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The major clinical investigations employing fast neutrons in 
the treatment of invasive bladder cancer are reviewed. Al- 
though data suggest that  preoperative radiation schedules 
employing neutrons may result in a greater degrce of patho- 
logic downstaging than conventional precystectomy photon 
regimens, this has not led to a n  improved survival rate for 
neutron-treated patients over photon-treated patients. Ran- 
domized clinical trials comparing primary neutron d a t i o n  
and primary photon inadiation d o  not disclose an  advantage 
for neutrons over photons as measured by survival rate or 
freedom from local tumor recurrence. The late complications 
in normal pelvic tissues following neutron irradiation with 
low-energy beams exceed those experienced after photon ir- 
radiation and have led to  an  unexpectedly high rate of treat- 
ment-related morbidity and mortality. A partial explanation 
for the toxicity may be attributed to  the use of neutron beams 
With poor depth dare  characteristics for the treatment of what 
is a deep-seated malignancy. An additional explanation is the 
documented lack of a differential in radioresponsiveness to 
neutrons between the bladder primary tumor  and adjacent 
normal pelvic tissues. 
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Conventional management of iqxvaqivi- tranqitional 

cell carcinoma of the bladder involves a preoperative 
course of radiation followed by radical cystectomy or 
primary radiation therapy alone. Primary radiation 
management has the advantage of allowing bladder 
preservation, with a high degree of bladder functionality 
for those patients with tumor-free bladders (1).  Unfor- 
tunately, tumor recurrence in the bladder following 
radiation has been reported to occur in as many as 
50% of patients, requiring cystectomy for patient sal- 
vage (2). 

Randomized clinical trials comparing radiation 
alone with combined modality treatment consisting of 
radiation followed by planned cystectomy have shown 
a survival advantage for the combined approach (3).  
Patients whose tumor shows regression, or "downstag- 
in&" following preoperative radiation, such that no 
residual tumor is discernible in the cystectomy speci- 
men have been shown to have a favorable prognosis 
in the range of 7040% 5-year survival. Patients with 
tumors unresponsive to preoperative radiation have a 
poor prognosis in the range of 17-20% 5-year sur- 
vival (43).  

Clinical trials employing fast neutrons in the treat- 
ment of bladder cancer evolved either to improve on 
the results obtainable with primary photon radiation 
or to increase the percentage of tumor downstaging 
seen in combined modality approaches. The high linear 
energy transfer (LET) properties of neutrons relative 
to photons result in major differences between neutrons 
and photons in  the radiobiologic parameters of tumor 
sublethal damage, potentially lethal damage, oxygen 
enhancement ratio. and cell-cycle specific radiores- 
ponsiveness (6-8). Neutrons exhibit a relative biologic 
effectiveness (RBE), which is generally at least threefold 
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greater than photons on a unit dose bask However. 
the neutron RBE varies considerably from tissue ro 
tissue and may have numerically different values when 
defined on the basis of either immediate or late tissue 
effects (9). The theoretical advantages of neutrons for 
tumor control were a sufficient impetus to encourage 
the opening of clinical trials. Whether the increased 
RBE of neutrons would have a greater effect on tumors 
than on n o m d  tissues is a critical determinant of neu- 
tron therapeutic gain over conventional photon radia- 
tion. 

Much of the early neutron data on dose-response 
relations for tumor control and normal tissue compli- 
cations were collected in the Netherlands at the Antoni 
van Leeuwenhoek Hospital in Amsterdam. Between 
1976-9, 66 patients received neutron irradiation for 
locally advanced bladder or rectal cancer. Local control 
and normal tissue tolerance data were compared with 
results obtained some years earlier treating 6 1 similar 
patients with photons produced by a cobalt 60 unit. 
Although the depth dose characteristics of the 14-MeV 
d + T (deuterium to tritium) neutron generator in use 
in that facility were more comparable to a 250-kV or- 
thovoltage x-ray unit than to a megavoltage linear ac- 
celerator, many of the first patients were treated with 
two parallel-opposed anterior and posterior portals. 
Additionally, these patients treated with neutrons early 
in the trial inadvertently received an 8% overdose. The 
combination of these two factors resulted in a 25% 
severe complication rate for the neutron-treated pa- 
tients as a result of exceeding the tolerance of both the 
large and the small bowel as well as the skin and sub- 
cutaneous tissues. 

