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HEAVY-CHARGED-.PARTICLE RADIOSURGERY:

RATIONALE AND METHOD!

HVTRODﬁCTION

Heavy-charged-particle radiosurgery_of the brain ha.é been ﬁhe sub jectvof extensive clin- "
ical and basic research since 1954, when the first pat.;ients were irradiated at the UrﬁQersity
of California at Berkeley - Lawrence Berkeley Laboratory (tICB-LBL) 184-inch synchrocy-
clotron for pituitary-hormone-suppression treatment of meta_stati; i)reast cancer [1,2,3,4‘,5].
Duriné the past four decades, the method of charged-particle radiosurgery has been pfo—
gressively refined to reflect the concurrent theéretical_ aﬁd technical advénces in physics,
neuroradiology and computer science. This article describes: (1) the background and ratio-
nale for the use of charged-particle irradiation as a neurosurgical and/or radiotherapeutié
procedure; (2) the current methods of treatment planning and dose delivery using Bragg-
peak and plateau-beam irradiation; and (3) recent develdéments and future directions in

the field of cha.rged—pérticle radiosurgery.

PHYSICAL PROPERTIES OF CHARGED-PARTICLE BEAMS

Ionizing radiations used for stereotactic radiosurgery may be classified as high-energy
vphotons (e.g;, X-rays or gamma rays) or charged partideé (e.g., protons or helium ions).
The i)hysical characteristics of ,both classes of ra&ia.tion have been adapted for application
to stereotactic ré.diosurgery, but in very different ways. As photons traverse and interact
with tissue, their ionization events attenuate with depth in tissue (Fig. 9-1). Satisfactory
dose distril;utions in deep-seated lesions are éﬂ).ieved, at the cos_t of a relatively high integral
dose to the patiént, by using beams from many different angles or interséctihg dynamic arcs.

Accelerated charged particles, including protons and helium ions, manifest very different

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, and
- from: Fabrikant JI, Levy RP, Steinberg GK, Phillips, MH, Frankel KA, Lyman JT, Marks MP, Silverberg
GD: Charged-particle radiosurgery for intracranial vasculer malformations. Neurosurg Clin North Am 3:99-
139, 1992. , , ‘
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physical pr;)perties, first observed by Bragg in 1904 [6]. Beams of these chargea particles
have several phyéical properties that can be exploited to place a high dése of radiation
preferentially within the boundaries of a deeplyllobcated intracra.nié.l target volume [3,7,8,
9,10,11,12]. These properties include_: (1) a well-defined range that can be modulated so
that the be’a.ﬁx stops at the d.ist;.l edge of the target and deep within the brain, resulting in -
little or ﬁo exit dose; (2) an initial region_bf low dose (the plateau) as the beam penetrate.s.,
| through tissue, followed by a region of high dose (the Bragg tonization peak) at the end of
the ra.ngé of the beam, vwhic1'1 can be adjusted to confqrm to the location and dimensions of
the target, so that the entrance dose can l')'e kept to a minimum; and (3) very sharp lateral
‘edges that can be shaped to conform to the projected cross-sectional contour of the target,

so that negligible dose is absorbéd by the adjacent normal tissues (Figs. 9-1, 9-2, 9-3).

Range'

The dista.gce or range that a c;ha.rged particle travels in tissue before stbpping is a func-
tion of the charge and kinetic ‘energy of the pa.rticlé, and of the physical characteristics of
the absorbing tissue. Particle accelerators use& for medical irradiation produce monoener-
~ getic beams consisting of high-energy charged particles with fanges in tissue up to 30 cm or
more. At the UCB-LBL Bevafron accelerator, the ma.x.imum‘ usable range éf the 165-MeV /u
helium-ion beam is 15.5 cm in wiivater. [13]. This range is sufficient to treat most intra-
cranial disorders, bﬁt beams. of higher energies can be used if greater ranges é.re needed.
The residual range (i.e., the distance in f.issue the beam will traverée before stopping) can
be adjusted precisely to stop the beam at the d_lsta.l edge of the ta.rget volume by placmg »

energy-absorbing material in the beam path.

Bragg-Peak and Plateau Ionization Regions
The Bragg ionization peak is a function of the rate of a charged particle’s energy transfer '
to the tissue which it traverses. The radiation dose absorbed from a charged particle is |

relatively low in the initial plateau ionization region, increases gradually as the particle
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slows, and then increases rapidly just before the particle stops, resulting in a large lqcal
energy deposition (the Bragg ionization peak) lat the end of the particle’s range (Figs. 9-1,
9-2). The unniodulated Bragg ?ea.k is just a few millimeters in width and, theréfore, too
narrow for the treatment of most intracranial lesions. HoWever, the Bragg-péak Width in
the directioxi'of the beam path can be spread-out (modulated) to any desired va.lué, at -the
cost of some dose increase in the plateau region, by interposing variable-thickness absorbers
in the beam path (e.g-, by a rotating propeller or spiral ridge filter, or by adding togefhér or
_dynam.ica]ly. “stacking” a sequential series of beams of slightly different ranges) (vFig. 9-1)
[13,14]. Some dose deposition distal to the Bra:gg peak results from nuclear interactions
between the incidenf particles and the atomic nudei of the irradiated tissues; this dose is
negligible for protons and helium ions, and it increases, due to nuclea.r fragmentatioh? for
heavier charged particles (e.g:, carbon or neon ions) [15]. At the Bevatron, dista.l. dose fall-
off to 10% of the central axis dose occurs within 2 to 3 mm for the 165 MeV /u helium-ion

beam [13].

Transverse Beamn Profile

A sharp transverse beam profile is desirable to minimize the dose to the normal tissues
immediately adjacent to the target volume. The measured lateral penumbra (distance be-
tween the 90% and 10% dose profiles) for the 165 MeV /u helium-ion beam #t _the.Bevatron
is 3.5 mm at 9-cm depth in water, and it increases to 4.5 mm at 12 cm-depth (Fig. 9—2). (13].
Charged-particle beams are readily collimated by beam-shaping apertures. When smaH le-
sions a.l;e treated, the beams generally are collimated with either circular or elliptical brass
apertures. With 1a.fger a.nd/or irregularly shaped lesions, individually designed apertures
are fabricated from cerrobend‘(a low-melting-temperature dense alloy) té collimai;e the
beam shape in accordance with the crOss-sectiona.l size and shape 6f the target volume

(Fig. 9-3) [3,16].
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.

