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LONG-TERM RESULTS OF PION THERAPY AT LOS ALAMOS

C. F. von EsseN, M.D.,! M. A. BAGsHaw, M.D., FACR,? S, E. BusH, M.D.,}
A. R. SMITH, PH.D.* AND M. M. KLIGERMAN, M.D., FACR*

Cancer Research and Treatment Center and Department of Radiology, University of New Mexico, School of Medicine;
'Department of Radiation Oncology, Southwood Community Hospital, Norfolk, MA 02056; Department of Therapeutic
Radiology, Stanford University School of Medicine, Stanford, CA 94305; *Department of Radiation Oncology, St. Joseph's

Hospital, Albuquerque. NM 87102; ‘Department of Radiation Therapy, University of Pennsylvania
School of Medicine, Philadelphia, PA 19104

Two hundred twenty-cight paticnts were treated at the Los Alamos Mcson Physics Facility (LAMPF ) with ncga-
tive pi-mesons (pions) between (974 and 1981. Of these, 19 patients with metastatic discase were treated in pilot
studies. Following the clinical determination of relative biological effectiveness (RBE) of pions, 209 patients were
treated in site and dosc scarching studics beginning in 1977. Advanced but regionally localized cancers that were
considered poorly responsive to conventionsl therapy were selected for treatment. A wide range of treatment
fractions (22 to 45) and of total dosc (1800 to 4200 cGy at the 80% isodose level) to the prescribed target volumes
was cxplorcd. A follow-up obscrvation period of between 4.5 and 9 years has bees completed. The analysis fo-
cusses on §29 patients receiving pioa therapy alone. Thirty-six (28%) had persisting local tumor control of which
12 (9%) suffered complications of treatment. The results varied among treatment sites, for example: prostate
cancer, 18/21 (86%) locally controlled, 6/21 (29%) complications; head and neck, 8/31 (26%) locally controlled,
1/31 (3%) complications; and pancreas, none controlled and no complications. Analysis of dose-{raction response
suggests a steep rising curve of complications beyond the dose level of 3750 ¢Gy minimum, 4700 cGy maximum,
in 38 fractions. The tumor control response has a broader aad ill-defined curve possibly due to the heterogeneity
of tumor types. The RBE for late cffects in normal tissucs appcared to be higher than that for acute effects
although the mixture of tumor 1ypes, sites, dose, and fractionation made this estimate highly uncertain. No late
sccondary ncoplastic changes in pion irradiated tissucs were seen. It is concluded that pious can locally ablate
some advanced cancers, often without significant sequelae, but that the optimum therapeutic range is critical. The
Los Alamos data may be of usc to ongoing pioa studics in Canada and Switzerland.

Negative pi-mesons (pions). Radiotherapy, Late radiation effects.

¥

INTRODUCTION
The potential benefits of negative pi-mesons (pions) in
cancer treatment were appreciated by several physicists
shontly following the reports of the discovery of mesons
by Occhialini and Powell in 1947%" and the description
of nuclear interactions of the pion, particularly the “star™
phenomenon. by Perkins.® Fowler and Perkins pro-
vased the development of clinical trials of pion therapy
n 1961.'2 By 1968, cflorts werc underway at the Los

Alamos Meson Production Facility (LAMPF) to de-
velop a clinical pion beam channel at the 600 MV proton
lincar accelerator.'® This undertaking, initiated by Dr.
Louis Rosen, Director of LAMPF, led to a collaboration
between the Los Alamos Scientific Laboratory (LASL)
and the University of New Mexico Cancer Research and
Teeatment Center (UNMCRTC). The first patient was
treated with pionsin 1974, The clinical treatments termi-
nated 1n 1981, This rcport summarizes the clinical re-
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sults with particular cmphasis on the long-term cliects of
trcatment.

METHODS AND MATERIALS

Development of the clinical program

The rationale for the use of pions in cancer therapy has
been discussed previously.*'* The LASL-UNM Program
was developed (o determince the usefulness of these parti-
cles. Prior to and parallel with the clinical studies, radio-
biological experiments in a variety of biological systcms
were carmied out. The development of a clinically uscful
pion beam channcl required considerable technical in-
novations.”® Treatment planning and dosimetry pro-
grams werc complex because of the nature of the cvents
occurring in the path of pions through matter. ™ All of
these programs were coordinated 10 expeditiously
achieve the program goals and have been described in a
number of reports.'* 732333 A nrogression of steps in
the clinical evaluation was designed. beginning with pion
treatments to the skin and multiple cutancous metasta-
ses, thence 1o deeper and morc extensive tumors, with
the eventual goal of randomized clinical studies.

