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e Special Feature 

LONG-TERM RESULTS OF PION THERAPY AT LOS ALAMOS 

C. F. VON Esse~, M.D.,' M. A. BAGSHAW, M.D., FACR: S. E. BUSH, M.D.,' 
A. R. SMITH. P H . D . ~  A N D  M.  M. KLIGERMAN, M.D., FACR4 

Cancer Rcscarch and Trcatnlcnt Ccntcr and Department of Radiology. University of New Mexico, School of Medicine; 
'Dcpaflrncnt or Rndiation Oncology. Southwood Community Hospital. Norfolk. MA 02056; *Department offhenpeutic 
Radiology. Stanford University School of Medicine. Stanford. CA 94305; 'Department of Radiation OncOtogy. St. Joseph's 

Hospital. hlbuqucrquc. NM 87 102; 'Department of Radiation Thenpy. Univenity of Pennsylvania 
School ofMcdicine. Phildclphia. PA 19104 

Two hundrcd twcnty-eight paticnts were trated at the Los Alamor M a  Physics Facility(LAMPF) with ncga- 
tive pi-mesons (pions) between 1974 and 1981. Of thrsc, 19 patients with metrotatic direuc were trertcd in pilot 
studies. Following the clinial dctcrminatlom of relative biobgiial ctTuXivcacrr (RUE) otpionr, M9 p r t k t s  were 
trcated in rite m n d  dasE searching studies beginnhg in 1977. Advured but regkw8lly balked ancem that were 
conridcred poorly rcspoasivc to conventional therapy were selected for tratnent. A wide range of trutmmt 
fractions (22 to 45) and o l  total daw (1800 to 4200 cCy i t  tbc 80% isodose kvel) to the prescribed target volumes 
was e x p l ~ c d .  A follow-up observation period of between 4 5  a d  9 y u r r  Lu been compkted. The anrlysk fw 
cusses on 129 patients meiving pim therapy abm. Thhy-six (28%) had pcrsktiag l o a 1  tumor control of which 
I 2 (9%) suflercd complications of treatment. The results varied among tratment rites, lor example: prostate 
cancer. 18/21 (86%) h l l y  controlled, 6/21 (29%) campliationr; h a d  urd nedq 8/31 (26%) loal ly  controlled, 
1/31 (3%) complications; and pncrcps. none controlled 8nd no complkatkms. Analysis of dosclmdion response 
suggests P steep rising curve of compliathns beyond the dosc kvel of 3750 &y minimum, 4700 &y d m u m ,  
in 38 fmrtioas. The tumor control response has a broader sod illdeflned curve posriMy due to the heterogeneity 
of tumor typcs. 'l'hc RBK lor h t e  eficcts in normal tirsucs appeared to be higher than that for acute effects 
although the mixture of t u w  types. sitcs, dosc, and fractionation made this estimate highly uncertain. No late 
d r y  neoplastic change in pion irr8dirtcd tissue were Men. It is concluded th8t pions a n  l o a l l y  ablate 
some adv~nccd a~yr~sr often without significant scquelre. but that the optimum t k p e u t i c  range is critial.Thc 
I n s  Alamos data may bc or use to ongoing pion studics in Canada and Switzcrland. 

Ncgative pi-mesons (pions). Rrdiothempy. late radiation cfTccts. 

INTRODUCrlON 
The potcntial benefits of negative pi-mesons (pions) i n  
cancer treatmcnt wcrc appreciated by several physicists 
shortly following thc reports of the discovery of mesons 
by Occhialini and Powcll in 1947*' and the description 
o f  nuclear interactions of the pion, particularly thc "star" 
phcnomcnon, by Perkins." Fowler and Pcrkins pro- 
iowd thc dcvclopment of clinical trials of pion thcripy 
II 1961.'' By 1968. efforts were underway at the LOS 

Prcscntcdat tlic2Rth Annual Mcclingolihc Amcncan Sori- 
cly ofThcrapcutic Radiology and Oncology. Los Angela CA. 
Novcmbcr 1986. 

Thcsc invcstiptions wercl supporlcd in part by US. Public 
I lcalth Qrvicc Grants No. CA I 6  I27 and CX I4052 from thc 
Vationel Cancer Institute. Division of Rercarch Resourccs and 

Reprint rcqucsts to: C. F. von Esscn, M.D.. Southwood 
('omniunity Hospital. I I 1  Dcdham St., Norfolk. MA02056. 
:l~k,ro,~/(,r~~f?r',fi/-Tlrc. Ibllowing is 3 partial lis1 of scicnlilic 
and clinical contribulors to il ic pro;wl: LAMPF I 4  I Amoh. 

'enters: and by the U.S. Dcpartrncnt or Energy. 

Alamos Meson Production Facility (LAMPF) to dc- 
velop a clinical pion beam channel at the 600 MV proton 
I i  near accelerator." This undenaking. initiated by Dr. 
Louis Roscn. Director of LAMPF. lcd to a collaboration 
bctwccn the LOS Alamos Scientific Labontory (LASL) 
and tlie University of Ncw Mexico Canccr Research and 
Trcatrncnt Ccnter (UNMCRTC). The first patient was 
treated with pionsin 1974.Tlic clinical lreatrnents tcrmi- 
natcd in  198 I This rcmrt summarizes thc clinical re- 
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sults with particular cmphasis on thc long-term clfccts of 
trcatmcnt. 