Dose-effect analysis of both tumor control and late 
morbidity allowed the derivation of neutron RBE val- 
ues relative to cobalt 60 for either bladder tumor erad- 
ication or skin and intestinal tolerance. A neutron RBE 
of 3.19 (2.73-3.65) was obtained for bladder tumor 
control, versus 3.17 (2.92-3.42) for the development 
of late skin fibrosis or severe intestinal damage. The 
investigators concluded that an optimum balance could 
be achieved by delivering a dose of 19 neutron Gray 
(nGy) to the tumor. with a probable 50% tumor control 
rate and 10% severe late complications ( I O ) .  

These expectations were tested in the same institu- 
tion by a randomized tnal, also involving patients with 
locally advanced and unresectable tumors of the blad- 
der or rectum. Patients were randomly assigned to a 
treatment arm involving photons given as 50 Gy in 20 
fractions over 4 weeks or to one of two neutron treat- 
ment arms involving either 17 or 19 nGy in  the same 
fractionatior! pattern. The poor outcome resulting from 
the pnor use of only two neutron fields for treaimeni 
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tons" (12.13) 

In  1978, two major clinical trials were initiated in 

the United kngdom. also randomly assigning bladder 
cancer patients to photon irradiation alone or neutron 
irradiation alone One tnal was arned out at Chnsue 
Hospital in Manchester and the other at Western Gen- 
eral Hospital in Edinburgh Both institutions employed 
neutrons produced from a 15-MeV deuteron on be- 
ryllium reaction. and both institutions used a six-field 
arrangement for the neutron treatments. 

In the Chnstie Hospital tnal, 99 ekaluable cases of 
T2- or T,-staged bladder carcinomas were randomized, 
with an equal distnbution of patients with Tz and T3 
tumors between treatment arms Photon treatments 
were given by 8-MeV photons via 280" lateral arcs. 
Treatments were gven in 16 fractions over 2 1 days to 
a total dose determined by the size of the field required 
to encompass the pnmary tumor. Patients requinng 
smaller fields to adequately encompass the pnmarq tu- 
mor received a tumor dose of 5 5  Cy, and those re- 
quinng larger fields received a tumor dose of 5 2  5 Gy. 
Neutron treatments were Uven in the same fraction- 
ation and time schedule, to total doses of 16.5. 17 0. 
18 0,  or 18 5 nGy, also as an inverse function of field 
size. Patients receiving either 16.5 or 17.0 nGy were 
combined for data analysis into a "lowdose" group 
(20 total). and the remaining neutron patients (20) were 
aggregated into a "highdose" group Fiftl-nine patients 
received photons 

The 3-year survival rate overall for all groups was 
43%. with no difference Ln survival observable between 
the photon group and either the lowdose or high-dose 
neutron group When subgroup analysis was applied 
to patients with T2 versus T? tumors. the 3-year survival 
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for those with T3 tumors. Non-statistically significant 
differences were seen betwe& those receiving neutrons 
and photons, although it appeared that patients with 
T2 tumors had a better survival rate with photons, and 
patients with T3 tumors had a better survival rate with 
neutrons. Seventy-eight patients had follow-up cystos- 
copy at least once. A total of 22 of 41 (54%) patients 
in the photon group, four of 14 (29%) in the lowdose 
neutron group, and seven of 15 (47%) in the highdose 
neutron group had locally recurrent tumor. These dif- 
ferences were not significant. 

Major complications, defined as resulting in s u ~ d  
intervention or patient death, were Seen in five/ 1 5/ 10% 
of photonflowdose neutron/highdose neutron pa- 
tients, respegively, and minor complications of treat- 
ment were recorded in three/30/15%. No conclusive 
evidence for a therapeutic gain for neutron therapy 
was documented in this study (14). 

In the Edinburgh study, 1 13 patients were stratified 
by tumor stage and randomized in a similar fashion 
to the Manchester trial, with 53 patients receiving neu- 
trons and 60 receiving 4-6 MeV megavoltage photons 
via a three-field arrangement. Both neutron and photon 
field sizes varied with the tumor stage of the patient. 
Patients with earlier lesions staged as T, or T2 generally 
received small fields covering only the bladder, and 
patients with more advanced T3 tumors received large 
pelvic fields for the initial portion of treatment, fol- 
lowed by smaller boost fields limited to the bladder. 

