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FAST NEUTRON RADIOTHERAPY 

The University of Washington experience 

KEITH J. STELZER, GEORGE E. LARAMORE, THOMAS W. GRIFFIN, WUI-JIN KOH, MARY AUSTIN-SEYMOUR, 
KENNETH J .  RUSSELL and THOMAS A. BUCHHOLZ 

An overview of the University of Washington neutron radiotherapy facility is presented. The utility 
of the multi-leaf, programmable, variable collimator is emphasized. Due to success in the treatment of 
salivary gland tumors, such patients comprise an ever increasing portion of the patients being treated. 
A cooperative randomized clinical trial for the treatment of salivary gland tumors was undertaken 
comparing fast neutrons against photon/electron radiation. At ten years, there was a statistically 
significant improvement in local/regional control for the neutron group (56% vs 25%, p = 0.009), but 
there was no improvement in survival (15% vs 25%, p = n.s.). Distant metastases were the primary 
reason for the failure of improved local/regional control to impact survival in the neutron group. The 
University of Washington experience is summarized with special emphasis on the treatment of adenoid 
cystic carcinomas. Excellent localhegional control can be achieved with neutrons even for large tumors 
arising in the paranasal sinuses. We conclude that the potential morbidity of a surgical debulking 
procedure is not warranted in most clinical situations. 

Malignant salivary gland tumors are relatively rare, 
comprising about 1 -3Yo of all head and neck malignancies 
( I ) .  Treatment of inoperable salivary gland tumors with 
low linear energy transfer (LET) radiation, such as pho- 
tons or electrons, has generally been of limited success. 
Overall local/regional control with low LET radiation 
using conventional fractionation schemes has averaged less 
than 30% (2- 14). Accelerated hyperfractionated radiation 
using photons with or without electrons or  interstitial 
boost (1.6 Gy per fraction b.i.d. to a total dose of 65- 
70 Gy) has resulted in a crude local/regional control of 
75% (15). However, this was a small series of patients, and 
the study was not randomized. With the poor outcome 
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using low LET radiation and the typically superficial loca- 
tion for inoperable salivary gland malignancies, these tu- 
mors represented a logical site for testing in early neutron 
trials using the poorly penetrating beams which were ini- 
tially available. 

There have been numerous non-randomized series of 
patients with malignant salivary gland tumors which have 
been reported in the literature following treatment with 
conventionally fractionated irradiation (2- 14, 16-24). Ta- 
bles 1 and 2 provide a comparison of these studies for 
patients with inoperable or recurrent salivary gland tumors 
treated with low LET and neutron radiotherapy respec- 
tively. A general trend toward improved local/regional 
control is observed with neutron radiation compared 
to  low LET radiation. This trend is consistent with 
data which suggest a relative biological effectiveness for 
neutrons of 8.0 in adenoid cystic carcinoma (25). 

The reported series summarized in Tables 1 and 2 typi- 
cally consist of small numbers of patients, multiple histolo- 
gies, and a spectrum of follow-up intervals. Furthermore, 
the earlier studies, for both low LET and neutron radia- 
tion, were undertaken with equipment and treatment plan- 
ning systems which were less sophisticated than those 
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Table 1 
Locallregional tumor control rates for malignant salivary gland 
tumors using low LET @hotonlelectron) radiotherapy in conven- 

tional fractionation schemas from nonrandornized studies 

Patient Control rate 
No. 

Fitzpatrick & Thoriault (2) 
Vikram et al. (3) 
Borthne et al. (4) 
Rafla (5) 
Fu et al. (6) 
Stewart et al. (7) 
Ellis et al. (8) 
Dobrowsky et al. (9) 
Shidnia et al. (10) 
Guillamondi et al. (11) 
Elkon et al. (12) 
Ravasz et al. (13) 
Rossman (14) 

50 
49 
35 
25 
19 
19 
17 
17 
16 
15 
13 
12 
11 

12% (6/50) 
4% (2/49) 

23%) (8/35) 
36% (9/25) 

470/0 (9/19) 
290/0 (5/17) 
41Yo (7/17) 
38% (6/16) 
6OU/o (9/ 15) 
15% (2/13) 
25% (3/12) 

32% (6/19) 

54% (6/11) 

Total 298 26% (78/298) 

Table 2 
Local/regional tumor control rates for malignant salivary gland 
tumors using high LET fast neutron radiotherapy from nonrandom- 

ized studies 

Patient Control rate 
No. 

