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Heavy Ion Therapy: Bevalac Epoch

" Joseph R. Castro, M.D., FACR

Experience in high-LET particle radiotherapy dates back many years to the
beginning neutron studies of Robert Stone and John Lawrence at the University of
California in the late 1930's. Charged particles, although begun in the 1950's by
Cornelius Tobias and John Lawrence, have been practical for use in fractionated Bragg
peak cancer therapy only since the late 1970s, when CT became available for treatment
planning at the Massachusetts General Hospital-Harvard Cyclotron Laboratory and the
University of California Lawrence Berkeley Laboratory (UCLBL) (5). The potential of
heavy ion therapy for clinical applications stems from the biological attributes of heavy
ions, and the precise dose localisation possibie with charged particles. Translating this
into clinical use required a large effort involving biologists, physicists, physicians,
accelerator physicists and engineers, computer scientists and radiation therapists
(9,13,22,23)

With the development of the Bevalac complex (SuperHiLac linear accelerator +
Bevatron ) in the early 1970s, it became possible to have intense beams of heavy ions
sufficient for timely delivery of therapeutic doses. In 1975 a collaborative clinical study
was begun between University of California San Francisco Medical Center (UCSF) and
UCLBL to determine the efficacy of heavy charged particles in the treatment of human
cancers. In the late 1960's and 70's, intense radiobiological interest was focused on the
role of hypoxia in tumor therapy and many observers expected significant biological
gains from high-LET particles. Less attention was directed to the possible advantages of
dose localisation although it was recognized that previous increases in the ability to
deliver dose at depth had been accompanied by clinical gains in local and regional
control.

Biologically, carbon, neon and similar heavy ion beams reduce the oxygen
enhancement ratio and increases the Relative Biological Effectiveness (RBE). Cells
irradiated by heavy ions show less variation in cell-cycle related radiosensitivity and
decreased repair of radiation injury. The physical behavior of these heavy charged
particles allows precise delivery of high radiation doses to tumors while minimizing
irradiation of normal tissues.

Helium and neon ions were selected as ions to be tested at LBL, representing
relatively low-LET ions (helium) for their dose-distribution advantages and high-LET
(neon) for both its biological and physical advantages. The use of these ions in clinical
practice required an extensive pretherapeutic and supportive effort including biological

' studies, development of patient immobilization _echniques,CT and MRI tumor targeting,
and a 3D computerized treatment planning system. Progressive improvements in beam

,. delivery and patient dosimetry techniques were essential to assure accurate and safe
patient irradiations. Gradual escalation of doses were required to ascertain normal
tissue toleraBce and_assl.Eepatient_afety JE_intr.oduc_ga_newtreatment modality.



The preliminary experience atLBL ( 1,2,3,4,5,6,7,8,25 ) has confirmed the
usefulness of heavy charged particles in increasing tumor dose relative to normal
tissues. Effective dose 10-35% higher than possible with standard techniques have
been achieved with helium =nd neon ions and as would be expected, significant
improvement in local control and survival rates have been demonstrated compared to
historical data. This has been best demonstrated in tumors arising or invading the skull
base, including primary chordoma-chondrosarcoma of the paraclival area, as well as L
tumors of the paranasal sinuses and nasopharynx ( 14,15 ). Eye and orbital tumors,
salivary gland tumors, bile duct tumors, bone and soft tissue sarcoma and prostate
gland tumors have also been effectively treated ( 17,18,21,24,26 ).

However, the limited availability of heavy charged particle beams due to the use
of laboratory accelerators for the bulk of the clinical trials has slowed the accumulation
of data relative to the merits of these forms of radiotherapy. It is likely that a further
generation of use will be needed to fully resolve all of the questions related to charged
particle therapeutic use, and to accumulate sufficient treated patients to have full
confidence in the results.

Treatment Planning

Extensiveandcomplex3-D treatmentplanningis requiredfor accurate charged
particletherapy,using CT and MRI scanningas the prime methodsof tumor
localisationand targetvolumedelineation ( 12 ). Afterinitialevaluationwhich includesa
careful historyand physical examination, an individually constructed immobilization
device to hold the patient in the desired treatment position was made, generally from
perspex or thermoplastic splinting material (polyform!. A planning CT scan and/or MRI
was performed with patient in the immobilization device and in treatment position
whenever possible. At LBL, a CT scanner was built to scan the patient in either prone,
supine or upright position. For MRI scans, a supine scanning position had to be used.
To accomodate the different position, techniques for image correlation and data transfer
techniques were developed at LBL to assist in treatment planning ( 12,13,20 ).

