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Abstract-The 1980 BEZR ZZZ risk factors have been used to estimate the secondary 
cancer risks from the whole-body stray radiation exposures which occur in neutron 
radiotherapy. The cancer risks have been calculated using the lineai-, linear-quadratic 
and quadratic dose-response models for the gamma component of the stray radiation. 
The linear dose-response model has been used to calculate the risk for the neutron 
component of the stray radiation. These risk estimates take into consideration for the first 
time the age and sex distribution of cancer patients undergoing neutron therapy. 
Changes in the cancer risk as a function of the RBE (10-100) assigned to the strap 
neutron radiation component have also been assessed. The excess risks in neutron-treated 
patients have been compared to the excess cancer risks for photon-treated patients and 
with the expected incidence of cancer in a normal population having the same age and 
.\ex distribution. These risk estimates clearly indicate that it will be necessary to tolerate a 
higher incidence of secondary cancers in patients undergoing fast neutron therapy than 
is the case with conventional photon therapy. However, for neutron RBEs of less than 
50 the increased cancer risk is only a fraction of the normal expected incidence of cancer 
in this population. Moreover, comparison of the radiation-induced cancer risk with 
reported normal tissue complication rates in the treatment volume indicates that the 
excess cancer risk is substantially lower than the risk from other late normal tissue effects. 

INTRODUCTION METHODS AND RESULTS 

-l-HE EFFICACY of cyclotron-produced neutrons 
in treating human cancers is currently being 
evaluated at various radiation therapy centers 
throughout the world [l]. One disadvantage of 
the use of neutrons is that they are more 
difficult to shield and to collimate than the 
photons used in conventional radiotherapy. 
Therefore, relative to the primary beam dose, 
the radiation dose to the patient’s body outside 
the primary beam will be higher than in com- 
parative photon radiation therapy [2]. Con- 
sequently, there is concern regarding increased 
risk of secondary cancers from the stray whole- 
body radiation exposure of patients undergoing 
neutron therapy. The purpose of the present 
paper is to estimate this risk in patients success- 
fully treated with neutrons using the 1980 BEIR 
III risk factors [3]. 

Neutron and gamma dose composition of the stray 
radiation in rems 

At the University of Washington the average 
whole-body dose from stray radiation during 
neutron radiotherapy is 2.8% of the central axis 
rad dose. This is based on measurements made 
in a 100 X 100 cm area surrounding a 20 X 20 cm 
primary beam field with a human phantom in 
the beam [4]. Proportional counter measure- 
ments and neutron activation analysis indicate 
that approximately 50% of the dose is due to 
neutrons of mean energy less than those in the 
primary beam [4,5]. The other 50% of the stray 
radiation dose is from gamma rays. For com- 
parison, the stray radiation in a conventional 
photon teletherapy facility is assumed to be 1% 
of the primary beam dose. This value probably 
represents the upper limit since the criterion 
used in the design of conventional photon 
therapy facilities is that the radiation penetrat- 
ing the source shielding should not exceed Accepted 12 May 1982. 
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0.1% of the primary beam dose [6]. Actual 
measurements with TLD and Victoreen R 
Chambers with a 2000 C “‘Cesium teletherapy 
source with a scattering phantom in an 18 x 

18 cm radiation field indicate that the average 
dose is less than 1% in the surrounding 100 x 

100 cm area (unpublished data). 
The three treatment schemes employed at 

the University of Washington are shown in 
Table 1. Patients are assigned to treatment 
schedules of either 5 fractions of photons/week 
(conventional therapy), 2 fractions of neutrons 
and 3 fractions of photons/week (mixed beam) 
or 4 fractions of neutrons/week (neutron). The 
approximate total treatment dose is 6000 rad of 
photons for conventional therapy, 720 rad of 
neutrons plus 3600 rad of photons for mixed 
beam therapy and 1800 rad for all neutron 
therapy. The total treatment time for all the 
above radiation schemes is between 6 and 7 
weeks. Using these parameters the calculated 
neutron and gamma dose components of the 
stray radiation in photon equivalent units (rems) 
for the various treatment arms in clinical trials at 
the University of Washington are shown in Table 
2. For most of the ‘rem’ dose calculations a 
neutron quality factor of 10 was used, as sug- 
gested by standard setting organizations for 
radiation protection purposes [7,8]. The use of a 
quality factor of 10 is considered more fully in the 
Discussion section. 

Dose-response models 
For high LET radiation such as neutrons, it 

is generally assumed that the risk of cancer will 
be proportional to the dose. Conversely, for 
gamma radiation there is controversy regard- 
ing the appropriate dose-response model for 
carcinogenesis. Some investigators believe that 
the dose-response curve for gamma radiation 
is also proportional to dose (linear dose-res- 
ponse model). Others think the dose-response 
model for gamma radiation is proportional to 
dose squared (quadratic model); however, 
much of the radiobiological data suggest a 
combination of both models in which at low 
doses the linear model is dominant but at 
high doses the quadratic model predominates 
(linear-quadratic model). It is obvious that for 
a small radiation dose the linear model will 
result in the highest incidence of cancer, 
whereas the quadratic model will result in the 
lowest incidence. For the purpose of the 
present paper, we decided to use the con- 
vention suggested in the BEIR III report [3] in 
which “an envelope of risk estimates bounded 
by the linear model and the pure quadratic 
models with the linear-quadratic providing the 
intermediate values” is employed for the 
gamma component stray radiation. In every 
case the linear mode1 is used for the neutron 
component of stray radiation. The resulting 
annual excess cancer incidence rate for the 