Some initial and evolving constraints are briefly men-
tioned 10 provide better understanding of the data to be
presented. Initially. while the biomedical channel was
being tested, the proton current was restricted to 10 mi-
croamperes, giving a dose rate of only 6 to 7 cGy/min
in the Bragg peak. This dose rate was barely adequate
for the initial studies designed 1o determine the relative
biological effectiveness (RBE) for acute skin reactions.
As the beam transport parameters for the pion channel
were rehined, the current was gradually increased toward
the maximum of 1.0 milliampere and the pion channcl
was tuned so that the Bragg peak could be placed at
depths up to 28 cm,, thus making it possible to treat
deep-seated tumors. The higher beam currents permitted
the Bragg peak to be modulated (spread) to a veruical
width of 16 cm. with pion doses of 5 to 15 cGy/min/
liter, depending upon beam penetration, treatment area,
and size of the spreadout pcak. Based upon an RBE value
of 1.4 (25), the dose was 7 to 21 cGy/min/liter rclative
10 conventional radiation.

When the Bragg peak was modulated beyond 5 ¢cm,
the LET increased with depth along the spreadout peak.®
Therefore. opposing pion bcams werc generaily em-
pioyed for the trcatment of decp-seated large tumors so
that a uniform distribution of high LET radiation could
be deposited in the target volume.

Treatment policy

The early clinical experience in the trecatment of the
skin and multiple cutancous metastases led to the deter-
mination of an RBE valuc (1.43) that scrved as a guide
{but not as a determining value) for subscquent therupy
protocols.™ The sccond phase of the clinical studics con-
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cerned the treatment of patients with locally and/or re.
gionally-advanced primary. previously unirradiated 1.
mors in a number of sites and of various histologics. Ful-
lowing the treatment of a small number of patients with
cxtensive and/or metastatic sites the program focused on
advanced tumors that could be encompassed by the pion
target volume, with no distant metastases, and with a
fairly low cxpected incidence of carly metastases. A wide
range of sites und histologics were accepted., however, as
part of a site-scarching policy.

After the gross tumor was defined, the lymph no.
drainage 10 be included was identified and at feast t ¢z,
was added to the periphery to define the target volume.
The dose contour around the gross tumor was set as 90%
of the prescribed dose at the maximum. The minimum
isodose linc defining the target volume was nominally
80% and represented the volume which would have been
treated before any boost treatment in conventional ther-
apy. When the physical doses were transformed to the
cffective (biotogical) doscs by application of the LET-¢'
pendent RBE factors, which varied across the beam, 1.
90% cilective 1sodose covered the target volume (80%
physical dosc) white the 100% cffective dose covered a
significant fraction of the target volume. All doses quoted
arc physical doscs in cGy.

The goal of the dose-searching portion of the program
was to find the RBE lor acute effects to transit normal
tissucs whiie minimizing the number of individuals who
would suffer a late complication. These data werc us
as a guide at the start of the scarch for tolerance doses a1
pions for other normal tissucs. The beam doses given to
the first group of patients was based on the acute RBE
for skin. Howcver, to bc ccrtain that scnsitive lissue
might not be injured. these initial doscs were below the
predicted tolerance levels. [t was planned to add conven-
tional radiation to these carly cases when a wide margin
of high tolerance to the pion dose was observed. Conven-
tional external therapy or interstitial radiation was ol
uscd as a boost when residual masses persisted at the cin
of pion therapy. In some cascs pions were given 1o the
primary treatment volume and photons were used to
treat the lymph node drainage. Conventional therapy
was also required on the occasion of technical beam fail-
ures.