The final charged particle treatment planning was based on the CT scan, using
the computerized treatment planning system developed at LBL ( 12 ); this provided the
density data to account for tissue inhomogeneities in the beam path. Custom made
beam shaping devices (collimators) and tissue compensators were designed and
fabricated for each individual portal. Alignment aids such as digitally reconstructed beam
portal radiograpns and templates were created using the treatment planning system.
Patient set up on the treatment machine included verification films taken daily before
each treatment to assure accuracy.

At LBL, the beam energies utilized were 150/232 MeV/u for helium ions and
585/670 MeV/u for neon ions. Tumor doses were expressed in physical Gray and in
Gray equivalent (GyE) by multiplying the charged particle beam physical dose by the
RBE, representing the ratio of the photon beam dose to the charged particle beam dose
required for the same late effects. For skin and most normal tissues, the RBE used for
neon ions was ~ 2.5, ranging from 2.0-3.0 depending on position in beam, LET, dose '
fraction size, etc.



Treatment planning for heavier ionssuch as carbonor neon mustalso take into
accountthe fragmentationtail. LET and RBEvaluesare differentin each portionof the
beam profileand mustbe assessedin somemeaningfulway to plan for normaltissue
late effects. Some specialisedtissueshave higherRBE valuesthan skinandother

' tissues. The central nervous system tissue has an RBE value for neon ions of 4.5
compared to megavoltage irradiation and for the gastrointestinal tract, the RBE may
also be elevated at about 3.5.

Clinical results with Helium Ions

Skull Base:

Helium ionsdeposita smallamountof high_LETwhich mustbe accountedfor in
treatmentplanningbut insufficientlyto act biologicallyas heavierchargedparticles.
Their clinicaland biologicaleffectsappearto be quitesimilarto those reportedfor
protons,and because theywere technicallyeasierto produceat UCLBLthan protons

- were the mainstayof treatmentwithlow-LETions.Duringthe periodfrom 1977 through
1992, 223 patientswere irradiatedwithheliumand neonionsat UCLBLfor tumors
eitherarisingin or extendingto the skullbase ( 10 ). 126 patientshad lesionsarisingin
the cranialbase, mostlychordoma(53 pts), chondrosarcoma(27 pts), paraclival
meningioma(27 pts) with19 patientshavingotherhistologiessuchas osteosarcomaor
neurofibrosarcoma.There werealso 22 patientswith primaryor recurrentsquamous
carcinomaof the nasopharynxextendingto the skullbase, 44 patientswithmajoror
minorsalivarygland tumors,mostlyadenocarcinomaand 31 patientswith squamous
carcinomaof the paranasalsinuses,allwithcranial base extension.

Factorsof importancein irradiationof skull-basedtumorsincludehistology,site,
tumorvolumeand whetherprimaryor recurrentdisease. Carefullyplannedand
deliveredchargedparticleirradiationof lesionsoriginatingin and extendingto the
cranialbase offersan increaseintumorcloserangingfrom 20 to 35%, dependingon
location.Localcontroland survivalappeared improvedin all tumorhistologies,following
the abilitywith chargedparticlesto deliverhightumordoses ( mean of 65 Gray-
equivalent)withrelativesparingofthe adjacent normaltissues.The Kaplan-Meier(K-M)
5 year localcontrolwas 85% for meningioma,78% for chondrosarcoma,63% for
chordoma and 58% for othersarcoma. K-M survival ratesat 5 years were82% for
meningioma,83% for chondrosarcomaand72% for chordoma.Nearlyas highlocal
control(58%) was seen inthe othersarcoma histologies(includingosteosarcoma) with
K-M survival rate at 5 yearsof 71%.