When treated with photons, the bladder received be- 
tween 52.5-55.0 Cy in 20 fractions over 4 weeks, with 
pelvic fields contributing 35.0 Gy ofthis total for those 
patients receiving pelvic irradiation. Patients random- 
ized to neutron treatment were also treated with 20 
fractions over 4 weeks and received doses to the bladder 
of 16.0-16.5 nGy (with an estimated 9.7% additional 
contribution from photons contaminating the neutron 
beam), with pelvic fields contributing 12.8 nGy in those 
patients receiving pelvic irradiation. In both photon 
and neutron cohorts, the higher bladder doses were 
given to patients receiving only small-field inadiation. 
Patients with T, tumors received only large-field pelvic 
irradiation, amounting to 47.5 Gy for those receiving 
photons, and 15.0 nGy for the neutron-treated patients. 

Complete tumor regression was achieved in 64% of 
the neutron cohort and 62% of the photon cohort. Lo- 
cal tumor recurrences were observed i n  3 I % of the pa- 
tients in  both arms. No  differences in tumor control 
by treatment were observed in a stage-for-stage analysis. 

Later morbidity was assessed in bo th  cohorts and 
judged to be substantially greater in  the patients who 
received neutrons. Where 38% of patients receiving 
photons had normal tissue c ~ m p l i ~ ~ t i ~ n ~ ,  7Q% 4 t h -  
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receiving neutrons had serious la!e morbidit) in at leaq 
one tissue. Twenty-four of the 53 neutron-treated pa- 
tients had severe late reactions in tht: howel, as opposed 
to six-of 60 in the photon group. Twrnty and 1 5 patients 
receiving neutrons and photons, respectively. had late 
bladder contracture below 150 ml of capacrt?. Where 
patients receiving photons were found to have mor- 
bidity generally limited to one tissue, 24 patients re- 
ceiving neutrons had involvement of multiple organs 

As a result ofthe neutron-associated morbidity, more 
treatment-related deaths (19) were attributed to neu- 
trons than photons (2), statistically significant at a level 
of p < 0.01. The overall survival rates reflected these 
treatment-related deaths as well as the inability to sur- 
gically salvage local tumor recurrences in neutron- 
treated patients because of accompanying pelvic fibrc- 
sis. The 5-year survival rate for the photon-treated 
group was 45.3 f 1 196, versus 12.0 ? 6% for patients 
receiving neutrons ( 1  5 ) .  

In a separate report, the Edinburgh investigators an- 
alyzed the morbidity vis-a-vis early and late effects of 
treatment. Acute bladder reactions were in fact more 
pronounced in patients receiving photons (45.7 versus 
10.656, p < 0.00 I ), as were severe acute bowel reactions 
(8.5 versus 3.496, p < 0.05). Late reactions showed the 
opposite results, as previously reported. Determinations 
of neutron RBE relative to megavoltage photons (gven 
in large fraction sizes of 2.75 Gy or less) were made 
for both immediate and late effects. It was estimated 
that for bladder toxicity, the RBE for early and late 
effects was <3.3 and 3.4 respectively, and 3.4 and 3.8 
for early and late effects on the bowel (9). 

The major U.S. trial investigating fast neutrons for 
bladder cancer was camed out as a nonrandomized 
phase 1-11 study under the auspices of the Radiation 
Therapy Oncology Group. Patients with muxle-in- 
vading turnon (Jewett-Strong-Marshall clinical stages 
B , ,  B2,  C, and D,)  received either precystectomy ra- 
diation or definitive radiation, with surgery reserved 
for the salvage of local recurrences. Except for four 
patients who were treated with neutrons alone, neu- 
trons were given as a component of “mixed-beam” 
therapy in which the patient received alternating treat- 
ment with neutrons or photons such that the percentage 
of the biologically effective total dose contributed by 
neutrons was 40%. This mixed-beam approach was 
employed out of concerns about late tissue morbidity 
that might occur with neutron treatment alone. al- 
though a: the time this study was initiated (June 1977). 
these potential complications were as yet undocu- 
men ted. 