Treatment methodys

Details of the treatment methods have been previow”
desceribed ' These evolved with experience. bugr.
ning with the design of single ficlds collimated with indi-
vidually molded low melting temperature alloy apcf-
tures. The proximal and distal limits of the 1arget volume
were determined, and the pion momentum and beam-
shaping bolus were selected so that the Bragg peak would
be scanned through the limits of the target volume. The
scanning was performed by a bellows oil bath pion range
shifter.' All planning of treatment was based upon set |
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nzation modulc® followed by treatment simulation us-
ing radiographic techniques.™

As experience was gained, the techniques cvolved to
the usc of parallci opposing beams, gencrally requiring
the crecation of 2 molded modules and 2 CT scanning
studies of the patient in prone and supinc positions. The
static mode of treatment, by which the majority of pa-
ficnts were treated, had considerabic limitations in ex-
loiting the dose distribution advantages attributed to pi-
ons. Thus a 20% dose vaniation through the target vol-
ume was unavoidable in most cases duc in part to the
gradual fall-off of broad beam profiles caused by multipic
coulomb scatter and ncutron production in the pion
“stars™.' Based upon radiobiological assumptions, the
beam profiles along the beam axis were “tuned™ to de-
posit a uniform biological dosc along the spread out
peak.?? Thus, in assessing the cfiects of dose upon both
umors and normal tissues, the site of a particular cffect
could seldom be precisely defined. In general. the mini-
mum dose within the target volume probably related 1o
a failure of local tumor control while the maximum dose
probably related to normal transit tissuc cffects. Towards
the end of the project, a small number of patients with
CNS tumors were treated by a dynamic scanning lech-
nique.>'*

A [ractionation pattern of 5 fractions weckly was se-
Iected based upon the experience gained with conven-
tional radiation therapy. Initially, prescribed doses
ranged from 2700 cGy in 24 fractions to 4000 in 30 frac-
tions. Smail volumes were treated with fractional doses
between 125 and 135 cGy and large volumes with 100 to
106 cGy. Thus, a vaniable of fraction number, dose per
fraction, overall time, and cumulative dosage were ex-
plored and altered depending on obscrvations of acute
reactions.

Accession of patients

Between October 1974 and November 1981, 236 pa-
tients were registered as candidates for the pion therapy
studies. Of these, 8 patients were randomized in proto-
cols to receive photon therapy and were not treated with
pions. Two-hundred twenty-cight patients did reccive
pion therapy as all or part of their treatment (Table 1),

Table 1. Accession dates of pian treated patients

Pilot

Year studics Phasc [-1 Total
1974 k) 4
1975

1976 7 7
1977 7 21 10
1978 { 38 39
1979 48 4%
1980 45 45
1981 58 SS
Totai 19 209 228

10931067

Table 2. Paticnts registered for pion theaupy

Towl patients treated with pions 228

Pilot study 19
Phase t-11 209

Pions alonc 129
Photons plus pions 66
Incomplecte pions 14

Paticnts not treated with pions 8
Total paticnts registered 236

As scen in Table 2, 19 patients with mctastatic disease
were treated in a pilot study to evaluate the effects pri-
marily on normal tissues, and thereafier, 209 patients
were (reated in a dose and site searching program (Phase
1-10), or in a randomized protocol. Of these, 129 received
complcte treatment with pions only whereas 80 patients
received either suppiementary photon treatment, 66, or
did not complete the scheduled course of pion therapy,
14. The reasons for incomplete therapy occurred because
of beam or other technical failure, or completion of a
beam period before a sufficient pion dose could be
reached.

Photon (or electron) therapy was added cither in a
planned schedule (e.g., whole brain therapy of gliomas
prior Lo 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 tissucs, this analysis focuses upon the
129 patients recciving complete or nearly complete ther-
apy with pions alone. However, important data from
those groups recetving mixed schedules and lower doses
of pions will supplement the principal analysis. The
number of paticats followed to date of evaluation and
the length of the observation periods are shown in Figure
t. 1t can be scen that the opportunity for observing long-
term cftects was limited because of the high mortality
rate.

Evalvation of treatment results
Information for the evaluation of trcatment results in-
cluded:

. Maximum and minimum total dose to target vol-
ume and to clinicaily important transit tissucs.