METIIODS AND MA'I'ERIAIS 

Devclopmenr U/ ' I / IC  clinical prqvrtrrn 
Thc rationale for the use of pions in cancer therapy has 

been discussed previously.'.': Thc LASL-UNM Program 
was developed to detcrminc thc usefulncss ofthese p a d -  
cles. Prior to and parallel with the clinical studies. radio- 
biological experimcnts in a variety of biological systcms 
were carried out. The dcvclopmcnt of a clinically uscful 
pion beam channcl rcquircd considcrable technical in- 
novations.'" Treatment planning and dosimetry pro- 
grams werc complex hccausc of thc naturc of the cvcnts 
occurring in thc path of pions through All of 
thesc programs werc coordinatcd to expditiously 
achieve the program goals and havc bccn descnbcd in a 

of Rwns~lS,17.3ZZ.'..H A progression of steps in 
theclinial evaluation wasdesigned. beginningwith pion 
treatments to the skin and multiple cutaneous metasta- 
ses, thence to deeper and more extensive tumors, with 
the eventual goal of randomized clinical studies. 

Some initial and evotving constraints a n  briefly rnen- 
tioned to provide better understanding of the data to be 
presented. Initially. while thc biomedical channcl was 
being tested, the proton curren! was reslrictcd to IO mi- 
croamperes. giving a dox m e  of only 6 to 7 cGy/min 
in the Bragg peak. This dose n t e  was barely adequate 
for the initial studies designed to determine the rdative 
biological effectiveness (RBE) for acute skin reactions. 
As the beam tnnsport panmeten for the pion channel 
were refined, the current was gndually increased toward 
the maximum of I .O milliampere and the pion channcl 
was tuned SO that the B n g g  peak could be placed at 
depths up to 28 cm.. thus making i t  possible to treat 
deep-seated tumors. The higher beam currents permitted 
the B r a g  peak to be modulated (spread) to a vcrtical 
width of 16 cm. with pion doses of 5 to I 5  &y/min/ 
liter. depending upon beam penetration. trcatment area. 
and size of thc spreadout puk. %sed upon  an RBE valuc 
of 1.4 (25) .  the dosc was 7 to ?I  c(iy/min/liter rclativc 
to conventional radiation. 

When the Bragg peak was modulated beyond 5 cm. 
the LET increased with depth along the spreadout peak.' 
Therefore. opposing pion h a m s  wcrc generally ern- 
ployed for the trcatmcnt of dccpscatcd large tumors so 
that 3 uniform distribution of high LET radiation could 
be dcpositcd in thc targct volumc. 

c 

Trml w w r i  pdicy 
Thc early clinical cxpcricncc in thc trcatmcnt of thc 

sk in  and multiple cutailcow mctastascs Icd to thc dclcr- 
mination of an KBE valuc (1.43) that scrvcd PS a guide 
(hut not as ;I dctcrinining vrrluc) for subscqucnt therapy 
proiocols." Thc sccond phasc ol'thc clinical studics con- 

ccrncd tlic trcatnlcilt ot' patients wi th  locally and/or rv- 
gionally-advanccd primary. prcviously unirradiatcd I 
mors in a nunihcr orsitcs and of various histologia. Fd- 
lowing thc trcatmcnt of ;I small numbcr of patients with 
cxtcnsivc and/or metastatic sites thc program focused on 
advanccd tumors that could hc cncompasscd by thc pion 
target volumc. with n o  distant mctastascs. and with a 
fairly low cxpcctcd incitlctlcc of u r l y  mclastases. A wide 
range of sitcs ;itid histologics wcrc acccptcd. howevcr. as 
part cd.3 site-scirching policy. 

Aftcr Ihc gross tumor was dclincd. thc lymph n<v 
dminapc to hc. includcd \KIS idcntificd and at Icast I CI: ,  

was adrlcd to the pcriphcry to dchnc thc targct volumc. 
Thc dosc contour ;iround the gross lumor wus set as 90% 
of the prcscrihcd dosc at thc maximum. Thc minimum 
isodosc linc dctining the largct volumc was nominally 
80% and rcprcxntcd thc volumc which would have been 
trcatcd hcl'orc any twost  trcalmcnt in  conventional ther- 
apy. When thc physical doscs wcre transformed to thc 
cKcctivc (biological) doscs by application ofthe LET-(' 
pendent RBE Ihctors. which varicd across the beam, 111. 

90% cll'cctivc iwdosc covcrcd thc target volume (80% 
physical dosc) whilc the 1001 cfkctive dosc covered a 
significant fraction of the targct volume. All dosesquotd 
arc physical doscs in cGy. 

Thc goal ol'thc dosc-searching portion ofthe program 
was to lind the RBE [or acute erects to transit normal 
iissucs whilc minimizing thc number of individuals who 
would sufrcr ;1 Iatc complication. These data werc l i s 4  

as a guidc rrl thc Stan of thc scarch for tolcnnce doxs  0 1  

pions for othcr normal tissucs. The beam doses given lo 
thc lirst group of palicnts was based on the acute RBE 
for s k i n .  Howcvcr, to bc ccrtain that sensitive tissue 
might not hc injurcd. thcsc initial doses were below the 
prcdictcd tolcrancc Icvcls. I t  was planned to add conven- 
tional radialion io  thcsc carly cascs when a wide margin 
of high tolcrancc to tlic pion dose wasobserved. Conven- 
tional cxtcrnal thcrJpy or intcrstitial radiation was d 
uscd as P boost  whcn rcsidual m a w s  persisted at thc L X ! ~ *  

of pion thcrapy. In somc c m s  pions wcrc given to the 
primary trcatmcnt voluinc and photons werc used 10 
treat the lyniph nodc drainrrgc. Convcntional therapy 
was also rcquircd on ttic crcasion oftcchnical beam fail- 
u rcs. 