Thirteen patients received mixed-beam treatment in 
1 crpnyra t ivp  r n n i t = y t  fnllnwd _ .  n l a n n . 4  rvctprfnrnv 
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4-6 weeks following completion of therapy, and 26 
patients received definitive mixed-beam, treatment 
alone. Patients treated preoperatively rtfceived a 5O-Gy 
"photon equivalent" (photon dose plus neutron dose 
X RBE) given to pelvic fields encompassing regional 
lymphatic glands over a 5-6-week period, followed by 
an optional IO-Gy boost to positive nodal areas. Pa- 
tients receiving definitive radiation received a 15-20- 
Gy photonequivalent boost to the bladder following 
the pelvic radiation. Both four-field arrangements and 
two-field arrangements were employed. 

Of those 13 patients treated preoperatively, 12 un- 
derwent cystectomy as planned, with seven of 12 (58%) 
patientshaving no evidence oftumor in the cystectomy 
specimen. This appeared to be a substantially higher 
percentage of complete preoperative downstaging than 
reported from series using conventional photon irra- 
diation; where 25-3596 rates of complete downstaging 
have been reported (16). 

Of the 26 patients treated with definitive mixed- 
beam radiation, 18 (69%) achieved tumor clearance at 
some time during their follow-up observation, with a 
projected survival rate of 34% at 30 months following 
treatment. At the time of the first analysis (December 
1984), eight of 18 (44%) who had initially achieved a 
complete response had exhibited local relapse. Those 
patients with clinical stage B or C disease had a pro- 
jected survival rate at 30 months of 60%. Accepting 
that this was not a randomized trial, there was no dif- 
ference in survival rate between patients treated in the 
combined modality approach and patients receiving 
mixed-beam treatment alone, although the pelvic con- 
trol rate with planned surgery was considerably higher 
(90% of those having successful surgery) than with 
mixed-beam treatment alone (56% were complete re- 
sponders to radiation) ( 16). 

These data have been updated more recently (July 
1987) without substantial changes in the results. There 
continues to be no statistically significant difference in 
survival rate as a function of treatment employed, al- 
though only 12% (three of 26) of the mixed-beam pa- 
tients are alive at 5 years, as opposed to 3 1% (four of 
13) of the patients who underwent planned cystectomy. 
Locoregional pelvic tumor control at 5 years in  the 
mixed-beam group is 23% (six of 26) and is 6 1 % (eight 
of 13) in the combined-modality group (p  < 0.02). Of 
the stage B and C patients, 30% (three of 10) are alive 
at 5 years. Ofthe initial group of 16 patients with stage 
D, disease, including eight patients with tumors fixed 
within the pelvis, 63% (I0 of 16) oftheir tumors initially 
cleared, but all patients had died by 4 years following 
treatment (J. M. Krall, unpublished data). 

The late effects of treatment in patients receiving 
mixed-beam treatment in either of the two treatment 

, 

options appear to have been less severe than in & 
ti5als using neutrons alone. Two patients incurred 
complications that were life threatening, and five had 
complications categorized as severe. These complica- 
tions were confined to the large or the small bowel. Of 
the patients receiving mixed-beam treatment (26), @t 
had moderate late bladder complications of decreased 
capacity or cystitis, and six had only mild sequelae 
(J. M. Wl, unpublished data). As in the European 
experience, salvage cystectomy was complicated by the 
greater degree of pelvic fibrosis found in mixed-beam 
irradiated patients than was customarily found in pa. 
tients treated with pelvic photon irradiation. 

Preoperative neutron therapy has also been inves- 
tigated in Japan, with a study population of 22 patients 
having high-grade invasive bladder cancer. Patients re- 
ceived either 9. I nGy or 30 C y  of photons in 2 weeks' 
time, followed by planned cystectomy. Tumor down- 
staging was documented in 38% of all of the patients, 
with the impression that "better effect seemed to be 
obtained in fast neutron treated (patients) than in x- 
ray (patients)" ( 17). 

A summary of the clinical results achieved in the 
European, U.S.. and Japanese trials is tabulated in Ta- 
ble l .  