2. Dose per fraction and number of fractions.

3. Overalil time of treatment.

4. Treatment volume (including reduced volume
when used).

5. Timing and type of additional therapy.

6. Presence or absence of local control of tumor: This
was based upon clinical criteria of abscnce of disease for
a minimum of 3 ycars. These were supplemented by
pathological data in autopsies (or biopsies) after this pe-
riod. Patients dying befare 3 years without local evidence

00133124.003
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140 CUMULATIVE OBSERVATION reactions arc scorcd according 1o the RTOG/EORTC : Ta
PERIODS FOR 129 PATIENTS Late Radiation Morbidity Scale.®* Complications - -
RECEIVING PION THERAPY ALONE listed for grade 3 or higher levels. Photographs and ra .., -
120 graphs were taken whenever indicated to further docy-
ment the normal ussuc effects.
B 100 8. Time of survival and present status of surviving pa- -
2 tients. Descriptions of pathological effeccts were made ‘N ?
N whenever possible by Dr. William Black, and in the case * )
T 0 of the nervous system. by Dr. Mano Kornfeld, both : 3
8 from the University of New Mexico, Department of ¢
& Pathology. g Total
("] / €@
p 60 ¥
3 £
S
2 o RESULTS ¥ ovaryg
The patients treated in the Phase I-11 protocol are tab- Fmo;‘
ulatcd by sitc and treatment category in Table 3. The invoR
20 results arc shown according io local control and compli- % :«Ix(:n
cations previously defined. In the category of patients re- © d
ol 1 1 a0 1 ceiving pions alonc. there was no evidence of local tumor an d E
o 2 4 € 8 10 recurrence in any of the 12 cases developing treatment . anSc
YEARS OF OBSERVATION complication. Howcver, 3 of these cases expired wit ,‘, Paticvl
Fig. {. Graph showing the cumulative obscrvation periods for 36 months of treatment. i fore 3
the group of patients recciving pions alonc. Although the evalu- Cases where photons (or surgery) were employed as cases
ation point (Junc 1986) allows a minimum of 4.5 years (No- salvage procedures or proven persistence of pion treated
- vember 1981) and a maximum of 9 ycars (June 1977) of obser- tumors arc classified as treatment failures of pion therapy one ¢
* vation, the poor survival of most patients limited the opportu- alone. E max
nity for long-term cvaluation pf normal.lissu_e effects and qf Th . e . h ( d was
tumor control. Thus of 129 patients cntering pion treatment, it e local control ratcs for pion t crapy alone range  cute
was only possible to cvaluatc 28 paticnts at the 3rd anniversary from 86% (prostatc) 1o nil (gradc 1V gliomas, pancreas, . eryth
following treatment and a diminishing number therealier. other sitcs). The individual categories will be described with |
Head and neck cancer $ n: ai
of disease were excluded from the analysis of tumor con- Paticnts with tumors presenting tn a wide range of sites gt ;s ‘
trol data. in the upper aerodigestive tract were accepted for pion ; h
7. Late reactions for clinically significant transit tis- therapy. These sites included the oral cavity, naso-, oro-, * phot¢
sues, and the maximum dose to these tissues. The late and hypopharynx. the larynx. paranasal sinuses and sali- i f::::
£ mont
Table 3. Phasc -1 results of pion therapy  thecl
Pions alone Incompicic pions and/or pions plus photons
Locally Treatment Locaily Treatment -_—
Site No. Failed controlled complication No. Failed  controlled complication Total
Head and neck 31 23 7 I 13 7 3 3 44 C::
Lung 6 S 1 ] ! 7 —_
Pancreas 17 17 16 16 13 " 104
Large bowel 12 9 3 4 3 i 16 149
Cervix 4 3 ! 9 8 1 13
Bladder 4 2 | [ i 1 i 83
Prostate 21 3 12 6 2 1 1
Gliomas GR (Il 15 2 2 | 9 7 2 - 169
GliomasGR 1V 14 14 21 21 35 104
Meisc. sitcs s s 4 3 [ 9 166
129 9 24 12 80 68 7 5 209 133
(72%) (19%) (9%) (85%) (9%) (6%) :%‘5’
1S5
_— 151
* Radiation Therapy Oncology Study Group, American Col- 122
lese of Radiology, Philadeiphia, PA. 00133124.004 -
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Table 4. Head and ncck cancer treated with pions oaly:
Locally controlled/total cascs

T
1 2 3 4 Total
(4] 173 2/6 3/9
N 1 0/2 0/2
2 o/ /81 0/2 3/14
k| 1/t 0/3 0/2 1/6
Jotal iNn 0/1 417 2/12 7/31

vary glands. The histological pattern was squamous car-
cinoma with the exception of 2 cases of adenocarcinoma
involving the posterior toague. Clinical classification was
according to the AJC TNM scheme, and is shown in Ta-
hie 4 according to T and N categories. The techniques
.nd earlier results have been reported by Khan ¢ af."?
and Bush ¢t al®

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 cancer. There was
onc complication seen in this group (sce Table S). The
maximum follow-up was 108 months and the minimum
was 36 months among the locally-controlled cases. The
icute normal tissue reactions extended from a mucosat
crythema (o a 3rd degree 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 (EORTC/RTOG grade 2).