BRAGG-PEAK METHOD: ARTERIOVENOUS MALFORMATION S

The apflication of heévy-charged—parﬁcle Bragg peak radiosurgery to the treatment of
intracranial vascular é.ﬁd other disorders presents a number of probler‘né not encountered in
conventional radiotherapy treatment planning (17,18]. To utilize fully the unique physical
characteristics of the charged-particle beams for safe and effective treatment, the target vol-
ume must be defined and located precisely within a reproducible three-dxmensmnal frame
of reference, the physical properties of the materials to be traversed by the beam must be
determined accuratély, and the patient must be positioned exactly with respect.to the beam
(16,19]. Treatment planning consists of a series of stages involving seéuential stereotactic
neuroradxologlc 1ma,gmg studies, computer-assisted correlatlons among the dlﬁ'erent types

of radlologlc imaging mformatxon and calculatxons of the dose distributions. In tlus section,
| we consider Bragg-peak radiosurgery for arteriovenous malformations (AVMs), a condk
tion for which cerebral angiography plé,ys a I;iajor role in target definition and localization
[3,7,16,20,21,22,23,24]. Many aépects of the methods described in this séction, however, are
élsé applicable to the tfeatment of othef intracranial disorders for which angiography is of
little or no value; the radiosurgical approach to these conditions will be described briefly in

subsequent sections.

Stereotactic Immobilization System

We have developed a transportable stereotactic frame-mask system that pex;mits ac-
curate and reproducible positioning of the patient’s head for neuroradiologic procedures,
including target definition and localization, complex treatment plaxm.jpg and single-fraction
or multifraction radiosurgical treatment (Fig. 9_4‘) [19,25]. This _‘frame-mask system con-
sists of an individualized thérmoplastic immobilizing head mask and steréotactic frame.
The stereotactic frame has fiducial markers for three-dimensional localization and image
correlation, and it can be attached fb the requisite neuroradiologic imaging couches and

to the stereotactic positioning couch — the J.rradiation Stereotactic Apparatus for Humans
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(ISAH) (Fig. 9-5) [25,26]. ISAH has vthree degrees of freedom for translation, two degrees ‘
of freedoin for rotation (the third degree of rotational freedom is effected by rotation of the
beam-shaping aperture) and a mechanical precision of 0.1 m.m and 0.1°. Based upon the
limits of resolution of neuroradiologic imaging data aﬁd image correlation and the intrinsic
uncertainties in patien_t positioning, the overa]l. loca]izatién and ba.lignmén‘t‘ system is repro-
ducible in repeated diagnostic and f.herapeutic sessions to approximately 1.5 mm and 1.5°
iﬁ each translational and rotational degreé of freedom, respectively .[16,19,25]. This system

has proven to be safe and reliable in ;rlore than 1300 patients [3,25].

Neuroradiologic Evaluation and Image Correlation

Stereotactic neuroradiologic ezaluation for AVMs includes cerebral angiography, com-
puted X-ray tomégraphy (CT) scans and magnetic resonance imaging (MRI) scans. The
" composite information from these studies is used to determine the radiosurgical target and
treatmént volume. Stereotactic angiography is the most precise imaging method for de-
femlining the size, shape and location of an AVM. Héwever, CT data are required for
cha.rged-partit’:le—ioeam range calculations, #nd MRI and CT imaging are best for demon-
strating relationships of the lesion to adjé}cent anatomic structures.’
' The stefeota.ctic frame and head-immobilization system are used to correlate the multi-
vessel angiographic and CT images [16,25]. "The contours of the AVM target, derived
from selected orthogdnal angiographic films and tra.ns_ferred td the noncontrast CT iina.ges,
form the bésis for the stefeoté,ctic treatment-planning prbcedure. Via geometric optics, a
‘ computerized digitization program (developed at LBL) uses the positions of the ﬁ&ﬁcia.l
markers of the stereota.ctic frame as they appear on the radiographs, in conjunction with
their known positions on the frame, to calculate radiographic magnification f;ctors, the
 size of the AVM and the coordinates of the target volume within the frame (Fig. 9-6) [16].
The d.igitized angiographic data are also used to caiculate the initial translational coordi-
nates of the patient-positioning couch and to provide the basis for appropriately magnified

computer-generated overlays (a.hgnment aids) of the stereotactic-frame fiducial markers,
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angiographically derived target contours and midpiane bony landmarks of the skull for lat-
eral and anteroposterior localization radiographs (see Section ’on Target Localization and
'Treatinent Procedure) [16]. _

" 'The digitization program also models the angiographically derived AVM target volume
as a series of ellipses on correspondmg a.x.la.l CT slices (see below). The CT data and denved'
target contours for each axial CT slice are reformatted to generate relevant viewé in coronal
and sagittal plahes. The reformattéd target contours, which are corrected for parallax and
magnification, then have approximately the saine shape and location as the AVM ta.rgef
delineated on the orthogonal angiographic films [16]. - ‘ |

Nonéohtr_ast stereotactic CT data are loaded into a VAX computer (Digital Equipment
Corp., Maynard, MA), and the coordinates (row, column and CT slice number) §f the
ends of two of the wire fiducial markers on the stereotacfi‘c frame are obtained. This
information, along with the CT-slice thickness (3 mm) and pixél size (typically, 0.8 to
1 mm), is used to map the angiographically'deterr;ﬁned digitized target contours onto the
CT-image data set [16]. At each ‘l'evel of the angiographic image (a.long the cranial-caudal
axxs) that corresponds to a CT slice, the dimensions of the anteropostenor and lateral
pro Jectlons of the AVM are used as the major and minor axes of an ellipse. Thus, the AVM
target volume in the CT-image set comsists of a series of ellipses, stacked one on top of
the other, eéch of thickness equal to >the CT-slice_; sepai'ation. Occasionally, these elliptical
) contours deviate signiﬁca.ntlybﬁ'om the vtrue shape of the levsion, as indicated by CT or MRI
studies, such as .when the AVM clésely follows the edge of some clearly defined anatomic
structure. In fhese cases, the CT-ta.rgef contours are revised to conform to the observed
target geometry (see Section on New Develépments and Future Direcfions). |

For a homogeneous tissue, positioning the Bragg peak at a specified ‘depfh is quite‘
straightforward. However, if the tiésués ére heterogeneous, as are the tissues of the skull
and brain, the procedure ié moré complex [17,18]. Generally, denser bone tissue slows the

incident stream of charged particles more per unit length of tissue than does less dense
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parenchymal tigsue. Thus, a beam traversing denser tissue will have its Bragg-peak region
displaced proximally to a greater extent than a bearﬁ traversing less dense tissue. Knowledge
of the composition of each volume element-éf tissue along the beam path is necessary for
precise determination of dose disfribution and for célculating the depthb of penetration of the
beam. The noncontrast CT data provide informatic;n regarding the physical charactefistics
of the tissues on a pixel-by-pixel basis by providing electron-density data (X-ray absorption
coefficients), which are converted to charged;particle energy ioss by established calibration -
functions [17]. Further adjustment of the beam range with individually shaped tissue-
equivalent compensators pbsitioned in the beam path is used fo accommodate irregularly
shaped lesions and skull curvafure (Fig. 9-5) [22]. For most lesions, lucite compensators,.
shapeci as triangular wedges and/or .rectangular p'a.ra.]lelepipeds,:_ suffice to match the distal
edge of the spread-oui: Bragg peak (across the transverse plioﬁle of the beam) to the distal

surface of the target volume [3,16,18).