CONCLUSIONS J 

There is little in the available clinicd ?ria!. to c-n- 
courage further investigations into the use of fast neu- 
trons for the treatment of bladder carcinoma. Fast 
neutrons have shown no definitive superiority with re- 
gard to tumor clearance rates, have been associated 
with an unexpectedly high rate of late complications, 
and have even compromised conventional surgical sal- 
vage options that have historically cured a certain per- 
centage of local tumor recurrences in patients treated 
with photon irradiation. 

Nonetheless, it must be noted that these clinical trials 
placed in  direct comparison two treatment modalities 
of widely differing capabilities to ireat deep-seated tis- 
sues. The limited penetration of neutrons obtained 
from the first-generation neutron treatment facilities 
can likely account for a significant component of the 
late morbidity encountered in these trials. even despite 
the sophistication of the multiple field arrangements 
used in the later efforts. The Edinburgh investigators 
themselves comment in their first report that the dose 
variation gven to patients with neutrons was 25.5%.  
as opposed to 5 1.5% for photons. and that "It is clear 
that the dose received by pelvic tissues outside the target 
volume was substantially greater in patients treated by 
neutrons" ( I  5). Given the steep slope of the dose-re- 
sponse curves for neutron complications of normal 
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TABLE 1. Trials of fasf neutrnns 'rf bledder pmwr*r 

w t u r o r  
recunenz. severe 

Bbdderbose. srmrval, rescstanca -1-s 

% -6 

55 1 4  
- (3  

No of 

___ -_. 
Tnal patents Stage - Treatment GY a s Y  =% (r) 

Amsterdam(11-13) 22 TS, T, Neutrons 17-19 23 (2) - 6 Ts. T, Photons 50 

N a r t r o n S  16 5-17 0 43 (3) 29 1s 

Neutrons 18 0-18 5 43 (3) 47 ;U 

Photons 52 5-55 0 43 (3) 54 

Eanbergh (9, 15) 53 T,, TI. T, Neutrons 15 0-16 5 12 (5) 71 78 
60 Tt. Tz. TJ Photons 52 5-55 0 45 151 11 4 

RTOG' (1 6)' 26 B,, &, C. D, Mixed beam 6 5 - 7 p  12 (51 77 55 
13 BI, 6 2 .  C, Di Mixed baam plus 50 31 (5) ?a ,'< 

Japan (1 8)  22 T,. T. Photons (x 300 38 - 

Manchester (14) 20 TI. Ta 
20 Tz. T3 
59 Tz. 1 3  

cystectomy 
- 

neutrons 9 1  (Downstaging. 
et surgery) 

' RTOG. Radiatm Therapy Oncdogy Group 
' Photon gray equivalent 

Wrth updated statisba with p e m u s m  of J M Yrall Anencar rollpgo c F  R - * ~ n l w ~  I4f?p*hll-hSLC1\ 

the neutron dose variation is a parameter O ~ F W P  .;e- 
nificance ( t 0). 

Other neutron inVeStigatOl3 have criticized the 
Manchester trial for the same disparity, remarking that 
". . . the dose distributions with 15 MeV neutrons 
were markedly inferior to those obtained with 8 MV 
X-rays which were used in the control arm" ( 1  8). This 
same editorial pointed out that a more appropriate 
control arm for that trial would have used orthovoltage 
x-ray equipment. noting that this would hardly have 
been an ethically acceptable alternative given the in- 
herent superiority of megavoltage to orthovoltage x- 
rays in  precisely those areas of dose distribution and 
late tissue effects. 

Despite thex criticisms, there are few data to suggest 
that the neutron control rate of bladder tumors is any 
better than photon control, independent of late tissue 
effects. One might IooL;"~+qee neutron superiority in  
clinical situations w h k  &$y~th respect to tumor 
control exceeded (he R&&r n\xal tissue late mor- 
bidity. The existing data show lit&' 
regard (9,lO). 

cyclotrons, which can dcliver 
With the arri\.al of second-generatioir h 

PmtcIPs have <ii~ewted a benefit for high LET radiabon. 
Given the disappointments of the recent,past in using 
neutrons for bladder cancer, it is unlikely that much 
enthusiasm will be generated for rekindling investiga- 
tions for this site. & 
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