A further 5 patients received either supplementary
photon therapy (impiant and/or external beam) or com-
posite resection within 4 months of completion of pion
therapy and are locally-controlled for periods of 72 to 84
months. The rcasons for the supplementary therapy was
the clinical suspicion that the pions had not achieved lo-

cal control. The remaining patients received supplemen-
tary treatment because of incomplete pion therapy due
cither to accelerator failure, prematurc end of a beam
period, or far-advanced and progressive diseasc ieading
10 discontinuance of pion therapy.

Lung cancer

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, eventually seven patients with primary untreated
lung cancers were 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 of a stroke. Autopsy revealed
no cvidence of tumor and minimal radiation effects in
the transit tissues, The tumor received between 2160 and
2700 cGy in 23 fractions over 42 days to a 2380 cc. vol-
ume through a single anterior field.

Pancreas

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
these approaches have been reported by Bush and Klig-
erman.” Sixteen patients received pion therapy alone
with doses ranging from 2100 to 4100 cGy. The patients
presented with unresectable disease and all but one had
a by-pass procedure. Several developed metastases dur-
ing or soon after treatment. All patients in this group
died of pancreatic cancer. Because of the poor results and
the high (60%) incidence of liver metastases, a more re-
strictive policy was instituted and an attempt to reduce
the development of liver metastases was planned. Four-
teen patients were carefully screened at surgery for evi-
dence of discase beyond the pancreas and loco-regional
fvymph nodes. The pancreatic tumor volume received

Table 5. Compilications attributed to pion therapy alone

Piondose Target Overall Timeto RTOG/
Casc Tumor —  vol No. time develop EORTC Possible contributing
no. site Min. Max. (c.c.) fractions (days) Complicavionsitc (mos.) Grade factors
104 Brain 3611 4500 2562 15 39 Brain 12 — -~
149  Anus 4000 5000 1265 3 44 Bowel and bladder 8 4 Post-pion bicomycin &
mitomycin
83 Rectum 3310 4135 1206 19 53 Small bowel 12 4 Prev. abd. perincal
resection
169 Rectum 4050 4930 i 34 44 Small howcl 10 4 —
104 Laryax 3972 4965 1593 40 60 {arynx 12 4 _
166 Bladder 3600 4500 2256 16 48 Bladder 7 5 Multiple post pion biopsies
133 Prostatc 4043 4660 2640 17 56 Bladder and rectum i 4 Diverticulitis
{20 Prostatc 3790 4383 1755 37 Sé& Rectum 9 4 Post-pion rectal biopsies
. 125 Prostate 4000 4448 2497 37 57 Rectum 9 4 Post-pion rectal biopsics
{55 Prostaic 3605 4606 1320 37 51 Rectum il ) Diabetic
151 Prostate 4050 4500 1143 37 52 Small bowel 14 4 90% target vol
122 Prostate 4050 4500 1974 18 56 Bowel and pelvic “ 4 90% target vol

sofi tissucs

Para-aonic phatons
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3150 cGy in 24 fractions over 5 to 6 weeks followed by
2400 cGy in 10 fractions over 3§ wecks o the entire liver
plus pancreatic tumor using {8 MV photons. No local
control was achieved. Twenty-one post mortem exami-
nations were performed. In no case could either steniliza-
tion of tumor or significant damage to transit tissue
cffects be demonstrated. Tumor extent at death in-
cluded, invariably, liver and/or intrapentoncal metasta-
scs. In other cases, widespread extraabdominal metasta-
ses were aiso noted. The longest survival was 22 months.

Large bowel

Sixteen patients were treated, of which 12 received
pion therapy alone. Of these. five had advanced (T3-T5)
primary carcinomas of the rectum. 5 had post-surgical
pelvic recurrence, | patient had a large solitary liver me-
tastasis, and [ patient had a post-surgical recurrence of
an anal squamous carcinoma. There were 3 treatment
complications which are described in Table 5. There
were no cases of long-term local control. No therapeutic
margin was apparent between the dose range producing
complications and local failures in this small group of
advanced cases.