K-M localcontrolratesforthe entiregroupof 126 patientswith primaryskullbase
tumorswere 71% at 5 yearsand 57% at 10 years ; K-M survivalwas 77% at 5 years
and 62% at 10 years.The followup rangedfrom4 to 191 monthswith a medianof 51
and a mean of 58 months. During1977-1986, 12 of 29 (41%) patientswho hadno

, evidence of disease had grade 3, 4 or 5 complications. From 1987 to 1992, 11 of 55 (
20% ) disease-free patients had grade 3, 4 or 5 complications. Seven (8%) of the 85
patients had grade 4 or 5 complications as detailed below:

o



In 22 patients with tumors arising in the paranasal sinuses and invading the skull
base, a 5 year K-M local control rate of 60% was obtained; the 5 year K-M survival rate
was 38%.

For 21 patients with minor salivary gland tumors invading the skull base treated
initially, a 5 year K-M local control rate and survival rate of 68% were obtained. The
mean dose was 65 GyE. Of 4 patients with recurrent minor salivary gland tumors
infiltrating the skull base, all had local failure and none lived longer than 25 months.
In these patients the mean dose was only 55 GyE because 3 of the 4 had previously
received full dose irradiation; the other had surgery and chemotherapy.

There were 19 patients treated for major salivary gland tumors, many of whom
had locally advanced (11 pts) or recurrent (5 pts) tumors, with a 5 year K-M local control
rate of 58%, and a 5 year K-M survival rate of 42%. The 2 year K-M local control in the
recurrent group was 50% versus 80% in the nonrecurrent patients. Similarly the 5 year
K-M survival was 20% in the recurrent patients compared to 50% in the nonrecurrent
patients.

Uveal Melanoma:

Protonand heliumionirradiation of uveal melanoma has now been studiedfor 15
yearswitha remarkableconsistencyof extremelyhigh localcontrol
( *,98%), retentionof the eye (*,85%), and preservationof usefulvisionin about50% of
patients.347 patientswere treated at LBL-UCSF from 1978-1992. These patientswere
studiedat variousdose levelsfrom 50-80 GyE/4-5 fxs/4-16 days withouta dose
responsebeingseen. In a randomizedstudyof 184 patients comparingheliumionsand
125 Iodineplaquetherapy,we prospectivelystudiedthese modalitiesina randomized,
dynamicallybalancedtrial ( 11 ). 184 of the patientsmet eligibilitycriteria;86 were
treated with heliumionsand98 with 1251brachytherapy.Tumors were less than 15 mm
in maximumdiameter and lessthan 10 mm in thickness. A minimumtumordose of 70
GyE was deliveredto the tumorapex. There was significantlyhigherlocal recurrence
rate after 125 Iodine brachytherapythan after helium ion irradiation: ( 13% vs.0%).
Enucleationsoccurredmorefrequentlyafter I 125 brachytherapy(relativerisk= 1.99;
95% confidenceinterval;0.78 - 5.78). More anteriorsegmentcomplicationsoccurred
after heliumion irradiation.

Remainingproblemsto be studiedincludingloweringthe anteriorchamber
complicationsfrom the entryof the heliumbeamthroughfurtherdose-searching
studies,and findingeffectivetherapyfor those at riskfor distantmetastases ( large
lesions,anterior location).Currentlyabout 20% of patientseventuallysuccumbto
clinicalmanifestationof presumablyoccultmetastasesat time of therapy.Nowakowski
et al.( 19 ) found 42 (16%) of 261 patientswithocularmelanomawho were treated with
heliumionsbetween January1978 and November 1986 to havedevelopedmetastatic
disease. The time between start of helium ion treatment and recognition of metastatic
disease ranged from 3 to 67 months (median 27 months). The mean pretreatment
tumor height in the patients with metastases was 7.7 mm. All 42 patients who
developed metastatic disease have died. The most common site of metastasis was .
the liver (n - 34). Four (10%) of the 42 patients with metastases also had local
recurrence of the tumor. Multivariate analysis identified that anterior locationof tumor



(p = .02), and tumor diameter greater than 10 mm (p = .0075) predicted independently
the development of metastases and lack of survival.