ir.l.c.crrIncw, I t t < h d Y  

&tails oftlic trcatmcnt incthods have been prcvioll, ' 
dcscribcd.'.l".'h Thcsc cvolvcd with cxpencnce. kp.. 
ning with thc dcsign ol'singlc liclds collimated will1 i d -  
vidually nioldcd low melting temperature alloy a W -  
turcs. Phc pruxiiiial aiid distal limits of the ~argct volume 
werc dctcrinincd. and thc pion niomcntum and b m -  
shaping bolus wcrc sclccrcd u) that thc Braggpcak would 
tw scanncvl ttirough ttic limits afthc target volume. 'rhe 
scanning t b ' x  Ix'rl'ornlcd b y  ;I hcllows oil hath pion I';IW~ 
shiticr.' ~ l l  planning ol'(rc;itmcnt was hascd upon st' '  ' 
C1'sc:ins pcrtorrnctl wi th  ttic paticnt in hisown inwots124.0( 
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wation niodulca followcd by trcatmcnt simulation US- 

i iig riidiographic tcchniqua.3s 
AS cxpcricncc WY gained, t lw lcchniqucr cvcllvcd 10 

ilrc u x  of parallcl opposing bcams. gcncrilly requiring 
thc crcation of 2 molded modulcs and 2 CT scanning 
studies of the patient in prone and supinc positions. The 
static modc of tmtmcn l .  by  which thc majority o f  pa- 
iicnts were treated. had considcnblc limitations in cx- 
lloiting the dosedistribution advantages attributcd to pi- 

ons. Thus a 20% dose variation through the target vol- 
ume was unavoidable in most cases duc in parl to the 
gradual fa l lof fof  broad beam prohlcscauscd by multiplc 
coulomb scattcr and neutron production in the pion 
“stars”.’ Basd upon radiobiological assumptions. thc 
h a m  profiles along the beam axis were “tuncd” to dc- 
p S i t  a uniform biological dosc along thc sprcad out 
IM.XI~.’* Thus, in asstssing thc c f k t s  o f  dosc upon both 
urnom and normal tissues. the site of a particular cffcct 

could seldom be precisely dehned. I n  gcncral. the rnini- 
i u i m  dosc within the target volume probably rclatcd to 
a failure of local tumor control while the muvirnrrm dox 
probably related to normal transit tissuc cffccts. Towards 
thc cnd of the project, a small number of paticnts with 
CNS tumors were treated by a dynamic scanning tech- 
nique.2*‘6 

A fractionation pattern or 5 fractions wcckly was se- 
lected based upon the experience gaincd with conven- 
tional radiation therapy. Initially. prcscribcd doscs 
ranged from 2700 cGy in 24 rractions to 4000 i n  30 frac- 
tions. Small volumes were trcatcd with frictional doses 
between 125 and 135 c G y  and large volumes with 100 to 
106 cGy. Thus. a variable of fraction number. dose per 
fraction. ovcrall time. and cumulativc dosagc wcrc cx- 
plored and altered depcnding on obscrvations of acute 
reactions. 

..I ccession tlfpai imrs 
Between October 1974 and Novcmbcr 198 I .  236 pa- 

tients were rcgiskrcd as candidates for thc pion tlrcrapy 
studies. Of thcsc. 8 patients wcrc nndomizcd in proto- 
cols to receive photon therapy and wcre not trcatcd with 
pions. Twelrundrcd twenty-eight paticnts did rcccivc 
pion tlrcrapy as all or part of their wcalrncnt (Tilblc I ) ,  

Table I .  Accession d a m  of pion trcatcd prriicnls 

Pilot 
Y c i r  stud ics I’llilsc 1-11 I otal 

1974 
1975 
I976 
1977 
1978 
I979 
I980 
1481 

Tni:Il 

1 

7 
7 23 
I 38 

4x 
4 s  
5 5  

I 1) 2(1Y 

Table 2. kt icnts rcgistcrcd for pion tlicmpy 

’rovd pticnts trcatcd with pions 22a 

Pilot study 

Pions alonc 
Photons plus pions 
lncomplctc pions 

Phax 1-11 

129 
66 
14 

19 
209 

Paticnts not trclted with pions 8 
Total paticnu fcgislcrcd 236 

As swn in Tablc 2, 19 paticnls with mctastatic disease 
wcre treated in a pilot study to cvaluate the effacts pri- 
marily on normal tissues. and therealter, 209 patients 
wcrc trcated in a dosc and site searching program (Phase 
1-11), or in a randomized protocol. Ofthesc. 129 received 
complete treatment wi th pions only whereas 80 patients 
rcccivcd either supplementary photon treatment. 66, or 
did not complete the rhedukd coursc of pion therapy. 
I 4. The reasons for incomplete therapy occurred because 
of beam or other technical failure. or completion of a 
beam period before a sufficient pion dost could be 
r e x  hed . 