Cancer of the cervix

Thirteen patients were treated; only 4 received a full
course of pions alone. Of these 4 patients, two survived
with uncomplicated disease control for 31 months (died
ofliver and lung metastases) and 59 months (no evidence
of disease) respectively. All patients included in the
group were Stage III b (8 cases), Stage IV (4 cases), or
recurrent after surgery (1 case).

Bladder cancer

Five patients were treated, one of which did not com-
plete therapy because of progressive discase and death.

A favorable result is noted in 1 patient with uncompli-
cated tumor control for 6 years following 3300 max./
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
450073600 ¢Gy in 36 fractions. Local failure occurred in
one case following 386072500 cGy in 30 fractions. No
gencral 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.

Prostate cancer

Twenty-three patients were treated with pions be-
tween {1977 and 1981. Two of these patients had supple-
mentary local photon therapy because of pion beam in-
terruption and are not included in this analysis. All but
2 patients (T2) had either T3 (17) or T4 (2) tumors. Six
staging laparotomies were performed. Four cases with
clinically or surgically positive nodes received photon
therapy to dose levels of 4400 (o 4600 cGy given to the

1093170
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para-aortic nodes. Three patients with positive pelvic
nodcs reccived only pelvic pion radiation.

Latc normal tissuc cffects. not considered complic;,
tions. included crectile impotency in 2 cases, urethral
stricturc tn 2 cases, and slight anat fibrosis, | casc. Six
complications were encountered (Table 5). These in-
cluded 3 patients with colostomy for rectal or sigmoid
stnicture, one patient requiring small bowel resection for
stcnosis, and two patients with severe rectal damage. in-
cluding onc recto-vesical fistula and onc severc hemor-
rhagic proctitis. Two of these paticnits had biopsics of th
rectum at the end of the trecatment period for a study o
acute tissuc cffects of pions. The doscs received in the
paticnls with complications were at the upper part of the
treatment dosage range. The two cascs of local pelvic fail-
ure occurred in patients with T4 N4 MO and T3 N4 MO
respectively. In both cascs, widespread disease was found
at autopsy 22 and 40 months following therapy.

As of the last cvaluation. 7 paticnis were alive with no
evidence of prostate cancer 69 to 96 months after pior:
therapy. 4 patients were alive with metastatic prostal.
cancer. 2 patients have died with prostate cancer, 4 pa-
tients have died of trcatment related complications with-
out prostate cancer, and 4 paticnts have died of other
causcs without prostate cancer.

Thus, local prostate cancer was controlled in 18 of 21
cases recciving doses of 2650 ¢Gy in 23 fractions to 4040
¢Gy in 38 fractions. Complications are dose-related and
occur matnly above maximum doses (calculated in ta~
get tissues) of 4400 ¢Gy (3500 cGy minimum).

Malignant gliomas

The treatment of malignant gliomas was carried out
initially with 2 opposing fields encompassing an initial
volume of the entire brain. After approximately § of the
dose was delivered. a reduced volume was treated from
the ipsilateral side for the final § of the total dose. Thirty-
one paticnts were thus treated (29 1o prescribed dosc!
while 28 paticnts received whole cranium radiation
means of opposing fields of photons 1o doses of 3600 to
5000 ¢Gy preceded but more ofien followed by pions 10
reduced volumes with minimum doses of 1200 to 1500
c¢Gy in 12 to 15 fractions.

Fifty-mine patients were treated. They are classified
in1o astrocytoma grade 111 (23 patients) and astrocytoma
grade 1V or glioblastoma (34 patients). Of 29 patients re-
ceiving complete therapy with pions alone, only 2 cases
have demonstrated uncomplicated local control of .
case of 60 1o 71 months respectively. One paticnt with
a gradc 111 astrocytoma died 15 months following pion
therapy with no evidence of tumor at autopsy but with
extensive radiation encephalopathy following symptoms
of dementia beginning 12 months after radiotherapy
(Table 5).

Miscellaneous sites
Nine patients with a varicty of other sites were treate|
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number treated. There were no cascs of persisting local
control.

Patients with second malignancics

Two paticats werc known to devclop sccond malig-
nancies, in both cases considercd unrclated to pion
therapy.

