors.
" New York, .Rav'en Press, 1979, P 264.)> [XBL 915-1093] . | |

Fig. 12-5. Autopsy specimen of fhe pituitaiy gland of a patient with metastatic breast
carcinoma 14 years after stereotactié heliu:h—ion radiosurgery performed for hormonal sup-
prgssioh. The central coagulative necrosis av.ndvthe sharply defined periphefal rim of func-
tioning pituitary gland are seen. (From Fabrikant JI, Levy RP, Phillips MH, Frankel KA, v
Lyman JT: Neurosurgical applications of ion beams. Nucl Instrum Methods Phys Res
B40/41;1378, 1989.) [CBB 762-1381] | | |



21

Particle-Béam Pituitary Irradiation / RP Levy et al

0661 ‘1/6:1 Wy YUON uilD Binsounsp ‘uielq ayy jo Asebinsoipes
sjonsed-pabieyd 11 uewA  ‘HW sdiliud ‘VM 19juBld ‘If Juexuged ‘dY AA9T woy paylpow

|uoOWJ0y Bupenwns-pioiAul :HSL  [9]

(nouuoy 'y ‘g ‘uoneounwwo [euosied) Bingsisled (IS ‘soisAud Jes|onN Jo einjiisul ydni [p]

(erodeUIN | "8A ‘UOHEDIUNWIWOD [euosied)

ainjisuy _mo_mSmo_,:oz ojuaping - mo_m?.m _ScmE:maxm pue |eojesoay) Jojy aimusul 431l [o]

(Bieq)ialy "N ‘Y ‘uonesunuwod
|[euosJad) |[eydsoH [esousn mzmwm:sommmms_ Aiojesoqe uosoPAD pieareH HOW-1OH - (al
Aiojesoqe] Aajaxiag oouaimer] - £9|9xiag e eiusojen Jo Ausieaun  :1g71-80N [e]

L

LS

£6
Ge
91

S¢
SL
€
LS
8G1
cLE

066} 'q94-G/6}
IPludn

6v6 . €o0clt , ovs ielolL
- b L : BY10
. , - e ~ Ayledowieyiydo
c6 : ] € : . J90uRD aleisoid
68V L€ : €81 . Jgoued isealg
2 . €81 691 _ Ayredounas onaqelq
€8 022 C S9¢. (leyo1) uoisseiddng Asennig
6 - - . . PaxIN
8 b . - _o_ BunaJoas-HS L
v . LS} ve : sewouape BuiuonounjuoN
14> 44! €e - Bunauoses-unoe|old
k : _ 9¢ L o 8WoIpuAs s,uosiaN
vZe LLL . £8 . : _eseas|p s,6uysn)
€6 086§ _ 8L¢E . AreBswosoy

99¢ €801 SLY © (eo) siowny Areynid

0661 'qed4-2/6} 6864 '100-G96F 0664 JBN-VS6L .
[dld3Ll [alHOW-10H (elng1-gon . . 13p1osig

‘ pajeal]l sjuaned pue suojipuoy [BaIUllD
« ANVTD AHVLINLId FHL 40 AHIDHNSOIavd m._o_._.m<n_.om0m<_._o

1-2} dIqeL



Particle-Beam Pituitary Irradiation /| RP Levy etal 22

N=220220204 188 169139 129 112 100 82 68 50 32 26 16 ||

6 3 |
6 9 /3 /4/3 /13 121/12 1/l 109 7 7 3 3
1 L] 1 1

1 1 1 ¥ | 1 I 1 L Ll I I
24+ . =
:E‘ 20 o 220 Acromegalic patients i}
< - - x /4 Acromegalic patients
S 16} pre-therapy HGH not
= R measured :
z ‘ -
T 21 -
[ =
o - -
® 8l
-3
- Limit of normal range .
\
- , Ko = om ey B v n
M N T SR N qf-qf- ¥~'§t?§' N ?"‘;'

6 ‘8 0 12 14 16 I8
Years after therapy ,
o X8L829-4115

Fig. 12-1



ng/mi

hGH

Particle-Beam Pituitary Irradiation / RP Levyetal 23

46_' ==« ~Microadenoma (sellar volume 230-l,IOOmm3) ]
i —Mocroodenoma (sellar volume > 1,100 mm3) i
404 . | : ]
36} .
321 1\ - o .
281 ' ' . —
241 .
20t 93) ' ' _—
16} I\ ~
”(55)\\ 7
12 \ -
s \\I\ . .
8 (30) (32) en
~ : cl (26) (27)
- (49) "~ o ! 2 1 -
41 (30) (26) N—-—4t— :_..--- — _
p<?.0l p<(lJ.Ol p<01.0l p<l0.0I le le le S IS
0 Pre 1 2 3 4 5 6 7 8

Yeors post irrodiotion ,
. XBL 915-1092

Fig. 12-2



Prolactin ng/ml

Particle-Beam Pituitary Irradiation / RP Levyetal 24

| PROLACTIN ‘SECRETING TUMORS _
4000} { ) = Percent change {49)
r # =1 yr follow-up -
2000 |- - -
1000} T -
800 , (79) —
Female .
— _ ie) - -
600 |- ,] .
n (69) _
= e
200+ -
100 " : -
— Male .
80— (63) | (79) -, o
- | (e5) | (80) .
- * (&) | o ,
60 - (47 l
T (se)l (e 7
40 - ] PL)(n)l | l (sn -
(44, =)
==t r—=|-t-———-""-——- _,i5 1
20} ‘*’T'I ]
) [ -
0

XBL 915-1093

Fig. 12-3



Particle-Beam Pituitary Irradiation / RP Levyetal 25

£
N
~N
g I — L I
[
el
e
2
% 1600 | e
_::_, [ (37) I - SEM |
o -
S 1200} ‘} AL -
g I
< B
o
g 800 -]
3 L (24) (9) (N (14) (8) (4) 4
xo->‘ 400+ —
E - -+ —+ e - — + =
Ottt %
o
g - ]
S 32t (44) _
= i _
% 24+ (31 (24) (14) ue) (11 (6)
5 ~
.c g 16— —I— _I_ _{_ =1
2?'3 = + 'i} _{_ 2
® .2 8 =
co
2% 1
2 5 S S NS SR S 1

Fge | 2 3 4q 5 10

Years ofter R

XBL 915-1090

Fig. 12-4



26

Particle-Beam Pituitary Irradiation / RP Levy et al

XBB 762-1381

. 12-5

Fig



LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
TECHNICAL INFORMATION DEPARTMENT
BERKELEY, CALIFORNIA 94720