Saroja et al. ( I  6) 113 
Catterall & Errington (17) 65 
Buchholz et al. (18) 52 
Batterman & Mijnheer (19) 32 
Duncan et al. (20) 22 
Maor et al. (21) 9 

Eichhorn et al. (23) 5 
Skolyszewski et al. (24) 3 

Ornitz et al. (22) 8 

63% (71/113) 
77% (50/65) 
77% (40/52) 
66% (21/32) 
55o/u (12/22) 
67% (3/8) 
38% ((3/8) 
60% (3/5) 
67% (2/3) 

Total 309 67% (208/309) 

which are available today. In light of these conditions, a 
randomized prospective trial was undertaken by the Radi- 
ation Therapy Oncology Group (RTOG) in the United 
States and the Medical Research Council (MRC) in Great 
Britain to compare neutron versus photon radiation in the 
treatment of unresectable salivary gland malignancies. We 
will present here an overview of the RTOG/MRC random- 
ized trial and the impact of modern high energy neutron 
facilities on the delivery of this mode of radiation, using 
the University of Washington unit as an example. 

RTOGlMRC randomized trial 

Thirty-two patients were entered on the RTOG/MRC 
randomized trial for treatment of unresectable salivary 
gland malignancies from July of 1980 through March of 
1986. Results have been reported with follow-up out to 2 
and 10 years (26, 27). The schema for this study is shown 

Inoperable, 
unresectable, 
or recurrent 
salivary gland 
carcinomas 

NEUTRONS, 
16.5, 17, 
17.14, or 
22 GY, 
12 fractions, 
4 weeks 

PHOTONS, 
70 Gy in 7 
weeks, or 55 
Gy in 4 
weeks 

Fig. 1.  Randomization scheme for inoperable and unresectable 
primary and recurrent salivary gland tumors. The neutron dose is 
adjusted for the institutional neutron scaling factors. 

in Fig. 1. To be eligible for this study, patients had to have 
either inoperable or unresectable primary or recurrent 
malignant tumors of the major or minor salivary glands. 
Patients with unmeasurable postoperative residual disease 
were ineligible. The eligible histologies were mucoepider- 
moid carcinoma, acinic cell carcinoma, adenoid cystic car- 
cinoma, adenocarcinoma, squamous cell carcinoma, and 
malignant mixed tumors. Other eligibility requirements 
were patient age between 18 and 76 years, no history of 
other prior malignancies (other than non-melanoma skin 
cancer), no prior radiation therapy, and a Karnofsky 
performance status of at least 60. Patients were rand- 
omized to receive either fast neutron radiation or con- 
ventional megavoltage radiation with photons and/or 
electrons. 

For the low LET arm, patients from the United States 
received 70 Gy delivered over 7.5 weeks, and patients from 
Scotland received 55 Gy delivered over 4 weeks, reflecting 
treatment conventions within each country which were felt 
to -be clinically equivalent. For the neutron arm, radiation, 
was delivered with 12 fractions, 3 fractions per week, over 
4 weeks. The planned neutron dose varied slightly between 
the four participating facilities, based upon radiobiological 
intercomparison studies (27). Thirty-two patients were en- 
tered on this study, and 25 were eligible and evaluable (12 
on the photon arm and 13 on the neutron arm). Lymph 
nodes were involved in 33% of the photon patients and 
54% of the neutron patients. Twenty-five percent of the 
photon patients and 39% of the neutron patients were 
entered on the study with recurrent disease (27). 

The 2-year analysis (27) showed dramatic improvement 
with neutrons over photons with respect to local/regional 
control (67% for neutrons versus 17% for photons, 
p < 0.005) and local/regional complete response (85% for 
neutrons versus 33% for photons, p = 0.01). A trend to- 
ward improved 2-year survival was evident (p  = 0.1) for 
neutrons (62%) compared to  photons ( 1  7%). Although 
only 32 patients had been entered onto this study, with 
only 25 being eligible and evaluable, the participating 
neutron facilities became reluctant to continue this study 
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Fig. 2. Probability of local/regional failure for patients entered on 
the two treatment arms of the protocol. Photon arm: -; 
neutron arm ~ - -. The starting values of the curves represent the 
initial local/regional failure rates. The difference between the two 
curves is statistically significant a t  the p = 0.009 level. 

in light of the impressive differences at two years. For this 
reason, the study was closed early for ethical reasons (26). 