’Computer;Assisted ’l‘reatmentA Planning

" The size, shape and location of the lesion, the total dose to the target volume and the
~ dose to adjacent normal brain structures are interrelated factors that affect the choice of
beam ports, entry angles a.nd dose-configuration patterns. Several prospective treatment
plans (isodose-contou.rv displays) are calculated individually for each patient. The_ final
treatment plan is selected after iterative refinement of a number of preliminary treatment
plans. | -

Each charged-particle beam can be directed to place individua.]ly shaped three-dimension-
al high-dose regions predsdy Wlthm the brain by adjusting the range, by spreading the
Bragg peak, by introducing tissue-equivélent compensators and by using an appropriately
shaped apérture (Fig. 9-5). Several entry angles and beam ports (usually, fopr) are directed
stereotactically so that the high-dose regions of the i;ldividual beams interséct. within the
target volume, ensuring a relatively homogeneous dose distribution withk the 90% isodose

surface contoured to the 'edgé of the target volume to the extent possible, with a much lower
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dose to unmedJately adjacent and mtervemng nermal brain tissues {3, 7 ,20,21 23] Figures
9-7 and 9-8 are representative exa.mples of the isodose-contour displays of treatment plans
for small and la;ge AVMs, respectively. | |

A computer-assisted treatment- pla.nmng program (developed at LBL) is used to calcu-
late dose distributions and to generate isodose curves [1 7). Treatment pla.nmng is genera.]ly
performed on the central CT-target slice (axial, coronal and sagittal views), but it can be
performed on other CT slices if desired. For near-ellipsoidal target volumes sma.llei' than
50 cm?, treatment, planning limited to the central CT slice is vusually.su.fﬁcient. The beam
angles and selected doses? .for all beam ports-are entered into'the treatment-planning pro-
gram, which automatically calculates the required parameters fc;r transverse beam width,
beam range a.nd spread of the Bragg peak. The program-derived parameters may subse-
quently be modified to individualize the treatment pian. Thecomposite dose distributions
and corresponding isodose-display curves are generated for each CT slice and plane of in-

terest.

Charged-Particle Dosimetry | _ : -

At the Bevatron ISAH facility, a series of bea.m—momtormg and dosunetry tests are per-
formed before treatment to verify the reliability of the system. First, the charged-particle
beam is delivered to the treatment room and tuned to an optimal focus and uniformity.
Daily dosimetry measurements are performed and compared with a reference value. Follow-
ing this procedure, the bea.\x'n range, which can vary about 1.0 to 1.5 mm on a day-to-day
basisA, is mea.sui'ed. A test treatment for one of the day’s scheduled beam ports is performed,
using a reference ionization chamber (Far West Technology, Model IC-17A), which is placed
at isocenter and given a prescribed dose. The dose measured is usually within 2% of the

“value expected based on previously established calibration factofs (see below) Discrepan-

2The Gray-equivalent (GyE) dose is the physical dose (in Gy) multiplied by a factor to account for the
increased relative biologic effectiveness (RBE) of the Bragg ionization peak of the charged-particle. beam.
The RBE for cell killing in the helium-ion (165 MeV /u) spread-out Bragg peak is approximately 1.3, i.e., it
is approximately 30% more effective than 225-kVp X-rays in kxllmg proliferating cells, based on in vitro and
~ in vivo studxes 2.
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cies greater than 2% are usually due to dail)r fluctuations in the magnet settings for the
beam focus (which can resuit in the beam having a slightly different shape or direction tharl
expected), in which case the beam ports must be calibrated individually. |
A wire chamber, two plane-parallel iornization chambers and a secondary emission mon-
itor are used ;to localize the central axis of the beam and to measure the intensity, profile
and size of the beam [13,28,29,30,31,32]. The residual range and spreading-out of the Bragg
peak are adjusted with a variable-thickness water absorber [13,33]. In t}re st_;ande,rd bearrl-
line configuration, the Bragg-peak width can be spread-out from 5 to 35 mm in 5-mm
increments; other pea.k-spreading conﬁguratidhs are available as required. |
Each beam port used for treatment is charaeterized b}r the ;Saremeters of residual range,
- spread-out Bragg-peak width and selected dose. Each set of beem-port parameters requires
that a specific array of settings be loaded into dose-counting -scalers that aﬁtomatica].ly
turn off the beam when their va.hres have been reached [13]. The entire system has been
calibrated for the values of residual range a.nd spread-out Bragg-peak width currently in
use. Calibration factors (derived from dose-measuring devices) have been fit to polynomial
functions, which are used to calculate the requjred scaler settings for each beam port prior
to treatment. | | | l
The beam intensity and focus are monitored contmuously dunng patlent treatment.
The counts for the two ionization chambers and secondary emission momtor generally agree
within 2% of that expected by the scalers. Discrepancies greater than 2% are investigated

and corrected before treatment proceeds [13].

Ta.rget Localization and Treatment Procedure

The radiosurgical procedure requires that the target volume be localized precisely .at
the intersection of the charged-r)artiele bee.m and the isocenter of ISAH [26]. A simulation
of the freatment procedure is carried out before treatrnent to verify the accuracy of stereo-
tactic localization a.nd to a.ntxapate any problems wrth patient positioning and compliance.-

At the simulation, the patient is positioned (at the coordinates spec1ﬁed by the d.lgrtlzatmn
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program) in the stereotactic frame-mask system, which is attached to ISAH. Alignment of
the patient’s head (and the AVM target) is verified by com/paring the orthogonal lai:eral
and anteroposterior loca.]izatién radiographs, taken with the patient immobilized on ISAH,
to the computer-generated digitized overlays of the fra.nie, skull and angiographically de-
termined target volume (Fig. 9-6) [16]. At this time, the patient is moved sequentially to
all contémplated treatment positions to preclude any unforeseen positioning problems that
might arise during treatment.