Photon (or electron) therapy was added either in a 
planned schedule (e.g., whole brain therapy of  gliomas 
prior to reduced volume therapy with pions) or as a sal- 
vage procedure in cases where persistent or recurrent dis- 
casc was suspected. 
To cvaluate the long-term effects of pions upon both 

tumors and normal tissues. thisanalysis focuses upon the 
I29 patients r m i v i n g  complete or nearly complete ther- 
apy with pions alone. However. important data from 
those groups receiving mixed schedules and lower doses 
of pions wil l  supplcrnent the principal analysis. The 
riurnbcr of patien& followed to date of evaluation and 
the length o f  the observation periodsare shown in figurn 
I .  I t  can bc Sccn that the opportunity for observing long- 
icrm cKccts was limited bccausc of thc high morlality 
rate. 

~.-wliicirion ((1 rcalrnc’nt n d [ s  

cludcd: 
Information for thc evaluation of trcatmcnt rcsults in- 

I ,  Maximum and minimum total dose lo target vel- 

2. Dose per frdction and numher of fractions. 
3 .  Ovcrall t imc o f  trcatment. 
4. rreatmcnt bolumc (including rcduccd volume 

5.  Timing and type ofadditional thcrapy. 
6. Presence or absencc of local control o f  tumor: This 

was hased upon clinical criteria of abscncc o f  disease for 
a minimum of 3 ycan. Thcse were supplemented by 
pathological data in autopsies (or biopsies) after this pe- 
riod. I’aticntsdying bcfore 3 ycars without local evidence 

uiiic and to clinically important transit tissucs. 

when used). 
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CUMULATIVE OBSERVATION 
PERIODS FOR 129 PATIENTS 
RarNlNG PION THERAPY ALONE 

20\ 0 0 2 4 6 8 IO 1 

Fig. 1. Graph showing the cumulative obscrvaiion periods for 
the group ofpatientsmivingpions alone. Although the evalu- 
ation point (June 1986) allows a minimum of 4.5 years (Ne 
vember 1981)anda maximum of9ycrn(June 1977)ofobur- 

! vation. ihc poor survival of most patients limited the opportu- 
nity for long-term cvaluation of normal tissue e k t s  and of 
tumor control. Thus of 129 patieniscntcring pion trcrtment, 11 

wasonly possibk tocvaluatc 28 paiicnts a! the 3rd anniversary 
following trcatment and a diminishing number thereafter. 

~ 

ofdisease were excluded from the analysis of tumor con- 
trol data. 

7. Late reactions for clinically significant transit tis- 
sues. and the maximum dose to these tissues. The late 

kpcembcr 1987. Volumc 13,  Numkr U 

reactions arc scorcd according to thc RTOG/EORTC 
Late Radiation Morbidity Scalc.' Complications *.. . 

listed for gradc 3 or highcr Icvels. Photographs and r;tr ,,, 
gnphs wcrc taken whcncvcr indicated to further docu- 
ment tlrc normal tissuc cfrccts. 

8. Timc ol'survival and prcscnt status ofsurviving pa- 
tients. Dcxriptions of pathological clfccts were made 
whcncvcr possible by Dr. William Black. and in the case 
of thc nervous system. by Dr. Mario Kornfeld. both 
from tlic University of New Mexico. Department of 
Pathology. 

HFSU L'I3 
Thc paticnts trcatcd in thc Phase 1-11 protocol are t a b  

ulatcd by sitc and treatnicnt category in Table 3. The 
rcsults arc shown according IO local control and compli- 
cations prcviously dchncd. In thc category of patients re- 
ceiving pions alone. thcrc was no cvidencc oflocal tumor 
rccurrcncc in any of thc I2 cases developing treatmcl:t 
complication. Howcvcr. 3 of thcse cases expired WI: 
36 months oftrcatmcnt. 

Cases whcrc photons (or surgery) were employed as 
salvage proccdurcs or proven persistence of pion treated 
1urnoi-s arcclassified as trcatmcnt failuresorpion therapy 
alone. 

The local control rates for pion therapy alone ranged 
from 86% (prostate) IO nil (gndc 1V gliomas, pancreas. 
othcr silcs). The individual categories will be daribcci 

lfl~uciarrd ?lCYk C i I m w  

Paticntswith turnorsprcscnting ina  wide rangeofsites 
in thc uppcr aerodigcstivc tract were accepted for pion 
therapy. These sitcs included the oral cavity, naso-, or@. 
and hypopharynx. thc larynx. pannasal sinuses and sali- 

Table 3. Phasc 1-11 rcsults of pion therapy 

Pions ilonc Incornplat pions and/or pions plus photons 

Locally Tnatmeni Locally Trcaimcnt 
Site No. Failed conirolled complication No. Failid controlled complication Total 

Head and neck 31 23 
Lung 6 5 
Pancreas 17 I7 
Large bowel 12 9 
Cervix 4 3 
Bladder 4 2 
ProslPte 21 3 
GliomasGR 111 IS I ?  
GliomasGRIV 14 14 
M i x .  sites 5 S 

7 I I 3  7 3 3 
1 I I 

16 Ih 
3 4 3 I 

I 9 8 I 
I I I I 

12 6 2 I I 
? I 9 7 - 7 

! I  21 
4 3 I 

44 
7 

33 
I6 
I3 

. .  -'* 
35 
9 
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Table 4. Iicad and ncck a n m r  bw~icd with pions only: 
Locally controllcd/totol msa 

T 

vary glands. The histological pattern was squamous car- 
cinoma with the exception of2 cases ofildenocarcinorna 
involving the posterior tongue. Clinical classification was 
according to the AJC TNM scheme, and is shown in Ta- 
blc 4 according to T and N categories. The techniques 
,nd earlier ruults have been reponed by Khan a/." 
and Bush et ul.' 