The most recent analysis of this study includes data up 
to 10 years with a minimum ‘time-at-risk’ of 6 years (26). 
Actuarial local/regional failure out to 10 years for the 
neutron and low LET arms is shown in Fig. 2. The crude 
incidence of failure has been 75% for the photon arm and 
31% for the neutron arm. The 10-year actuarial local/ 
regional control probability was 17% for the photon arm 
and 56% for the neutron arm ( p  = 0.009). Survival data 
expressed on an actuarial basis are shown in Fig. 3. The 
crude survival has been 2.5% and 23% for the photon and 
neutron arms respectively. The 10-year actuarial survival 
was 2.5% for the photon patients versus 15% for the 
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Fig. 3. Survival probabilities for the patients on the two treatment 
arms of the protocol. Photon arm: -; neutron arm; ~ ~ - .  
There is no  statistically significant difference between the two 
curves ( p  = 0.50). 

neutron patients, with no statistically significant difference 
between the two curves ( p  = 0.5). 

Although the superiority of neutron radiotherapy in the 
control of unresectable malignant salivary gland tumors 
has held up over time, the early trend toward improved 
survival has not. This may be attributable to  the develop- 
ment of metastatic disease. Distant metastases occurred in 
7 patients on the photon arm (4  of which were associated 
with local/regional failure) and in 9 patients on the neu- 
tron arm (4 of which were associated with local/regional 
failure). The longer median survival of the neutron group 
(36 months versus 15 months) suggests that improved 
local/regional control may have allowed for clinical mani- 
festation of pre-existing subclinical metastatic disease in 
patients who otherwise would have succumbed to local/ 
regional disease (26). 

Morbidity of any degree involving any system was expe- 
rienced by 10 of the patients treated with photons and by 
all 13 patients treated with neutrons. ‘Severe or greater’ 
complications, as defined by the joint RTOG/EORTC 
scoring system, occurred in 4 of the patients on  the photon 
arm and 9 of the patients on the neutron arm ( p  = 0.07). 
‘Life-threatening’ complications occurred in one photon 
patient and in 2 neutron patients. There were no deaths 
referable to radiation on either arm. Although the morbid- 
ity associated with neutron radiotherapy appeared some- 
what greater than that with low LET radiation, it did not 
disrupt treatment delivery in such a way as to impact 
local/regional control (26). 

The conclusions from this study were that fast neutron 
radiotherapy is the ‘treament-of-choice’ for patients with 
unresectable salivary gland malignancies, morbidity from 
neutron therapy is acceptable, and distant metastasis re- 
mains a substantial detriment to survival even with im- 
proved local/regional control (26). 

Impact of modern high energy neutron facilities on 
treatement delivery 

Development of hospital-based neutron treatment facilities 

In 1971, the National Cancer Institute (NCI) approved 
a program project grant for the University of Washington 
to  modify a physics laboratory-based cyclotron for clinical 
use (28). These laboratory-based units had severe limita- 
tions in terms of treatment delivery: beams could be deliv- 
ered only from a horizontal axis a fixed distance from the 
floor, dose distributions were limited by low beam energy 
with poor depth dose characteristics and poor skin spar- 
ing, beam collimation was inadequate, and there were 
limitations to machine availability for clinical use. Phase I 
and II trials demonstrated excessive normal tissue toxicity 
associated with treatment of deeply located tumors due to 
poor dose distribution. Consequently, early phase 111 trials 
consisted of ‘mixed beam therapy’ (2/5 neutrons and 
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3 / 5  photons) in order to supplement the poorly penetrating 
neutrons with better penetrating photons with acceptable 
morbidity. Encouraging results were obtained in salivary 
gland and prostate cancers (27, 29). 

The results of the clinical trials with neutrons under 
adverse treatment conditions provided the impetus for 
the NCI to initiate plans for the development of four 
high energy hospital-based neutron generators in 1979. 
The University of Washington was one of these sites of 
development, and serves as a model for discussion of 
characteristics of a modern neutron facility which result in 
improved treatment capabilities. Scanditronix Corporation 
of Uppsala, Sweden, was subcontracted to design and 
build the University of Washington facility. This machine 
utilizes a cyclotron to deliver 50 MeV protons to a gantry- 
mounted beryllium target, producing a neutron beam with 
an average energy of 22 MeV. The gantry design allows 
isocentric treatment through 360 degrees of rotation. Colli- 
mation is provided with an infinitely variable multi-leaf 
collimator, with wedges available internally within the 
gantry head. There is also an x-ray source for portal 
imaging within the gantry head. The features of this neu- 
tron unit provide the components necessary for optimal 
delivery of radiotherapy by modern standards. 