At treatment, the.patient; is repdsitioned on ISAH_m the stereotactic frame-mask sys-
tem and orthogonal localization ra.d.iographs‘ are repeated. The loéslizatiqn xiadiograph
perpendicular to the charged-particle beam path is also exposed to a low-dose beam shéped
by the aperture to be used for_that Bea.m port. The ‘reSuIting port film and localization |
ra:diographs are compared to the digifizéd overlays, and necessary adjustments of patient-
positioning and aperture rotation are made. The process is repeated, as required, until
satisfactory alignment is achieved. Once the target center is positioned at the isocenter of
ISAH, the treatment bea.ms are delivered through a number of ports by rotating the patient’s
head and/or treatment couch sequentially to predetermined fixed pbsitions (3,7,20,21,23].
The target-localization pr-oéedure is repeated prior to treatment for each required set of
positioning ‘coord.inates (e.g., for a.nteribr, posterior and lateral beam ports). The entire
radiosurgical procedure typically requires about 30 to 60 m.iﬁutés; each beam port. requires
10 to 15 minutes for patient bositioning, aperture adjustment and céﬁzpensa.tor placement

and 1 to 3 minutes for beam exposure. All patients are treated on an outpatient basis. -

BRAGG-PEAK METHOD: OTHER DISORDERS -

Angiographjcally Occult Vascular Malformations
We have developed methods for correlating stereotactic MRI and CT images to deter-
mine the location, size and shape of the target volume for treatment planning of intracranial

conditions in which angiography does not contribute substantially to target definition and
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localization (e-g.s a.ngiographicé]ly occult vascular malformations (AOVMs) and/ of neoplas-
tic disorders) [19,34,35,36]. These methods, described here for the radiosurgical treatment
of AOVMs, are also directly applicable to the treatment of intracranial neoplasms. In the
patient whose treatmént_ planning is i]lustratéd in Fig. 9-9, the AOVM in thé bfain stem
is clea.rly demonstrated on MRI. Radiosurgical target cont.ours are deﬁneated on stereo-
tactic MRI and CT images. The MRI-derived target contours ére transfe;‘réd to CT for
.compa.rison With CT-derived céﬁtoms, and a final set of target contours is then defined on
the CT ima,ges; For each CT slice, the inner and outer tables of the skull are digitized,
é.long with selected other bony landmarks, such as the pituitary sella, frontal plates and
anterior and posterior protuberances. A computer program (devel&ped at LBL) then gener-
ates CT-derivedv treatment-localization overlays, based on the final target contours and the
digitized bony landmarks. The stefeotactic CT data are also used to ,dete;'mine thé initial
coordinates required fo position the I;atient_ on ISAH. |

Final positioning of the p;atient for treatment is based on comparison of localization ra-
diographs and port films with the treatment overlays. Treatment plans and isodose contours
are developed on the relevant CT slices in a similar manner to that used for AVMs (see
Section on Computer-Assisted Treatment Planning, above). The resulting isodose contours
may then be transferred back to MRI to examine the dose to the AOVM and other‘brai.n

structures of interest.

Pituitary Adenomas

The radiosurgical treatment of pituitary adenomas represents a special situation for
which the localization procedure is greatly simplified, because the sella turcica is midline
and it can usually be readily identified and localized on plain ra&iographs. Since pituitary
adenomas are approximately midline, parallax corrections for localization on stereotac-
tic simulation radiographs are insignificant. Stereotactic. sagittal and coronal MRI views
throughkthe' sella, therefore, can be magrﬁﬁed to correspbﬁd precisely to the respective

orthogonal lateral and anteroposterior localization rédiographs and port films. Thus, the
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contours of the tumor volume é.nd adjacent structures of interest can be transferred (traced)
directly onto the localization radiogré.phs performed at the simulatior;. Concurrently, these
contours are transferred to corresponding CT slices, where treatment planning pfoceeds in
a similar manner to til#t described earlier for AVMs (see Section on Computer-Assisted
Treatment Planning, above). Final alignment of the patient is verified by comparing the
localization radidgraphs and port films exposedv immediately prior to trea.tmentvto the lo-
ca.]jzation radiographs (now modified to indude the target contc;urs) taken during the sim-
ulétiqn procedure. |

In Fig. 9-10, an aérémegalic tumor with extension to the left cavernous sinus and its
v ‘relationships to adjacent neural structures are defined on stereotactic MRI scans, and the
vradiosurgica.l target is delineated. Tile treatment pla;xi is designed té minimize the dose to
the structures of the caver-nous sinus while placing a higher dose in the portion of the tumor
mass lying Wiﬁhin the sella (Fig. 9-11). Generally, eight noncoplanar beam pbrts are used

to effect a favorable dose distribution.

~

PLATEAU-BEAM STEREOTACTIC IRRADIATION |

When a charged-particle beam of sufficiently high energy, and hence greater depth of
penetration, is available, radiosurgery can be performed with the plateau-ionization portion
of the béa.m. In this treatment conﬁgu.ra.tion, the beam passes completely through the hgad,
depdsiting plateau-region radiation in the brain (Fig. 9-12); the Bragg-peak dose is absorbed
in the wall of the the treatment room opposite the beam line. This method was developed
by Lawrence and his colleagues [4,5,37,38,39] at UCB-LBL in 1954 for irradiation of the
pituitary gland with plateau beams of protons énd helium iéns, and it is currently applied'
to radiosurgery. of small intracranial target volumes at sever.a.l broton-inadiation.centers in
Russia (see also Chapter 12) [40,41,42,43,44,45).

With the pla.teaﬁ-beam—iﬁadiatiqn technique, consideration of the tissue inhomogeneity

normally encountered in the head is not important, but accurate stereotactic localization of
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the intracranial target volume and precise isocentric technique are essential. The plateau-
beam ra’diosurgicai system developed at UCB-LBL uses a stereotactic positioniﬁg table and
head holder in combination with indivi'duaily fabricated 151a.stic head masks for immobiliza-
tion (Fig. 9-12). Following delineation of the target volume, the ._charged-pa.r;:i'cle beam is
centered on the sella turcica by means of orthogoﬁal localization radiographs and port films,
and the beam contour is shaped by a brass aperture. Durixig irfad.iation, the he';ad is turned
in pendulum motion a.rouan a horizontai axis while the patient is positioned sequentially at
12 disérete angles around a vertical axis (Fig. 9-12). The irradiation a.rcg are directed such
that the dose fall-off is very rapid in the anteroposterior direction and toward the optic chi- -
asm; the dose fall-off decreases more slowly laterally toward the temporal lobgs (Fig. 9-13).
With this method, thé optic chiasm, hypothalamus and outer pértions of the sphenoid
sinus receive less than 10% of the central-axis pituitary dose [39). For small lesions, the
dose distributions from plateau-beam irradiation are comparable to those produced with
stereotactic radiosurgical systems using X-:ay£ or gamma rays. |

‘ . ) "

" Plateau-beam radiosurgery can also be used for the treatment of disorders other than
pituitary adenomas. For these applications, however, it is necessary to incorporate the
more-general methods of stereotactic target localization described in previous sections of

this chapter.