Seven cases among 31 (23%) were locally controlled. 
Patients dying of intercurrent or metastatic disease be- 
fore 36 months of observation included an additional 2 
cases of apparent locally-controlled canccr. There was 
one complication Sctn in  this group (scc Table 5).  The 
niaximum follow-up was IO8 months and the minimum 
was 36 months among the locallycontrollcd cases. The 
cu te  normal tissue reactions extended from a mucosal 

crythema to a 3rd degtee mucositis. The late reactions. 
with the exception of the one complication. ranged from 
no apparent changes (grade 0 )  to a moderate atrophy of 
the skin and/or oral mucosa (EORTCIRTOG grade 2). 

A further 5 patients d v e d  either supplementary 
photon thcrapy (implant and/or external beam) or corn- 
posite resection within 4 months o f  completion of pion 
thcrapy and arc locally-controllcd for pcriods of 72 to 84 
months. The rcasons for the supplementary therapy was 
the clinical suspicion that the pions had not acliicvcd lo- 

cal control. The remaining paticnts rcccivod supplemen- 
tary trcatmcnt because of incompletc pion therapy due 
citlicr to accclcrator failure, prcmaturc end of a beam 
pcriod. or far-advanced and progressive disease leading 
io discontinuance of pion thempy. 

Lung cuncer 
Although this site was not considercd suitable for eval- 

uation of pion therapy due to the high metastasis rate 
and the difficulty of achieving uniform dose distribu- 
tions. cvcntually seven patients with primary untreated 
lung cancers wen treated. Remarkably, one patient with 
a poorly differentiated carcinoma in the left apex mea- 
suring approximately 8 cm in diameter remained con- 
trolled for 8 years and died ofa stroke. Autopsy revealed 
no evidence of tumor and minimal radiation effects in 
the transit tiweo.The tumor tcceivcdbetween 2160and 
2700 cGy in 23 fractions over 42 days to a 2380 cc. vol- 
ume through a single anterior field. 

Puncrcus 
Thirty-three patients with the diagnosis of adenocarci- 

noma of the pancreas were treated with pions alone or 
with pions plus supplementary photons. The details of 
thcsc approaches have been reported by Bush and Klig- 
crman.' Sixteen patients received pion therapy alone 
with doses ranging from 2100 to 4100 &y. The patients 
presented with unresectable diseasc and all but one had 
a by-pass procedure. Several developed metastases dur- 
ing or w o n  after treatment. All patients in this group 
died of pancreatic cancer. &cause of the poor rcsults and 
the high (60%) incidence of liver metastases, a more re- 
strictive policy was instituted and an attempt to reduce 
1 hc development of liver metastases was planned. Four- 
teen patients were carefully screened a1 surgery for evi- 
dcncc of disc= beyond the pancreas and loco-regional 
lvmph nodes. The pancreatic tumor volume received 

Table 5. Complicdtions attributed to pion therapy alone 

Piondose Targct Ovcrall Tirncto RTOG/ 
vol. No. lime develop EORTC PossiMc contributing Caw Tumor 

no. siic Min. Max. (c.c.) fractions (days) Complicition sile (mos.) Grade factors 

IW Brain 3611 4500 2562 35 59 Brim 12 
149 Anus 4000 5000 1265 ! I  14 Bowcl and bliddcr 8 

- - 
4 Post-pion blcomycin & 

mitomycin 

rcscction 
53 Small bowcl I2 4 Prcv. a M .  pcnncal 83 Rectum 3310 4135 1206 39 

169 Rcctum 4050 4930 '! 34 44 Small howcl IO 4 
104 Larynx 3Y72 4965 1593 40 00 larynx 12 4 
166 Blddcr 3600 4500 2256 36 
133 Prostotc 4043 4660 2640 37 56 Bladdcr and rcctuni 1 1  4 Diverticulitis 
120 Prostatc 3790  4383 1755 37 56 Kcctum 9 4 Post-pion rcctal biopsics 
125 Prostate 4000 444R 2497 57 57 Rectum 9 4 Post-pion rectal biopsia 
155 Pronatc 3605 4606 1320 37 5 1  Rectum I I  5 Diabetic 

52 Small howcl 14 4 9o%largetvol I51 Prostatc 4050 4500 1143 37 
122 Prostate 4050 4500 1974 38 SO h w c l  and pclvic 0 4 90% targct vol 

- 
- 

48 Bladdcr ? 5 Multiple post pion biopsies 

cor1 IISSUCS Para-aonic phoions -- 

00 133 124.005 
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3 150 cGy in 24 fmctions over 5 to 6 wceks followed by 
2400 ffiy in 10 fraclionsover 34 weeks to thc entire liver 
plus pancreatic tumor using I 8  M V  photons. No local 
control was achieved. Twenty-one post mortern exami- 
nations were performed. In no case could either steriliza- 
tion of tumor or significant damage to transit tissue 
effects bc demonstrated. Tumor extent at death in- 
cluded, invariably. liver and/or intnpcritoneal mctasta- 
scs. In other cases. widespread extraabdominal metasta- 
ses wen  also notcd. The longest survival was 22 months. 

h r R c  inwd 
Sixteen patients were treated. of which I2 rcceivcd 

pion therapy alone. Of then. five had advanced (T3-TS) 
primary carcinomas of the rectum. 5 had post-surgical 
pelvic recurrence. 1 patient had a Iargc solitary liver me- 
tastasis, and I patient had a post-surgical recurrence of 
an anal squamous carcinoma. There were 3 treatment 
complications which arc described in Table 5 .  There 
were no cases of long-tmn local control. No therapeutic 
margin was apparent between the dose range producing 
complications and local failures in this small group of 

c advanced cases. 