Clinical Results With High-LET Charged Particles

Heavierparticlessuchas carbon,neonor siliconionshave had insufficientstudy
\ to prove or disprove their merits in clinical therapy. The lack of sufficient beam time and
" patient accrual have limited the information that can be derived from the experience

although considerable knowledge was gained in the techniques, both physical and
clinical, of their use. In some respects the pressure to focus on Phase III trials for the
heavier particles limited the opportunity to study their use. Much effort went into trying to
develop sucessful Phase III trials that might have been better spent in exploring new
techniques and uses for these ions. The carbon ion beam has biological dose
localisation advantages which are better than lighter ions such as protons. The ratio of
dose in the tumor relative to the entrance region is maximized. Quite sharp lateral edges
are present and the small fragmentation tail can be dealt with in treatment planning.
Enough high-LET is present to provide significant differences in DNA damage, and
supression of radiation repair. Double strand breaks are increased as is other evidence
of DNA injury. These effects are maximized in the tumor by the use of the dose
localisation secondary to charged particles. Slowly growing tumors seem to be
effectively treated by high-LET particles; these include such histologies as salivary gland
tumors, prostate gland tumors and some bone and soft tissue sarcoma. Much additional
knowledge is needed on understanding the reasons for this and selecting patients likely
to benefit from these therapy. Combining such therapy with sensitizing agents has
barely been approached in pretherapeutic studies and deserves consideration for
clinical Phase I trials. The emphasis for continuing these studies will now shift to Japan
and Europe. The NIRS accelerator will be ready to begin clinical studies by late this year
or early 1994. An excellent accelerator at GSI, Darmstadt could also begin clinical work
Jnconjunction with the University of Heidelberg.

The Phase I-II clinical trial at LBL using neon ions was reviewed in 1991 by
Linstadt et a1.(17). A total of 239 patients who had received a minimum neon physical
dose of 10Gy (median followup for survivors 32 months) were evaluable. Compared
with historical results, the 5- year actuarial disease specific survival (DSS) and local
control (LC) rates suggested that neon ion treatment improved outcome for several
types of tumors: advanced or recurrent macroscopic salivary gland carcinomas (DSS
59%, LC 61%); paranasal sinus tumors (DSS 69%, LC 69% for macroscopic disease);
advanced soft tissue sarcomas (DSS 56%, LC 56% for macroscopic disease);
macroscopic sarcomas of bone (DSS 45%, LC 59%); locally advanced prostate
carcinoma (DSS 90%, LC 75%); and biliary tract carcinomas (DSS 28%, LC 44%).
The treatment of malignant gliomas, pancreatic, gastric, esophageal, lung, and
advanced or recurrent head and neck cancer has been less successful. By May of 1992,
a total of 299 patients had completed therapy with at least 10 Gy of neon ions. These

, patients are still being followed and the results from the previous survey continue
essentially as noted above.



Neon Ion Radiotherapy Of Prostate Cancer

High -LET charged particle conformal therapy for locally advanced prostate
cancer may be beneficial for slowly growing tumors such as prostatic carcinoma. These
beams offer the possibility of less radiation repair of high-LET injury as well as
eliminating some of variations in sensitivity during different phases of the cell cycle. In
addition, areas of hypoxia within the tumor which are resistant to low -ET treatment are
less so in the presence of high-LET irradiation. Charged particle conformal therapy also
allows optimal conformation of the high-dose zone to the target volume, mainly the
prostate, seminal vesicles and adjacent lymphatics.

Twenty-three patients have been treated, mostly with Stage C carcinoma of the
prostate. Both local control and survival appear excellent as compared to historical data
for this stage of disease. Only 2 patients have died from disease, both from distant
metastases. Two patients are scored as alive with local recurrence, although both are

- alive. In one patient the biopsy was obtained three months post completion of
treatment, followed by orchiectomy and no evidence of subsequent disease. The 2nd
patient had a positive biopsy in Australia,and is apparently free of disease on LH
antagonists at 5 years post radiation treatment.

K-M local controland survivalare projectedat the 90% level at 7 years post
trteatmentin thissmallgroupof patients.High-LET charged particleirradiationappears
to show highpotentialinthe treatmentof locallyadvancedprostaticcancer and may
diminishthe localfailure rate from approximately50% to the levelof 10% or less
Howevercare must be taken in delivering this therapy. We have had 3/23 patientswith
rectal injuries possibly attributable to the neon ion treatment. One patient had a very
large tumor and probably too large a volume was treated. Anal sphincter stricture
developed leading to colostomy. Another patient developed an anterior rectal wall ulcer
leading to a recto-vesical fistula requiring a colostomy/and ileal conduit. A 3rd patient
had a colostomy following development of a rectal ulcer which appeared inferior to the
neon target volume. These results indicate caution should be used in escalating doses
in conformal therapy. A boost of neon ions for locally advanced prbstate cancer after
pelvic radiation therapy to 45-50 Gy should probably be in the range of 5-7 Gy or
approximately 15-20 GyE.