‘NEW DEVELOPMENTS AND FUTURE DIRECTIONS

Large or Irregularly Shaped Lesions
In our expenence, most AVMs can be modeled, with only minor modxﬁcatlons as a
‘ series of elhpses on adjacent CT slices (see Section on Neuroradiologic Evaluation and Image _
Correla.txon above). Treatment of these lesions generally requu'es aperture desxgns based on
orthogonal angiographic projections and the use of simple lucite compensators. 'With some
large or irregularly shaped AVMs, however, the projection of the angiographically defined

AVM contours onto corresponding CT slices yields target contours that are inconsistent
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with the AVM contours suggested by diagnostic CT and MRI scans (11]. In these cases,
significant modifications of the angiographically derived farget céntours may be required
to preclude inadx;ertentlyvta.rgetting normal brain structures for irradiation (Fig. '9—‘14).
Beam-shaping apertures and localization overlays must be designed individuz;.lly for each-
beam port, including thosé at oblique angles. Add.itiona]ly, tissue-compensators must be
- designed on a CT-slice-by-slice Ba.sis.
The first stage in this complex procedure is the delineation of preliminary targets for all
" relevant angiographic studies in orthogonal lateral and a.nterobosterior viéws. For large and
. s
complex lesions, the target contours derived from sfereotact_ic angiography must be digi-
tized individually for éach contrast-injected vessel. The next stage requires that preliminary
target contours also be delineated on diagnostic stereotactic CT and MRI scans on a slice-
by-slice bésis. The érélim.inary_ target contours for the ;maging studies a.revthen i:ra;rxsferred o
to the corresponding noncontrast-CT data set. The target contours derived from CT and
MRI studies shoﬁld e comj)letely within (and abut) the orthogonally ériented rectangles
that circumscribe the angiographically defined elliptical targets (see Section on Neuroradi-
ologic Evaluation and Image Coﬁelation, 'abbve) (11,16,19,22]. If these target-correlation
criteria are not met, then it is necessary to revise the preliminary target contours. Fi- |
nal decisions on the target contours must be based on c].lmcal judgment using composite
binformation from all avaiiable imaging studies, since no single study provides the complete
three—dirnensional i.n.formétioﬁ needed to determine the appropriate ta.rget volume. In prac-
tice, an iterative approach of target refinement and image correlation is used until a final
set of target contours is obtained that is consistent in all imaging modalities. The ﬁnal set
of target contéurs-is now used, in conjunction.with angiographic and CT data, respectively,'
to generate two sets of trvea.tment-lovca..lizationv overlays (see Sections on Neﬁroradiolo‘gié
Evaluation and Image Correlation and Angiographically Occult Vascular Malformations,

above). The CT-derived lateral and anteroposterior overlays are checked for consistency

with the corresponding angiographically derived‘overlays. (If oblique beam ports are ﬁsed, ’
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the overlays are generated based on CT-scan data alone.) The size and shape of the Beam 4
collimators are based on the composite angiographic a.ﬁd CT contours.

Tissue-equivalent compensators, which can be constructed from lucite or wax, are de-
signed on a CT-slice-by-slice basis for each Beam po;'t as an integral part of the computer-
assisted treatment-pla.mﬁhg procedure [17]. For fabrication <be wax compensators, the data
file that contains f:he compensator-design information is electronically | transferred to a
computer-controlled milling machine. In the case of lucite compérisators, the computer pro-
gram generates a print-out bf the reqﬁired shape of each compensator on a CT-slice-by-slice
~ basis; these prinf-outs a.ré then used to guide machining‘of the compensators. A repre-
sentative isoaose-cbnt.:our display deménstratihg the composife (multi-port) compensator-
integrated treatment plan for a large and irregularly‘ shaped AVMvi's shown in Fig. 9-14;
computer-designed wax compensators were used to nﬁnimize dose to the right thalamus
and other adjacent structures. Four coplanar beam ports were used — one anterior, one

posterior and two from the patient’s right side at +30°.

Bea.rh.Sca.nning

In the standard ra.diosurgery-beaq_:nline cOn.ﬁg‘d.ration at the Bevatron, each beam vport
is characterized by a fixed value of the séread;out Bragg peak that corresponds to the
greaﬁest extent of thefa.rget voiume in the direction of the beam path. Currently, lesions
with substantial variation of width in the direction of the beam path may be treated using
multiple isocenters. If several isocenters are required, however, it may be difficult to achieve
a uniform dose distribution through the target volume while m.l.mrmzmg the dose to é.djacent
normal tissues. An alternative approach, currently being tésted at LBL, is to utiﬁzé a beam- -
scanning system, whereby the charged-particle beam is swept step-wise across the target
volume by a computer-controlled magnetic field. In th15 approach,_ the target volume is
subd.ivided into multiple sections. In tum,“eé.ch sectioﬁ of the ta.rgét volume is irradiated
with a charged-particle‘bea.n‘l characterized by a specific value of the spread-out Bragg-peak

width optimized to correspond to that section. The beam-scanning system will be used in
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conjunction with a computer-controlled multi-leaf collimator which dynamically adjusts the
beam collimation to the shapé of the projected target area. This new system should provide
ixﬁproved dose.distr‘ib.utions for large, irregﬁ.larly shaped lesions, and it should prove to be
especially useful for reducing the dose to critical brajn structures which may partially be

enclosed by concave target volumes (Fig. 9-15).

