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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 degree of patho-
logic downstaging than conventional precystectomy photon
regimens, this has not led to an improved survival rate for
neutron-treated patients over photon-treated patients. Ran-
domized clinical tnials comparing primary neutron irradiation
and primary photon irradiation do 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 dose 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 invasive rransitianal
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 tnals 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-
ing,” 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 70-80% S5-year survival. Patients with
tumors unresponsive to preoperative radiation have a
poor prognosis in the range of 17-20% S-vear sur-
vival (4,5).

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 basis. However,
the neutron RBE varnies considerably from tissue 1o
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 normal 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 61 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 (10).

These expectations were tested in the same jnstitu-
tion by a randomized trial, 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
fractionation pattern. The poor outcome resulting from
the prior use of only two neutron fields for treatment

fed o the ac-we o Wl Cowmangement, ancn
distribat=d doses i Bomoger 2oushy to the norma,
tissues adracent ot unrors Cherall §U patients wer
enrolled 1 the stue. Worhin thes group were 30 pa
tients with bladder ancer of whom 24 received neq
trons « 1. natients a. eact dose level) and six received

photons No¢ ditferenves n the curvival rate between
the three treatm~nt arns were ncted In 10 of an eval-
uable 72 neutron cases there was jocal tumor control

and five of 22 patierts survived 2 vears. Comphcauons
feading to surgical intervention were seen in seven of
22 three of 7 surgenes involved colostomy (11). It was
the conclusion of the investigatars tn this and subse-
quent reports that neutrens demonstrated no greater
efficacy than photons 1n the 73 bludder cancer patients
eventually treated with neutrons between 1975-81, and
that ““the differenuai effect between tumor and normal
tissues {was) smaller with fast neutrons than with pho-
tons” (12.13).

In 1978, two major clinical trnials were initiated in
the United Kingdom. also randornly assigning bladder
cancer patients to photon irradiation alone or neutron
irradiation alone. One trial was carried out at Christie
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-
rvllium reaction, and both institutions used a six-field
arrangement for the neutron treatments.

In the Chnistie Hospital trial, 99 evaluable cases of
T,- or Ts-staged bladder carcinomas were randomized,
with an equal distnibution of patients with T>'and T,
tumors between treatment arms. Photon treatments
were given by 8-MeV photons via 280° lateral arcs.
Treatments were given in 16 fractions over 21 days to
a total dose determined by the size of the field required
to encompass the primary tumor. Patients requinng
smaller fields to adequately encompass the primary tu-
mor received a tumor dose of 55 Gy, and those re-
quining larger fields received a tumor dose of 52.5 Gy.
Neutron treatments were given 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 “low-dose™ group
(20 total), and the remaining neutron patients (20) were
aggregated into a “high-dose™ group. Fiftv-nine patients
received photons.

The 3-year survival rate overall for all groups was
43%, with no difference in survival observable between
the photon group and either the low-dose or high-dose
neutron group. When subgroup analysis was apphed
to patients with T5 versus T3 tumors. the 3-year survival
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for those with T; tumors. Non-statistically significant
differences were seen between those receiving neutrons
and photons, although it appeared that patients with
T, tumors had a better survival rate with photons, and
patients with T; 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 low-dose
neutron group, and seven of 15 (47%) in the high-dose
peutron group had locally recurrent tumor. These dif-
ferences were not significant.

Major complications, defined as resulting in surgical
intervention or patient death, were seen in five/15/10%
of photon/low-dose neutron/high-dose neutron pa-
tients, respectively, and minor complications of treat-
ment were recorded 1n three/30/15%. No conclusive
evidence for a therapeutic gain for neutron therapy
was documented in this study (14).

In the Edinburgh study, 113 patients were stratified
by tumor stage and randomized in a simiiar 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 T; generally
received small fields covering only the bladder, and
patients with more advanced T; 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 Gy in 20 fractions over 4 weeks, with
pelvic fields contributing 35.0 Gy of this 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 irradiation.
Patients with T, tumors received only large-field pelvic
irradiation, amounting 10 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 in 31% 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 both cohorts and
Judged to be substantially greater in the patients who
received neutrons. Where 38% of patients receiving
photons had normal tissue complications, 78% of thoee
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receiving neutrons had serious late morbidity in at least
one tissue. Twenty-four of the 53 neutron-treated pa-
tients had severe late reactions in the bowel, as opposed
to six of 60 in the photon group. Twenty and ! S patients
receiving neutrons and photons, respectively, had late
bladder contracture below 150 ml of capacity. 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 of the 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 fibro-
sis. The 5-year survival rate for the photon-treated
group was 45.3 = 11%, versus 12.0 = 6% for patients
receiving neutrons (15).