Cancer of the cewix 
Thirteen patients were treated; only 4 received a full 

course of pions alone. Of these 4 patients. two survived 
with uncomplicated disease control for 3 1 months (died 
ofliverand lungmeurstases)and 59 months(noevidcncc 
of disease) respectively. All patients included in the 
group were Stage 111 b (8 cases), Stage I V  (4 cases), or 
recurrent after surgery ( I case). 

Bladder cancer 
Five patients were treated, one of which did not com- 

plete therapy because of progrcsive disease and death. 
A favorable result is noted in 1 patient with uncompli- 

cated tumor control for 6 y t a n  following 3300 marr./ 
2640 min cGy in 24 fractions. A second case was locally 
controlled but with late radiation cystitis, which severity 
was enhanced by multiple negative biopsies. following 
45OO/36OO cGy in 36 fractions Local failure occurred in 
one case following 3860/2500 c G y  in 30 rractions. No 
general conclusions are possible because of the limited 
number of patients: however, a dose effect is distin- 
guished between the local complication and cases with 
no late complication. 

Prosrare cancer 
Twenty-thm patients werc trcatcd with pions be- 

tween 1977 and I98 l. Two of these patients had supple- 
mentary local photon therapy because of pion beam in- 
terruption and arc not included in this analysis. All but 
2 patients (T2) had either T3 (17) or T4 (2 )  tumors. Six 
staging laparotomies were performed. Four caxs  with 
clinically or surgically positivc nodes rcccivcd photon 
therapy to dose lcvels of4400 to 4600 cGy given to the 

Scptcnihcr 1987. Volumc I ? .  NumkrV 

para-aonic nodcs. Thrcc paticnts with positive pelvic. 
nodcs rcccivcd only pclvic pion radiation. 

Latc normal tissuc cffccts, not considcred complic.;, 
lions. included crcctilc impotcncy in 2 cases. urcthral 
stricturc in 2 cases, and slight anal fibrosis. I casc. Six 
complications wcrc cncountcrcd (Table 5) .  T h c x  in- 
cludcd 3 paticnls with colostomy for rcctal or sigmoid 
stricturc, one patient requiring small bowel rcxction for 
stcnosis. and two patients with scvcrc rcctal damagc. in- 
cluding onc rccto-vcsical fistula and one scvcrc hcmor- 
rhagic proctitis. Two of thcsc piiticnts had hiopsics 0 1 t h  
rcctum at thc cnd ol'thc trcalmcnt pcriod for a study ( I .  

acute tissuc cffccts of pions. Thc doscs rcccivcd in tlic 
patients with complications wcrc at thc upper par( of the 
trcatmcnt dowgc rangc. Thc two caxsof 1oc;ll pclvic fail- 
ure occurrcd in paticnts with T4 N4 MO and T3 N4 MO 
respectively. In both cases. widcsprcad d imsc  was found 
at autopsy 22 and 40 months following therapy. 

AS of thc last cvaluatton. 7 paticnts were alive with no 
evidence of prostatc canccr 69 to 96 months after pior.. 
therapy. 4 patients wcrc alivc with metastatic prostai. 
cancer. 2 patients havc dicd with prostate cancer. 4 pa- 
ticnts havc died of trcatnienl rclalcd cornplicalions with- 
out prostate cancer, and 4 paticnts have died of other 
UUKS without prostate cancer. 

Thus. local prostate canccr was controlled in I 8  of 2 I 
cases rccciving doses of 2650 c G y  in 23 fractions IO 4040 
cGy in 38 fractions. Complications are dose-related and 
occur mainly above maximum doscs (calculated in  13'' 
get tissues) o f 4 4 0  cGV (3500 cGV minimum). 

Maligriun~ Kliornos 
The treatment of malignant gliomas was carried O U ~  

initially with Z opposing fields encompassing an initial 
volume of the entire brain. After approximately f of the 
dose was deiivcred. a reduced volumc was treated from 
the ipsilateral side for thc final f of the total dose. Thiay- 
one paticnts wcrc thus treated (29 to prescribed dog '  
while 28 patients received wholc cranium radialioii 
means of opposing fields of photons to doses of 3600 to 
5000 &y prccedcd but more often followed by pions 10 
reduced volumes with minimum doses of I200 to 1 5 0 0  
c C y  in 12 to I 5  fractions. 

Fifty-nine patients were treated. They are classified 
into astrocytoma grade 111 (23 patients) and astrocytoma 
gnde 1V or glioblastoma (34 patients). Of 29 patients re- 
wiving complete thcnpy with pions alone. only ? 
have demonstrated uncomplicated local control 01. . 
easc of 60 to 71 months respectivcly. One paticnt W i I l l  

a gndc 111 astrocytoma dicd IS months following Pion 
therapy with no evidence of tumor at autopsy but with 
cxtcnsive radiation cnccphalopathy following symptoms 
of dementia kginning I 2  months after radiotherapy 
(Table 5 ) .  

:Miscelliirri.Nits siwv 

N o  signiticani conclusions can bc drawn from 1t'00133124.006 
Nine patients with ;t varicty of other sit= wcrc t rea~~"l  
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Imnbcr tmtcd .  Thcrc were no casts of persisting local 
control. 