SUMMARY

Heavy-charged—particle beams mﬁfest unique physical pr§perties which are advanta-
_geoﬁs for appiication to the radiosurgical freatment of intracranial disorders. These proper-
ties include a finite range; a Braég ionizétion peak and a sharp lateral penuzﬁbra. C.harged-
particle radiosurgery can be appﬁed .effectively using either the Bragg-peak method, in
which the charged particles stop within the targef volume, or the plateaﬁ-beam method, in
“which the charged particles pass completely through the patient’s head. |

At the University of California at Berkeley - Lawrence Berkeley L‘aborvatyory, neuroradio-
logic evaluation for charged-particle radiosu-rgery is conducted with the patient immobilized
in a removable head mask and stereotactic frame. A series of imaging studies, Which may
include cerebral a,ngiograéhy and CT and MRI scans, are used to develop an integrated.
set of target contours fér CT-based treatment planning. A.computer-éssisted treatment-
planning procedure is used to select the appropriate beam-port parameters, including the
beam-entry angles and the corresponding beam ranges, .spread-out Bragg-peak widths and
aperture sizes. From these parameters, the treatment-planning program calculates the
dose distribution on a CT-slice-by-slice basis, generates corresponding isodose-contour dis-
plays and designs tissue-equivaleft compeﬁsators required to conform the distal edge of
the Bragg peak to ‘the target contour.. The tréatment-pla.rming program also constrﬁcts
treatment-localization overlays for verification of éatient positioning at treatment.

Recent develoﬁmerité, which a.ré éxpected to provide improved dose distributions, espe-

cially for large and/or hrégula.rly shaped lesions, include the incorporation of new methods
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for target definition, compeﬁsator design and beam delivery. These new methods include: -
: (1) iterative target definition based on the compo;ite imaging infofmation derived from
stereotactic angiégrabhy and CT and MRI scans; (2) CT-s].ice-by-sliceq compensator design;
and (3) the use of a beam-scanning system to adjust the spread-oﬁt Bragg:peak width

dynamically as the charged-particle beam sweeps across the target volume.
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FIGURE LEGENDS

Fig. 9—-1. Relative dose in water as a function of depth is shown for 8- Me\/ photons
(dotted hne), an unmodulated helium-ion (165 MeV /u) beam (sohd line) and a hehum -ion
beam with a spread-out Bragg peak (SOBP) modulated to 2-cm width (dashed line) by
interpoﬁné variable-thickness absorbers in the beam path. The unmodulated Bragg peak
- produces a narrow beam with high energy deposition at the end of the range, suitable for
producing small mtracra.ma.l lesions. For most radrosurgrcal applications, it is necessary to
spread—out the width of the Bragg peak to ensure optrmum dose distribution throughout the
~ lesion. (From Levy RP, Fabrikant JI, Frankel KA, Phillips MH, Lyman JT: Charged—particle

radiosurgery of the brain. Neurosurg Clin North Am 1:958, 1990.) [XBL 901-331A]

Fig. 9-2. The Bragg ion.ization curve and its transverse profile for the 165-MeV /u
hevlium-ion. beam at the University of California at Berkeley - Lawrence Berkeley Laboratory
Bevatron. Left, the Bragg-peak-to-plateau dose ratio is approximately three, antl the
| relatir’e biologic effectiveness in the peak is estimated to be about 1.3; thue, the biologic
effect in the ‘peak is aborrt four times that in the plateau region. Dose fall-off from 90% to
| 10% oceurs within 2to03 mm distal to the Bragg peak. Right, the transverse profile of
the Bragg peak demonstrates sharp edges; the lateral dose fall-off from 90% to 10% occurs
within 2.5 mm. This profile was measured 1 crn‘ proxirrral to the distal edge of a beam
with a 7-cm residual range and with the .Bragg peak spread 2 cm. Distal arrd lateral dose
fall-off are negligibly affected by spreading the Bragg peak. (From Fabrikant JI, Levy RP, |
Steinberg GK, Phillips MH, Frankel KA, Lym’an'J T, Marks MP, Silverberg GD: Chargedf
particle radiosurgery for intracranial vascular rnalformations. Neurosu.rg Clin North Am

3:102, 1992.) [XBL 9012-3874]

Flg. 9-3. Charged—pa.rtlcle beams can be readily contoured by metal apertu.res shaped
to conform to the cross-sectional size and shape of the target volume in any prOJectron

Upper, a lateral pro Jjection view of a stereotactic cerebral angiogram (left internal carotid
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artery injection)- demonstrates a large arteriovenous m'alf"ormation occupying the genu and
| body of the corpus callosuml The composite radiosurgiéal target, selecteci after evaluation
of the multivessel vcereb-ral anéidgra.m Stl#dy, has been outlined (see arrowheads). Lower,
an individﬁa.]ly tailored brass and cerrobend aperture has .Been fabricated from computer-
defined contours derived from the cerébral angiogram to conform to the radjosurgical térget' .
in the éorpus callosum. The aperturé is inserted into the beam line for approprié’ce shaping
of the lé,teral'béé.ms during radiosurgery (cf Fig. 9-5). (From Levy RP, Fabrikant JI, Frankel
KA, Phillips MH, Lyma‘n- JT: Charged-particle radiosurgery of the brain. Neurosurg Clin

North Am 1:962, 1990.) [XBB 901-795A]

Fig. 9—4. Stéreot'actic frame and patient mask system (.cf Fig. 9—5). The head-
immobilization mask is formed of thermoplastié material,. and it is molded individually
for each patient’s head. Letters denofe components of the stereotécticframe: (A) Top cross
member. (B) Yoke. (C) Graphite support bar. An identicai bar is present on the other side.
of the frame. A fiducial .ma‘.rker is present on ea§h bar. (D) Siciéplates' with fiducial markers.
Tﬁe clear lucite sideplates have two grooves maclﬁned at right angles. "Fine coppef wires
glueci into the grooves serve as markers for a.ngiogramé aﬁd CT,; these §vires are imaged
on laterai radiographs. For MRI, _ﬁne tubes filled with olive oil are substituted into the
grooves. (E) Arch with fiducial markers. The arch supports two cof)per wire markers (or
oil-tube markers for MRI) th_aﬁ are imaged. on anteroposterior radiographs. (F) Positioning >~
pins. The mask is reliably positioned with regpect to the .stereotacti'c frame by means of
carefully placed holes ﬁhat correspond to thg three pins. (From Lyman JT, Phillips MH,
Frankel KA, Faﬁrikant JI: Stereotactic frame for neuroradiology and charged particle Bragg
peék radiosurgéry of intracranial disorders. Int J Radiat Oncol Biol Phys 16:1617, 1989.)