Another factor in the optimization of neutron radiother- 
apy is a computerized three-dimensional treatment plan- 
ning system which is compatible with the treatment unit. 
Three-dimensional treatment planning has been utilized on 
a regular basis at the University of Washington for pa- 
tients undergoing neutron radiotherapy. Its usefulness has 
been exemplified in the treatment of unresectable arteri- 
ovenous malformations ( AVMs) and salivary gland tu- 
mors using specialized techniques (30- 33). 

Neutron radiosurgery for intracranial arteriovenous 
malformations 

From February 1987 through August 1989, 20 patients 
with inoperable intracranial AVMs were treated with neu- 
tron radiosurgery (30, 31). This technique involved a single 
dose of 9 Gy delivered through 7-9 non-opposing portals. 
Three-dimensional treatment planning was undertaken with 
pretreatment computerized tomography (CT), magnetic 
resonance imaging (MRI), and angiogram for AVM local- 
ization. A thermoplastic mask, specially designed to be 
bolted to the cyclotron treatment table, was used during the 
CT and MRI studies. This allowed for the intercomparison 
for all imaging information within the same format. Via 
magnetic tape, the CT study was loaded onto the three- 
dimensional treatment planning software system (UW- 
PLAN). Multiple isocentric fixed treatment portals were 
then designed using the ‘beam’s-eye-view’ capabilities of the 
software. This allowed for the customization of individual 
fields using the cyclotron’s multi-leaf collimator system. 
Each of these fields was shaped to correspond to the 

configuration of the AVM as it projected in the perspective 
of the treatment gantry relative to the patient. Vital struc- 
tures could also be visualized and excluded from each field. 

Although the overall response for the AVMs treated on 
this study was poor (42% partial response, no complete 
responses), there was no radiation-induced brain toxicity 
detectable clinically or on T2 weighted MRI. The absence 
of brain toxicity even with this relatively large non-fraction- 
ated dose of neutron radiation attests to the excellent dose 
distributions which were achievable with this system. Fur- 
thermore, this system of precise treatment delivery is likely 
to be useful for future endeavors involving boron neutron 
capture for radiosensitization in the treatment of malignant 
gliomas. A review of the potential therapeutic gain using 
boron neutron capture therapy is presented in this issue (34). 

A three-jield technique for  treatment of parotid 
malignancies 

Another example of the capabilities of a modern neu- 
tron radiation facility is the development of a ‘three-field’ 
technique for treatment of adenoid cystic carcinoma of the 
parotid gland (32). With the potential for these tumors to 
spread perineurally to the base of the skull, radiation 
volumes need to be large. Generally these fields extend 
superiorly to the base of skull to include the zygoma and 
two-thirds of the ear, posteriorly to include the posterior 
cervical lymph nodes and the mastoids, anteriorly to in- 
clude the masseter muscle and two-thirds of the cheek, and 
inferiorly to include the hyoid bone, providing adequate 
coverage of potential submandibular nodal involvement. 
Using the conventional wedge pair technique, it is difficult 
to maintain tolerable neutron radiation doses to vital 
structures such as the contralateral parotid, contralateral 
eye, and brain tissue. Consequently, the ‘three-field’ tech- 
nique was developed in order to adequately spare these 
normal tissues while achieving an adequate dose to tumor. 

The ‘three-field’ technique first involves head immobi- 
lization with a thermoplastic mask and a CT scan for entry 
into the computerized three-dimensional treatment plan- 
ning system as described above. The patient is then simu- 
lated with the intent of defining three fields-an ipsi- 
laterallarge field, an ipsilateral intermediate field, and a 
contralateral small field (Fig. 4). The large ipsilateral field 
includes the primary tumor, posterior cervical nodes, and 
submandibular nodes. The superior border of the larger 
field includes the base of skull, but the multi-leaf collima- 
tor system is used to shield the optic nerves, optic chiasm, 
and other brain tissue which is not necessary for inclusion 
within the field. The intermediate ipsilateral field matches 
all parameters of the large ipsilateral field, but does not 
include the submandibular nodes and the anterior-inferior 
neck. The submandibular nodes and anterior-inferior 
neck are treated with an opposing contralateral small field. 
This contralateral small field is arranged such that it spares 
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ment of adenoid cystic carcinoma in these sites with its 
propensity to spread by perineural routes. The University 
of Washington experience in treating adenoid cystic car- 
cinomas of major and minor salivary glands has been 
reported (33), and provides another illustration of the 
effective treatment outcome achievable with a modern 
neutron radiation facility. 