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
10.6%, p < 0.001), as were severe acute bowel reactions
(8.5 versus 3.4%, p < 0.05). Late reactions showed the
opposite results, as previously reported. Determinations
of neutron RBE relative to megavoltage photons (given
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. tnal investigating fast neutrons for
bladder cancer was carried out as a nonrandomized
phase 1-1I study under the auspices of the Radiation
Therapy Oncology Group. Patients with muscle-in-
vading tumors (Jewett-Strong-Marshall clinical stages
B,, B;, 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 at the time this study was initiated (June (977).
these potential complications were as yet undocu-
mented.

Thirteen patients received mixed-beam treatment in
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4-6 weeks following completion of therapy, and 26
patients received definitive mixed-beam, treatment
alone. Patients treated preoperatively réceived a 50-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 10-Gy boost to positive nodal areas. Pa-
tients receiving definitive radiation received a 15-20-
Gy photon-equivalent 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%)
patients having no evidence of tumor 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 25-35% 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 31% (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 61% (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. Of the initial group of 16 patients with stage
D, disease, including eight patients with tumors fixed
within the pelvis, 63% (10 of 16) of their 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 the
trials 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), eight
had moderate late bladder complications of decreased
capacity or cystitis, and six had only mild sequelae
(J. M. Krall, unpublished data). As in the European
experience, salvage cystectomy was complicated by the
greater degree of pelvic fibrosis found in mixed-beam
trradiated 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 9.1 nGy or 30 Gy 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 tnals is tabulated in Ta-
ble 1.

CONCLUSIONS

There is little in the available clinical trials to en-
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 tnals
placed in direct comparison two treatment modalities
of widely differing capabilities to treat 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 tnials, 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 given to patients with neutrons was =5.5%,
as opposed to +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™ (15). Given the steep slope of the dose-re-
sponse curves for neutron complications of normal
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TABLE 1. Trials of fast neutrons fov bladder cancer
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recurrence, Severe
No. of . Bladder dose. Survival, resistance.  COMPHCANONS
Trial patients Stage - Treatment Gy or cGy % (yr) % *a
Amsterdam (11-13) 22 T3, T Neutrons 17-19 23(2) 55 14
6 Ts, Ta Photons 50 — — v
Manchester (14) 20 T2, Ty Neutrons 16.5-17.0 43 (3) 29 15
20 T2. Ts Neutrons 18.0-18.5 43 (3) 47 )
59 T, T Photons 52.5-55.0 43 (3) 54 &
Edinbergh (9, 15) 53 Ty, T2, Ty Neutrons 15.0-16.5 12 (5) 31 78
60 Ty, T2, Ty Photons 52.5-550 45 (5) N Ly
RTOG* (16)° 26 B,, B;. C. D, Mixed beam 65-70" 12 15 77 &5
13 B,, B;. C, D, Mixed beam plus 50 3115 2Q n
cystectomy

Japan (18) 22 Ts. Te Photons or 30.0 38 - -

neutrons 9.1 {Downstaging,

at surgery)

* RTOG, Radiation Therapy Oncology Group.
® Photon gray equivalent.

¢ With updated statistics with permission of J M Krall, American College cf Radinloay fnapeblichad)

the neutron dose variation is a parameter of some sig-
nificance (10).

Other neutron investigators have cnticized the
Manchester trial for the same disparity, remarking that
*. . . the dose distributions with 15 MeV neutrons
were markedly inferior to those obtained with § MV
X-rays which were used in the control arm™ (18). This
same editorial pointed out that a more appropnate
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 these criticisms, there are few data to suggest
that the neutron control rate of bladder tumors i1s any
better than photon control, independent of late tissue
effects. One might look” ;.,'\QCC neutron superiority in
chnical situations where th! with respect to tumor
control exceeded the RBE-for no\ml tissue late mor-
bidity. The existing data show little’sy flerential in this
regard (9,10). ' .