Heavy Charged Particle Irradiation For Unfavorable Soft Tissue Sarcoma

Between 1978 and 1989, 32 patients with unfavorable soft tissue sarcoma
underwent light ion (helium, neon) irradiation with curative intent at Lawrence Berkeley
Laboratory ( 17 ). The tumors were located in the trunk in 22 patients and head and
neck in 10. Macroscopic tumor was present in 22 at the time of irradiation. Two
patients had tumors apparently induced by previous therapeutic irradiation. Follow up
times for surviving patients ranged from 4-121 months (median 27 months). The overall
3-year Kaplan-Maier local control rate was 62%; the corresponding survival rate was
50%. The 3-year Kaplan-Maier control rate for patients irradiated with macroscopic
tumors was 48%, while none of the patients with microscopic disease developed local .

O

recurrence (100 '/oj. The corresponding 3-year Kaplan-Maier survival rates were 40%
_{_macroscopic)and 78% (microscopic). Patients with retroperitoneal sarcoma did



notably well; the local control rate and survival rate were 64% and 62%, respectively.
Complications were acceptable;there were no radiation related deaths, while 2 patients
(6%) required operations to correct significant radiation related injuries. These results
appear promising compared to those achieved by low-LET irradiation, and suggest that

• this technique merits further investigation.

k

- Preliminary Results In Heavy Charged Particle Irradiation Of Bone Sarcoma

Between1979 and 1989, 17 patientswithunfavorablebonesarcomawhowere treated
whollyor in part with heavycharged particleirradiation(heliumand/orneon ions)at LBL
were reviewedby Uhl et ai ( 26 ). The majorityof tumorswere locatednear critical
structuressuchas the spinalcordor brain. Grosstumor was presentin all buttwo
patientsat the time of irradiation.Six patientswere treated for recurrentdisease.
Histologiesincludedosteosarcoma,Ewings'ssarcoma,and recurrentosteoblastoma.
The followuprangedfrom 7 to 118 months(median 40 months). The 5-year K-M local
controlrate was 48%; the correspondingsurvivalrate was 41%. Over half the patients
succumbed to distantmetastasesdespitethe majorityof patientsreceiving
chemotherapy. Fromthe resultsof this preliminarystudy,we believethat heavy
charged particle irradiation can be effectively used for control of locally advanced or
unresectable bone sarcoma.

Irradiation Of Bile Duct Carcinoma With Charged Particles
And/Or Photons

A retrospectivestudy by Schoenthaleret al. ( 24 ) was performedanalyzingall
patientswithbileductadenocarcinomawho received radiotherapythroughthe
Universityof California,San Franciscoand at the Lawrence BerkeleyLaboratory
between 1977 and 1987, a total of 62 patients. UCSF patientsreceived photontherapy
(mediandose 54 Gy), and LBL patientwere treated with heliumand/or neon ions
(mediandose 60 GyE). Forty-eightpatientswere treated postoperativelywithcurative
intent,30 withphotonsand 18 with particles. Thirty-sixpatientsinthe studyhadgross
residualdisease; nonehad microscopicallynegative margins.Theoverall twoyear
actuarialsurvivalwas 28%: 44% for particletreated patientsand 18% for patients
treated withphotons(p = .048). Medianactuarialsurvivalwas 23 monthsin particle
patientsand 12 monthsinphotonpatients. Localcontrolwas alsoimproved,though
less significantly,in patientstreated withparticles (mediandiseasefree survival20 mos
vs 4.5 mos, p= .054). Compared to conventional photonradiotherapy,treatmentwith
postoperativecharged particle irradiationat Lawrence Berkeley Laboratoryappeared to
offer a survival advantage in this non randomized series.

This work was supported by USPHS NIH_NCI CA19138 through the US DOE under
contract No. DE-AC03-76SF00098
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