In Case 30, a 75-year old female patient had a massive

current basal cell carcinoma of the anterior chest wall
with invasion of the sternum. She received single field
pion therapy, 1620 cGy (min.) and 1800 cGy (max.) in
11 fractions over {4 days to a 4 ¢m depth. Incomplete
regression occurred. Because of the cending of the
L AMPF beam schedule, the patient thea received 3600
¢Gy of electrons (20 MEV) in 23 fractions over 53 days.
A chest X ray, 5 years after radiation therapy, demon-
strated a mediastinal lesion but further investigation was

:fused. She died suddenly 4 mounths later. Autopsy re-
vealed a small cell undifferentiated carcinoma of the left
upper lobe obstructing the pulmonary artery and meta-
static to the adrenal. At autopsy, there were 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 dose to the underlying mediasti-
num appears unlikely to be rclated to the development

f the mid-chest malignancy.

Case 133, 2 man with carcinoma of the prostate, T3N-
xMO, was treated with pion therapy to the pelvis. The
patient survived 47 months before dying of carcinoma of
the pancreas. There was no recurrence of prostatic carci-
noma.

Results according to dose and number of fractions

The variety of sites and tumors that were treated also
recessarnily involved a limited number of cases in any sin-
gle category. Thus, it is difficult to analyze the relation-
ships of dosage to results in cach category. Furthermore,
the treatment factors, although varied, were nol 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 the number of fractions. Such
an analysis may clarify the dose responsc particularly for
normal tissues. Analysis according to treatment volume
and overall time of treatments appecars not helpful be-
cause of dilution of the data. Howevcer, cases of compli-
cations are shown according also to these factors in Ta-
ble 5.

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

Table 6 and Figure 3 demonstrate the results of analy-
sis of these data. A progressive rise in complications oc-
curs as the dosage increased. Correlation of dosage to tu-
mor control, however, ts less certain atthough the trend
is towards increased control with increascd dosage. An
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Results of Pion Therapy Alone
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Fig. 2. Dose-Fraction plot of treaiment failures (a) and of un-
complicated controls and complications (b). The five cases with
downward arrows received doses of less than 20 Gy in 23 frac-
tions. Three curvilinear lines are drawn at equally spaced inter-
vals through the densest cluster of data points identically for
both graphs. Their slopes are based on experimental data by
Froclich ¢t al."® from mouse-foot irradiation experiments with
pions modificd by clinical experience 1o be the best available
cstimates of dose-fraction isocffect slopes for normal tissue
damage. They are not intended 10 demonstrate a dose-fraction
relationship from the Los Alamos data but are used as a means
of grouping the data into 2zones for purposes of estimating dose-
response relationships. The slope of these curves is according
1o an Ellis-type equation. D = kT*'N% where D is the dose
in Gy. T is the overall time in days and N is the number of
fractions. Although T is not specifically analyzed, the assump-
tion is that five fractions weekly were given. However some
marked departures from this patieen occurred. These do not, it
appears, significantly affect the analysis. The intercepts of the 3
curvesat | fraction (k) are 12,6, 13.6, and (4.6 Gy respectively.

optimization was derived by subtracting the complica-
tions from the tumor control percent with an apparent
pcaking in Zone B. However, the large uncertainty of an-
alyzing these few and heterogencous data points does not
allow a definite conclusion.

DISCUSSION

The goal of the LASL-UNM pion program was to de-
termine the effectiveness of pion therapy. This question
appears to be only partially answered from the clinical
experience at Los Alamos. The problems relate to the
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Table 6. Analysis of dose response data from Fig, 2

Pion dose (Gy)t

No. No. No.
Zone® Minimum Maximum cases controliedt (%) complications (%)

A <32.5 <40.6 52 1 2n 0
B 32.5-35 40.6-43.8 20 6 (30) 1 (5)
C 35-37.5 43.8-47 38 10 (26) 3 (8)
D >37.5 >47 19 9 (47) ] (42)
129 36 (28) 12 9

* For definition of Zones A to D sce Fig. 3.
t Atlevel of 36-18 fractions.

$ Controlled include complications, that is, complicated plus uncomplicated cases of local tumor control.

small numbers of patients. the heterogeneity of tumor
types and sites, and the scatler of treatment dose daia.