With the arrival of second-generation ho
cyclotrons, which can dcliver high-energy fast né
having depth—dose charactenstics comparable to ph
tons produced from megavoltage lincar accelerators.
the opportunity exists to design randomized tnals
comparing more evenly matched technologies. Such
phase [1] trials are already under way in the treatment
of salivary cancers, head and neck tumors, prostate
carcinomas, and >oft-tissue sarcomas. all areas where
prior experiences. alheit with subortma! pegiren ron
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eratars have suegested a benefit for high LET radiation.
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. &

Acknowledgment: This work was supported in part by the
National Cancer Institute under grants CA-12441, CA-22133,
and contract CA-97282. Dr. Russell is the recipient of an
Amencan Cancer Society Cancer Oncology Development

Award.

REFERENCES

[. Goodman GB. Hislop TG. Elwood JM. Balfour J. Conservation
of bladder function in patients with invasive bladder cancer
treated by definitive irradiation and selective cystectomy. Int J
Radiar Oncol Biol Phys 1981.7:569-73.

2. Goffinet DR, Schneider MJ, Glatstein EJ et al. Bladder cancer:
results of radiation therapy in 384 patients. Radiology 1975:117:
149-53.

3. Miller LS. Bladder cancer: superionty of preoperative uradiation
and cystectomy in clinical stages B; and C. Cancer 1977.39:973-
80.

4. Skinner D. Current perspectives in the management of high grade
invasive bladder cancer. Cancer 1980:45:1866-74.

5. Bloom HIJG, Hendry WF, Wallace DM, et al. Treatment of T,
bladder cancer: controlled trial of pre-operative radiotherapy and
radical cystectomy versus radical radiotherapy. BrJ Urof 1982:54:

A5
& } Roizin-Towle L. Theus RB. August LS. Radiobiological
pmm": : h.hb-cncrg» cvclotron-produced neutrons used for
radiother KR, T gy 1975:117:173-8.

7. Shipies WU, Staaks Sy cnay VD. Field SB. Repair of
racdaon dan. g n ewis T ~ oma cells following n situ

-
H.atmenl w h st RSLITOnS et a-ravs. Cancer Rew
" ~

197514937 X




306

8.

10.

1.

12.

Barendsen GW, Koot CJ_,Van Kersen GR, Bewley DK, Field
SW, Parnell CJ. The effect of oxygen on impairment of the pro-
liferative capacity of human cells in culture by ionizing radiations
of different LET. Int J Radiat Biol 1966:101317_—27.

. Duncan W, Williams JR, Kerr GR, et al. An analysis of the

radiation-related morbidity observed in a randomized trial of
neutron therapy for bladder cancer. fn1 J Radiat Oncol Biot Phys
1986;12:2085-92.

Battermann JJ, Hart AM, Breur K. Dose-effect relations for
tumnour control and complications rate after fast neutron therapy
for pelvic tumours. Br J Radiol 1981;54:899-904.

Battermann JJ. Results of d + T fast neutron irradiation on
advanced tumors of bladder and rectum. /nr J Radiat Oncol Biol
Phys 1982;8:2159-64.

Broerse JJ, Battermann JJ. Fast neutron radiotherapy: for equal
or for better? Med Phys 1981:8(6):751-60.

. Battermann JJ, Mijnheer BJ. The Amsterdam fast neutron ther-

001b248

K J RUSSELL ET AL.

apy project: 2 final report. I T Badipr Onent P
2093-9.

o vl

14,_Pointon RS, Read G, Greene D. A randomised comparison of

photons and 15 MeV ncutrons for the treatment of carcinoma
of the bladder. Br J Radiol 1985;58:219-24.

15. Duncan W, Arnott SJ, Jack WJL, et al. A report of a randomized

trial of d(15) + Be neutrons compared with megavoltage x-ray
therapy of bladder cancer. Int J Radiat Oncol Biol Phys 19851 |
2043-9.

16. Laramore GE, Davis RB, Hussey DH, et al. Radiation therapy

oncology group phase I-II study on fast neutron teletherapy for
carcinoma of the bladder. Cancer 1984;54(3):432-9.

17. Isaka S, Igarashi T, Ito H, et al. Early effects of preoperauve

radiation therapy for invasive bladder cancer. Nippon Hinyokika
Gakkai Zasshi 1983;74(10):1778-83.

18. Catterall MC, Bewley DK. A randomised comparison of photons

and 15 MeV neutrons for the treatment of carcinoma of the
bladder [Letter]. Br J Radiol 1986;59(698):185.