I'aticnls with sccand malignancies 
Two palients werc known to dcvclop sccond rnalig- 

nancics, in bolh cases considacd unrclatcd to pion 
iherapy. 

In Casc 30, a 75-year d d  female paticnl had a massive 
aurcnt  basal cell carcinoma of the anterior chest wall 

with invasion ofthe sternum. She receival single field 
pion therapy, 1620 cGy (min.) and 1800 c G y  (max.) in 
I I fractions over 14 days to a 4 cm depth. Incomplete 
rcgreYion occurred. Because of the cnding of the 
LAMPF beam schedule. the patient thcn rectivcd 3600 
c G y  of electrons (20 MEV) in 23 fractions over 53 days. 
A c h s 1  X ray, 5 ycan after radiation therapy, demon- 
siratad a mediastinal lesion but funher investigation was 
:fused. She died suddenly 4 months later. Autopsy re- 
vcaled a small cell undiffemntiatd carcinoma of thc left 
upper lobe obstructing the pulmonary artery and meta- 
static to the adrenal. At autopsy. there WM radiation 
changes in the chest wall but none appreciated in the me- 
diastinum. There was no residual basal cell carcinoma. 

Comment: The low pion dose to the anterior chest 
wall with much lower dosc to the underlying mediasti- 
num appears unlikely to be rclatcd to the  development 
t f  the midchest malignancy. 

Case 133. a man with camnoma of the prostate, T3N- 
xMO. was treated with pion thcrapy to the pelvis. The 
patient survived 47 months before dying of carcinoma of 
the pancreas. There was no recurrence of prostatic carci- 
noma. 

Remlis according 10 dose and nw?rlw c!l:Irachm 
The variety of sites and tumors that were treated also 

iecessarily involved a limited numberofcascs in any sin- 
gle category. Thus, it is difficult to analyze the rclation- 
ships of dosage to results in cach category. Furthermore, 
the treatment factors, although varied. were no1 entirely 
random and were based upon clinical considerations 
from previous experience. However. it may be useful to 
combine the data and relate treatment effects with total 
target volume dose and thc number of fractions. Such 
a n  analysis may clarify the dose rcsponx particularly for 
normal tissues. Analysis according to treatment volume 
and overall timc of treatments appcars not helpful be- 
cause of dilution of the data. However. cases of compli- 
cations are shown according also to thcsc factors in Ta- 
ble 5 .  

Figure 2a and b dcmonstratcs the dose-fraction plots 
for local tumor failure and for local control and compli- 
cations respectively. 

Table 6 and Figure 3 demonstrate the results ofanaly- 
sis of these data. A progressive rise in complications oc- 
curs as the dosagc i n c h .  Correlation of dosage to tu- 
mor control, however. is  less certain although the trend 
is towards increased control with increased dosage. An 

Results of Pion Therapy Alone 

0 $4 0 0 

Fig. 2. Dose-Fraction plot of treatment failures (a) and orun- 
complicatcdcontrolsand complicationr(b).The fivecasawith 
downward arrows received doses of less than 20 Gy in 23 frac- 
tions. fhrec curvilinear lines a n  drawn at equally spaced inter- 
vals through the densest cluster of data points identically for 
both gnphs. Their slopes are based on erpcrirnentll data by 
Froelich ct a/." from mousefoot irradiation experiments with 
pions modified by clinical experience to be the best available 
cstirnates of dosefraction isoeffect slopes for normal tissue 
damage. They are not intended to demonstnte a dore-fraction 
relationship from the Lor Alamos data but are used as a means 
of grouping the data into zona for purposes ofu~matingdose- 
response relationships. The slope of these curves is tccording 
IO an Ellis-type equation. D = k P . " p  ", where D is the d w  
in Gy. T is the ovcrall timc in days and N is the number of 
fractions. Although T is not specifically analyrzd. the assump- 
tion is that hve fractions weckly were given. However some 
marked departures from this pattcrn occurred. Thesc do not, it 
appcars, significantly an'ect the analysis. The intcrccptsof the 3 
curves at I fraction (L )  arc 12.6. 13.6, and 14.6 Gy respectively. 

optimization was derived by subtracting the complica- 
tions from the tumor control pcrccnt with an apparent 
peaking in Zonc B. However. thc large uncertainty ofan- 
alyzing tlicse fcw and heterogencousdata pointsdoes not 
allow a delinitc conclusion. 

DISCUSSION 

The goal of the LASL-UNM pion program was to de- 
termine the effectivcness of pion therapy. This question 
appears to be only partially answered from the clinical 
cnpcricnce at Los Alamos. Thc problcms relate to the 

i 
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Table 6. Analysis oldosc rcsponu: data I'rom Fig. 2 

Pion dose (Gy)t 
No. NO.  No. 

Zone' Minimum Maximum QSeS controllLd.dS complications (%I 
A c32.5 40.6 52 I I  ( ' I )  0 
B 32.5-35 40.6-43.8 20 h (30) I ( 5 )  
C 35-37.5 43.0-47 38 I 0 (26) 3 (8) 
D >37.5 >47 19 9 (47 )  R (42)  

I29 36 (28) I 2  (91 

For definition of Zona A to Dsce Fig. 3. 
t At level of 36-38 mctions. 
$ Controlled includc complications, tho1 is. complicated plus uncomplicatcd C';LSFS of loc31 tumor control. 

small numbers of patients. the heterogeneity of tumor 
types and sites. and the scatter of treatment dose data. 