The overall results are not impressive. They range
from a high control rate (including complications) in
prostate cancer, where the control rate with photons may
be comparable, to no apparent effect in pancreatic can-
cer. Among the data, however, arc individual or clusters
of cases where remarkable local cures with minimal side-
effects are seen. These instances are noted in the head
and neck, iung, bladder, cervix, and prostate categories,
They are not seen in large bowel, pancreas, or glioma
categories. Unfortunately, the small numbers of cases for
each of these sites do not allow a dose-response relation-
ship by tumor type and site to be calculated.

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

PION DOSAGE AND RESULTS

ot ( Tumor Conivols
o=e Conols Minus Complicotions

PERCENT

ZONE

Fig. 3. The graphic display of analysis of the data points (Table
6) shown in Figures 2a and 2b. The “‘zones™ are: A-all the arca
below the lowest curve; B-the arca between the lower and mid-
dle; C-the area between the middie and upper curves; D-the
arca above the upper curve. A sharp rise in complications with
increasing dose can be scen. There is, however, a less definite
increase of tumor control with dose. By subtracting the percent
values of complication from the percent values of tumor dose
an optimization curve is derived which appcars to have a peak
in zone B. Howcver, the uncentainty duc to the smail aumber
of cases and their heterogencity docs not permit a definite con-
clusion of the position of the peak of optimum dosage. Since
all complications werce also tumor controls, these are added 1o-
gether in this graph for purposcs of graphic display.
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for complications can be derived, 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 precise dose leading to these complications be-
cause of the inhomogeneity of dose. If one assumes that
the maximum physical dose is responsible for complic -

tions, then the data from Table 6 suggest a rapid risc ..
complications at the level of 4400 cGy to 4700 cGy in
38 fractions. This would correspond 1o treatment over
almost 54 days.

Expericnee with conventional radiation given 5 days
weekly over 8 weeks 10 moderate treatment volumes is
limited but few radiotherapists would exceed 7000 cGy
without anticipating high complication rates. Assuming
7000 cGy of conventional photon radiation to be equiv
lent in complication probability 10 a range of 4400 ..
4700 cGy of pion radiation, the range of late injury RBE
values is 1.59 to 1.49. This is slightly, and perhaps insig-
nificantly, higher than the acute skin reaction RBE value
of 1.43 caiculated from data for i3 fractions.”

An increased RBE value for late injury was calculated
by Bush ¢f af. from earlier observations of these patients.!
Data from pion radiation of patients with bladder cancer
at the Swiss Institute for Nuclear Research (S.I.N.)* '
support this trend. Similar findings have been repor.
for small fraction size for neutrons.! Goodman et al.,
however, have not detected an increased RBE for late
injury when using 12 to 1S fractions in the treatment of
the pelvis region at TRIUMF.'* The dose-response curve
for late injury is stecp and well-defined in both the Los
Alamos and Swiss cxperiences in contrast to the broad
slope of tumor control response. This may relate to the
heterogencity of tumor types whereas the principal to~
of late irradiation injury is generally believed to Ix
vasculo-connective tissuc.

Several previous reports on the general clinical results
at Los Alamos have been made."?!02021-23.23:36 Reports
on more recent clinical experience with pions at the Tr}-
University Meson Production Facility (TRIUMF) in
Vancouver, B.C." and S.I.N.*' (Greiner. R.H.. von Es-
sen, C.F.. Blauman, H.J.. Pedroni. E.. Studer. U.E.
Thum, P A, Zimmerman, A., 1986 ASTRO Abstr 1

November. 1986) indicate that a wide range Of‘h"oﬁlsmu 00
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-ations of dose, fractionation, and trealment volume
have distinguished the 3 facilities. It scems desirabie that
all the data be critically evaluated and compared with a
view to pooling and analyzing the results.

The pion therapy program at Los Alamos was pioneer-
ing in both the extraction and application of a therapeu-
tic pion beam and in the exploration of cancer site, treat-
ment planning, and dosage. The suggested advantages of

he dose distributions and of the high LET component

were cxplored but critical evaluation in the form of clini-
cal triais was not fulfilicd.

It is possible that a narrow therapeutic range exists for
at least some of the tumor sites discussed above but that
the distribution of dose-effect points was not wide
cnough to define it. The scattered favorable cases suggest
that further carefully planned dose response studies may
serve to guide the ongoing clinical investigations in Can-
ada and Switzerland.
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