[CBB 877-5479A “with overlay”)

Fig. 9-5. Schematic diagram of charged-particle-beam delivery system at the Univer-

sity of California at Berkeley - Lawrence Berkeley Laboratory for stereotactic radiosurgery
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of intracranial tumors and vascular disorciers. The stereotactic patient-positioning system
(ISAH) allows translation along three orthbgonal axes (z,y,2) and rotation about the y and
z axes, 'théreby pro\viding precise patient im.mobi]izé.‘tifbn and éésit‘ioning for Astereotacti; ‘
éaﬂy directed charged—paxticle-beam therapy. The width of the high-dose Bragg ionizatioﬁ. :
* peak within the brain can be spread to the prescribéd size b\ interi)osing a modulating '
filter of comparable maximum thickness (z cm) in th_e beam path, schematically shown here
. as a variable-thickness propeller. .Thé range in tissue of the Bragg-peak region' is deter-
minéd by a rangé-rﬁodifying absérber. Af the Bevatron acéeléfator-, the range and modulé-_
. tion of tvhe Bragg'peak are controlled by use of a va.riéble-position water-column absorber.
An individually designed aperture speciﬁcal‘ly tailored to tﬁe' si7;e and con.ﬁguratibn of the
intracranial lesion shapes the beam in cross-section. Tissue-eqlﬁ{'alerit compensators further
- improve the precision placexﬁent of the high-dose Bragg-peak region by 'adjustingl for irreg-
_ulé,r target éontoms, skull curvature and tissue inhomogeneities. Ion chambers momﬂtdr the
dose delivered in each beam. Multiple eﬁtry angles and beam ports are chosen with appro-
priate modification of radiation parameters so that the high-dose regions of the individual
beam; intersect within the defined intracranial target (here, aﬁ ért‘eriovénoué malforma-
tion), with the lowest possible dose to s;ansitive adjacent ﬁormal brain tissues. (From Le.vy '
RP, Fabril.(anjt‘ JI, Frankel KA, Phj]]ivpvaH, Lyman JT: Stefeotactic heavy-charged;particle
Bragg peak ra.d.iosm"gery for the treatment of intré,crania.l érterioverious nia]formatiéns in

|  childhood and adolescence. 'Neuros_urgery 24:842, 198_9'.) [XBL 8810-7674]

Fig. 9-6. Computer-réformét;ted ovérlay of digitized angiographic films for treatment-
plan.njng_procedures, used to transfer thg th.ree-dimensional target volume for dése local-
- izatién and to ahgn the patfent fo: thé radjosurgical précedure. The overlay méps target -
contours, midplane bony landmarks, ﬁduc':ia.li markers from the stereotactic frame anci the
isocenter of the paf;ient positioner (dehoted by the cross). Uppér, latefal and anteropos-
terior views déﬁxc;nstratg the relative orientation pf these elemef;ts when .the stereotactic.

frame center is located at the isocenter of ISAH; note the perfect alignment of fiducial
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markers on lateral view (upp‘er left). Lower,‘ corresponding views demonstrate the rel-
ative orientation when the patient has been moved so as to place the center of the lesion
at the isocenfer of the immobﬂiza_tion system (“treatment position”). The two concentric
target contours reflect the angiographically derived target contour magnified to match the
localization radiograph (outer contour)v and.the acfual size of the AVM (inner contour),
i'espectivély. (From Phillips MH, Frankel KA, Lyman JT, Fabrikant JI, Levy RP: Heavy
charged-particle stereotactic radiosurgery: Cerebral angiography and CT in the treatment

of intracra.niai vascular malformations. Int J Radiat Oncol Biol Phys 17:423, 1989.) [XBL

888-2832]

Fig. 9—7 . Stereotactic helium-ion Bragg-peak radiosurgery treatment plan for a
12-year-old girl with an a.rtériovenoﬁs malformation (AVM) of the brain stem (inner ring of
white dots). Isodose contours have been calculated at 10, 50, 80 and 100% of the maximﬁm
dose in the axial (left) and coronal (right) planes. The 100% contour conforms precisely
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

v evén as much as 10% of the dose to the AVM and most of the brain receives ﬁo radiation at
‘all. There is virtually éorﬂplete ‘sp'aring and protection of midbrain and pontine structures.
The he].iu.m-ioﬁ beam was cé]limated by van elliptical brass aperture measuring 8.5 x 115
mm; treatment was performed using foﬁ ports in 1 day, to a volume of 0.3 .cm3 (dose, 25
GyE). (From Levy RP, Fabrikant JI, Frankel KA, Phillips MH, Lyman JT: Stereotactic
~heavy-charged—pa.rtic:le Bragg peak radiosurgery for the treatment of intracranial arteri-
ovenous malformations in childhood and adolescence. Neurosurgery 24:843, 1989-._) [XBB

885-5361A]

- Fig. 9-8. Stereotactic helium-ion Bragg-peak radiosurgery treatment plan for a large
(54 cm®) left temporal and deep central nuclei arteriovenous malformation in a 39-year-old

man. Left, axial plane; right, sagittal plane. The helium-ion beam was collimated by
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61 x 50 mm and 55 x 42 mm individually shaped Brass and cerrobend apertures; 27 GyE
was delivered in 3 days to fhe lesion (defined By the ring of white dots) using four noncopla-
nar vbeams.{ Isodo‘se.contours have been calculated for 10, 30, 50, 70, 90 and 99% of the
maximum dose. The 90% isodose contour borders precisel& -on the periphery of the lesioﬁ.
There is rapi‘dv dose fall-off to 'fhe 70% level, and the 10% isodvosev contour completely spares
irradiation of' the contralateral hemisphere.. (From Fabrikant JI, Levy RP, Steinberg GK,
- Phillips, MH, Frankel KA, Lyman JT, Marks MP, Silverberg GD: Charged-particle radio-
surgery for intracranial vascular malformations. Neurosurg Clin North Am 3:110, 1992.)
[XBB 878-6973A] |

Fig. 9-9. Stereotactic heliu.mv-ion' Bragg-peak radiosurgery treatment: plan for 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
.'sa'gittal planes are used to define the target volume (ring of white dots) for stereotactic
radiosurgery. Middle (upper and lower), the target contour data then are transferred
té corresponding stereotactic CT images for treatment planning and calculation of isodose
contours for display. Right (upper and lower), the isodose-contour information then is
transferred back to the original MRI scans to permit the explicit demonstration {and mod-
ification, where required)uof isodose-contour distributions m all desired anatomic planes.
Isodose contours displayed here in the axial and sagittal planes are calculated for 10, 50,
70 and 90% of thev maximum central dose. (From Fabrikant JI, Levy RP, Steinberg GK,
Phillips, MH, Frankel KA,' Lyman JT, Marks MP, Silverberg GD: Charged-particle radio-
surgery for intracranial vascular maHorﬁations. Neuroéu.rg Chn North Am 3:112, 1992.)