The overall results ore not impmive .  They range 
from a high control ratc (including complications) in 
prostate cancer, where the control rate with photons may 
be comparable, to no  apparent eflict in pancreatic can- 
cer. Among the data, however. are individual or clusters 
ofcases where remarkable local cures with minimal side- 
effects are seen. Thcsc instances arc noted in the head 
and neck, lung, bladder. cervix. and prostate categories. 
They are not seen in large bowel. pancreas. or glioma 
categoria Unfortunately. the small numbers of cases for 
each of these s i t e  do  not allow a dosc-response relation- 
ship by tumor type  and site to bc calculated. 

When examining the overall data for dose response 
characteristics. however. it is apparent that a steep curve 

* 

PION DOSAGE AND RESUUS 

---L--B-C-D- 
ION€- 

Fig 3. The graphic display ofanalysis ofthe data points (Table 
6) shown in Figures 2a and 2b. 7 % ~  *'zona" arc: &all the tm 
below the lowcst curve: Bthc arcs b c t w a n  thc lower and mid- 
dle: C-the area bctwccn thc middle and upper curves; D-the 
area above the uppcr cuwe. A sharp ria in complications with 
increasing dose can be seen. Thcrc is. however. J less dchnitc 
increase of tumor control with dose. By subtracting the pcrccnt 
values of compl'htion from the pcmnl values or tumor dosc 
an optimization cuwc i s  dcnvcd which appears to hove B prrk 
in zonc B. Howcvcr. the unccnunty duc to thc small numhcr 
of cascs and thcir hetcrogcncity docs not pxmit il dcfinitc con- 
clusion of thc position of the pclk of optimum d m g c .  Sincc 
a11 complications wcrc also tumor mnlrols. thcx arc lrddcd io- 
gether in this graph for purpoxs orgnphic display. 

I o c l s  I152 

for complicationscan be dcrived. but not one for uncom- 
plicated tumor control. probably because of the hetero- 
geneity of sitcs and sensitivities. It is difficult to deter- 
mine the prccisc dosc leading to these complications be- 
cause of the inhomogeneity of dobe. If one assumes that 
the maximum physical dose is responsible for complic . 
lions. then the data from Table 6 suggest a rapid nsc G.. 
complicaiions at the lcvcl of 4400 cGy to 4700 cGy in  
38 fractions. This would correspond t o  treatment over 
almost 54 days. 

Expericncc with conventional radiation given 5 days 
weekly over 8 weeks to moderate treatment volumes iS 
limitcd but fcw radiolherapisu would exceed 7000 &y 
without anticipating high complication rates. Assuming 
7000cCy ofconventional photon radiation tobeequi\. 
lent in complication probability IO a range of 4400 i.. 
4700 c C y  of pion radiation. the range of late injury RBE 
valucs is I .59 to I .49. This is slightly. and perhaps insig- 
nihcilntly, higher than the acutc skin reaction RBE value 
of 1.43 caiculatcd from data for I 3  fractions.u 

An increascd RBE value for late injury was calculattd 
by Bush c.1 ul. from earlier okrvationsofthese patien&' 
Data from pion radiation of patients with bladder cancer 
at the Swiss Institute lor Nuclear Rescarch (S.f.N.)M :I' 

support this trend. Similar findings have been repor.. 
for small fraction size for neutrons." Goodman R d.. 
however. have not detected an increased RBE for late 
injury when using 12 to IS fractions in the treatment Of 
the pelvis region at TRIUMF." The dose-responsecurve 
for late injury is steep and welldchned in both the LOS 
Alamos and Swiss experiences in contrast to the broad 
slopc of tumor control resgonse. This may relate to the 
hctcrogcneity of tumor types whereas the principal 13* '  
of latc irradiation injury is generally believed to I* 
vasculo-conncctivc tissue. 

Several prcvious rcports on the gcncnl clinical results 
at Los Alamos havc been madc.".9~'0~203'~2'~2s~26 Repons 
on morc rcccnt clinical cxpcrienm with pions at the Tri- 
University Meson Production Fdcility (TRIUMF) m 
Vancouvcr. D.C." and S.l.N.'l (Grcincr. R.H.. von Es- 
scn. C.F.. Blattman. H.J.. Pcdroni. E., Studcr. ().E- 
Thum. P.A. ,  Zimmcrman. A.. 1080 ASTRO Ahstr '! 

hovcmbcr. 1486) indicatc rhnl a widc n n g c  ofthc~~,33124.0C 
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::itions of dw, f~t ionatbn,  and trcalmenl volumc 
liavc distinguishcd the 3 facilities. It e r n s  dcsirablc that 
all thc data be cdtically evaluated and compared with a 
vicw to poding and analyzing the results. 

The pion therapy program at Los Alamos was pionetr- 
ing in both the cxlraction and application o f a  therapeu- 
tic pion beam and in the exploration ofcancer site, treat- 
mcnt planning, and d-. The suggested advantagcs of 
tie dosc distributions and of the high LET component 

wcrc cxplorcd but critical evaluation in thc form ofclini- 
cal trials was not fulfilled. 

I t  is  possible that a narrow thcrdpcutic range exists for 
a1 least some of thc tumor sit= discussed above but that 
the distribution of dosccffect points was not wide 
enough to define it. The scatted favorable cases suggest 
that further a n f u l l y  planned dosc response studies may 
serve to guide the ongoing clinical investigations in Can- 
ada and Switzerland. 
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