From 1984 through 1990, 34 patients with advanced 
(grossly unresectable primary and recurrent) adenoid cys- 
tic carcinomas were treated with fast neutron radiotherapy 
at  the University of Washington. The treatment planning 
and delivery capabilities of this facility permitted non- 
orthogonal treatment planes and vertex fields necessary 

Fig. 4. Diagram of the three-field technique for treatment of 
parotid malignancies with neutron radiotherapy. The large ipsilat- 
era1 field is shown as the solid line. The ipsilateral intermediate 
field is shown as the dashed line. The contralateral small field is 
shown as the solid line with dots. Blocking with the variable 
multi-lead collimator is designated by the hashed regions. 

a significant portion of the contralateral parotid gland. To  
minimize the dose to  the contralateral parotid gland, the 
two ipsilateral fields are normalized to  the medial tumor 
volume, rather than to the isocenter at the patients mid- 
line. This normalization allows full dose to  be delivered to  
the tumor bed with less than 35% of the full dose delivered 
to the contralateral parotid gland. The intent is to deliver 
as much of the prescribed total dose of 18-20 Gy through 
this three-field technique. The dose limiting structure with 
this technique is the spinal cord which is limited to a dose 
of 10 Gy. Subsequent fractions are delivered using a con- 
ventional technique, such as an ipsilateral wedged pair, to 
boost the tumor bed to the total planned dose. The result 
of this technique has been excellent local/regional tumor 
control with return of adequate salivary gland function 
6-9 months after therapy. 

Noncoplanar neutron beam therapy ,for minor salivary 
gland tumors 

In addition to parotid gland malignancies, advances in 
neutron treatment planning and delivery have provided a 
means of treating minor salivary gland tumors involving 
the paranasal sinuses. Such tumors often require complex 
treatment plans due to the proximity of these tumors to  
vital structures, such as the eyes, optic pathways, and 
brain. Treatment planning is particularly difficult for treat- 

for optimal dose distributions in treating those patients 
with tumors of the paranasal sinuses. The results showed 
100% local and local/regional control in 7 patients with 
paranasal sinus adenoid cystic carcinoma. These results in 
paranasal sinus tumors were comparable to those in major 
salivary gland adenoid cystic carcinomas, which had local 
and local/regional control of 92% and 83% respectively. 
Among these 7 patients with paranasal sinus tumors, there 
were two cases of serious late radiation toxicity (RTOG/ 
EORTC grade 111 or IV). This incidence of severe toxicity 
was similar to that with treatment to  other less challenging 
primary sites. 

There are limited data reported on the local control of 
adenoid cystic carcinoma of the paranasal sinuses with 
conventional low LET radiotherapy or without surgery. 
Combining four series (6, 35-37), local control was 
achieved in 31% (l2/39) patients with paranasal sinus 
adenoid cystic carcinoma receiving low LET radiotherapy. 
As with other sites, it appears that neutron radiotherapy 
offers a therapeutic gain relative to low LET radiation in 
minor salivary gland malignancies involving paranasal 
sites, and that modern facilities can deliver neutron radio- 
therapy effectively to these difficult locations. 

Conclusions 

Significant advances have taken place in modern neu- 
tron radiation facility design and integration with three- 
dimensional treatment planning systems. These advances 
have allowed neutron radiation dose delivery to achieve a 
level of sophistication equal to that of conventional pho- 
ton radiation. The result has been improved local/regional 
control with acceptable morbidity. 

Salivary gland malignancies have been presented as  an 
example of a tumor type which appears to be more effectively 
treated with neutron radiotherapy compared to low LET 
radiation. Fast neutron radiotherapy is the ‘treatment-of- 
choice’ for patients with inoperable salivary gland tumours. 
Surgery should be limited to situations where clear margins 
can be achieved without significant morbidity. In particular, 
surgery should not sacrifice the facial nerve to  achieve clear 
margins. For  situations in which sacrifice of the facial nerve 
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appears necessary for adequate surgical margins, the patient 
should instead be  referred for fast neutron therapy. Al- 
though the morbidity of skin reactions, fibrosis, and xeros- 
tomia appears somewhat higher with neutron radiotherapy 
than with low LET radiation, the  benefit of improved 
local/regional control is not obviated. 
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