[XBB 898-7352)

‘Fig. 9-10. MRI scans of the pituitary region of a 49-year-old woman 14 years after
transsphénoida.l hypophysectomy for acromegaly. Recurrent acromegalic tumor is present

with extension into the left cavernous sinus, lying directly on the left internal carotid artery.
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Up.per, coronal views demonstrate the tumor and its reiationshjp to the optic nerves,
chiasm and tracts, left carotid artery and adjacent cranial nerves. The tumor and cranial
nerves are outlined for radiosurgiéal treatment planning. Lower, sagittal views demonstrate -
the precise d.ista.n;e between the upper ‘edge of the tumor (c;utlined) and the optic chiasm.
The MRI technique is part of the treatment-piafuling'procedure for stére.otacticb chafged-
particle radiosurgery (cf Fig. 9-11). (FrJom Levy RP, Fabrikant JI, Frankel KA, Phillips
'MH, Lyman JT: Charged-particle radiosurgery of the brain. Neurosurg Clin North Am
1:972, 1990.) [XBB 898-66884] |

.

Flg 9-11. Stereotactic helium-ion Bragg~peak radiosurgery treatment blan for the
recurrent acromegéhc tumor in the patient illustrated in Fig. 9-10. The radiosurgical target
is defined by the inner ring of white dots. The helium-ion Bragg peak was modulated 0.5 cm,
- and it was collimated by a ‘1>5 x 13 mm e]jiptical brass aperture. A dose of 30 GvyE was
delivered to a volume of 0.8 cm® through eight ports in 1 day. Isodose contours are calculated
for 10, 20, 30, 50, 70, 90 and 95% of the maximum central dose in the axial (upper) and
coronal (lower).pla.nes. The 5% isodose contour is also calculated in the coronal plane
and demonstrates the rapid fall-off of dose within a few millimeters of the irradiated target
volume. The treatment plan was de"signed-to minimize dose to the cavernous sinus while
placing a higher dose in the tumor mass lying with.in the sella. The optic chiasm, nerves and

tracts received less than 10% of the central dose, i.e., less than 3 GyE, and the parase].l_ar
cranial nerves only a fraction of this dose. (From Levy RP, Fabrikant JI, Frankel KA,
Phillips MH, Lyman JT: Charged-particle radiosurgery of the brain. Neurosurg Clin North

Am 1:973, 1990.) [XBB 898-6680]

Fig. 9-12. Stereotactic positioning table and head holder for plateau-beam helium-
ion 'pituitary-irradiation system developed at the University of California at Berkeley -
Lawrence Berkeley Laboratory 184-inch synchrocyclotron. The mask is a rigid transparent

~

polystyrene unit which is tailored for each patient. During irradiation, the patient is posi-
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tioned sequentially at 12 discrete angles, covering a 66° arc around the ;»'ert_ica;l (y) axis; at
each position, the patient’s head is turned in pendulum motion through a 70° arc around
the horizontal (:c)ax.ls _ (From Lévy RP, Fabrikant JI, Frankel KA, Phillips MH, Lyman JT:
Charged-particle radiosurgery of the brain. Neurosurg Clin North Am 1:971, 1990.) [JHL

2897-C “with overlay”)

'Fig. 9-13. Three-dimensional isodose contours for one octant of the radiation field
used to trgat pituitary adenomas at the University of California at Berkeley - Lawrence
Berkeley Laboratory 184-inch synchrocyclotron (cf Fig. 9;12). Stereqta;:tic irradiation 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 Tobias CA: Pituitary radiation: Radiation physics and biology. In Linfoot JA (ed):
Recent Advances in the Diagnosis and Treatment of Pituitary Tumofs. New York, Raven ,

Press, 1979, pg 234.) [MU-14976] .

Fig. 9-14. Treatment plan for a large irregular thalamic arteriovenous malformation
(AVM). Milled wax compensators for each beam port, desighed with computer assistance on
a CT-slice-by-slice basis, were usea to align the distal edge of the Bragg peak to the distal
surface of the AVM (defined by the ring of white dots; volume, 17 cm?). Isodose contours,
calculated for 10, 30, 50, 70,‘90 and 99% of the maximum central dose, are illustrated for
a single CT éhce. Thé 165 MeV /u helium-ion beé.m was collimated by individually shaped
cerrobend apertures. A dose of 20 GyE was deliVefed t§ the iesion using four coplanar beam

ports in 2 days. [XBB 923-1690]

Fig. 9-15. Left, isodose contours (10, 50, 70, 90 and 99%) are illustrated fo; the poste- '
. rior beam-port compo'neni: of the composite (multi-pvort) treatment plan shown in Fig. 9-14.
The target (defined by the ring of white dots) was irradiated with a fized spread-out Bragg-

peak (SOBP) _valuebf 3.5 cm for this beamn port. In this treatment configuration, signiﬁcaht
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portions of the right thalamus and adjacent brain stem afe irradiated fo the full treatment
dose (5 GyE) from this be&n port. (In practi;:e, the dose to these sensitive structures is re-
duced by irradiaﬁing the taréét‘ from multiple angles..) Right, the corresponding single-port
treatment plan for a scanned beam with a variable SOBP is illustrated for comparison. The
treatmeﬁt-plamﬁng program for beam scanning adjusts thé value of the SOBP 50 ihat only
the target volume receives the maximum dose (see text); with this method, the dose t;Q
sensitive adjacent sfructﬁres is less thah would océur using a beam with a ﬁxed SOBP. |

[XBB 928-6621A]



N

Relative dose

0.8

0.6

0.4

0.2

Heavy-Charged-Particle Radiosurgery ! KA Frankel et al

: 7 Protens @mev) [
i - /
: o /
H ' /
: N
i~ He (165 MeV/u; ' 7.
f 2 cm modulation) 7T
- -
) 7 ...
T e
' He (165 MeV/u;
unmodulated)
| 1 _
0 ' 5 - 10 - 15 20

Distance in water (cm)
‘ : XBL 901-331A

. Fig.9-1

33



Relative Dose

Heavy-Charged-Particle Radiosurgery / KA Frankel etal 34

1.01

0.81

t

g
2]
1

o
E-N
I

Rglative‘ dose

o
)
1

0.2

Jj’ L
0.0 Y ‘ 0.0 T T Y

0.0 5.0 10.0 150 2 10 1 2
Depth in water (cm) Distance from beam axis (cm)

XBL 9012-3874

‘Fig. 9-2



Heavy-Charged-Particle Radiosurgery / KA Frankeletal 35

XBB 901-795A



Heavy-Charged-Par"ticle Radiosurgery / KA Frankeletal 36

CBB 877-5479A
Fig. 9-4
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XBB 878-6973A

Fig. 9-8
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