Table 1. Patient treatment schemes 

Radiation treatment 

Conventional therapy 
Mixed beam 

Weekly fraction schemes 

5 photons (Mon., Tues., Wed., Thurs., Fri.) 
2 neutrons (Mon., Fri.) 
3 photons (Tues., Wed., Thur., ) 

Tumor dose/fraction (rad) 

180-200* 
60-75 

186-200 
Neutrons 4 neutrons (Mon., Tues., Thur., Fri.) 60-75 

*Ranges shown are for treatment of cancers at various sites. 

Table 2. Neutron and gamma dose components of stray radiation delivered during 
entire course of treatment 

Treatment 

Tumor dose* 
Stray radiation 
Total stray radiation 

Photons 

6000 y 

60 Y 
60 Y 

Dose (rad) 
Mixed beam 

(neutron and photon) 

(720 n) + (3600 y) 
(10 y + 10 n) + (36 y) 

46y+lOn 

Neutrons 

1800n 
(25 y + 25 n) 
25 y+25n 

Photon equivalent stray radiation doset 
(rem) 

Gamma rays 60 46 25 
Neutrons 0 100 250 

*Doses given are those typical for neutron and photon therapy. 
tNeutron quality factor = 10. 
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typical stray radiation from photon, mixed 
beam and neutron treatments in clinical trials 
at the University of Washington using the 
different dose-response models are shown in 
Tables 3-5. Because the risk models for neu- 
tron and gamma radiations can differ, it is 
necessary to calculate the risk separately for the 
neutron and gamma radiation components. It 
is also necessary to calculate the radiation- 
induced excess incidence for leukemia and bone 
cancer separately from other cancers because 
the two cancer groups have different latent 
periods (2 yr for leukemia and bone cancer and 

10yr for other cancers) and different maxi- 
mum periods of elevated risk (25 yr for 
leukemia and bone cancer and greater than 
20yr for other cancers) [3]. 

Age-specific excess cancer risk 
To calculate the total excess cancer risk as a 

function of time after radiation treatment, one 
must take into consideration the latency period 
for tumor development and the year-by-year 
shrinkage in the population at risk due to death 
and new tumor incidence. To do this the stan- 
dard life table method was used. An example of 

1189 

Table 3. Estimated excess incidence of leukemia and bone cancers per lo6 people per year for stray 
eamma radiation 

Quadratic* 

Photon treatment Mixed &am treatment Neutron treatment 
Age (60 rem) (46 rem) (25 rem) 
(Yr) M F M F M F 

IO-19 38 25 23 15 7 4 
20-34 57 36 33 21 IO 6 
35-49 42 27 25 16 7 5 
50+ 97 62 57 37 17 II 

Linear-Quadratict lo-19 71 46 50 33 24 15 
20-34 104 66 73 47 35 2? 
35-49 77 50 55 35 26 17 
50+ 176 112 124 79 59 37 

Linear1 10-19 110 71 85 55 46 30 
20-34 156 100 120 77 65 42 
35-49 115 74 88 57 48 31 
50+ 259 166 198 127 108 69 

‘Based on coefficient for ‘(Dose)” term obtained from Table V-18, BEIR III report [3]. 
tBased on coefficient for ‘(Dose)’ and ‘(Dose)” terms o6tained from Table V-16, BEIR III report [S]. 
IBased on coefficient for ‘(Dose)’ term obtained from Table V-17, BEIR III report [3]. 

Table 4. Estimated excess incidence of cancer (excluding leukemia and bone cancer) per 10” people per 
year for stray gamma radiation 

Age 
(yr) 

Photon treatment Mixed beam treatment Neutron treatment 
(60 rem) (46 rem) (25 rem) 

M F M F M F 

Quadratic* 

Linear-Quadratict 

Linear1 

lo-19 47 79 27 46 8 14 
20-34 133 224 78 132 23 39 
35-49 176 298 104 174 31 52 
50+ 248 419 146 246 43 73 
lo-19 91 154 64 109 31 52 
20-34 266 450 188 317 89 150 
35-49 341 578 241 408 114 193 
50+ 516 874 364 617 172 292 
lo-19 160 278 122 213 67 116 
20-34 475 827 364 634 198 345 
35-49 580 1012 445 776 242 422 
50+ 966 1680 741 1288 403 700 

*Based on coefficient for ‘(Dose)” term obtained from Table V-29, BEIR III report [3]. 
tBased on coefficient for ‘(Dose)’ and ‘(D~se)~’ terms obtained from Table V-27, BEIR III report [3]. 
fBased on coefficient for ‘(Dose)’ term obtained from Table V-28, BEIR III report [3]. 
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Table 5. Estimated excess incidence of cancers per 10” people per year for stray neutron radiation 

Cancer type 

Mixed beam treatment Neutron treatment 

Age (100 rem)+ (250 rem) 

(yr) M F M F 

Leukemia and bone cancer? lo-19 185 119 462 298 
20-34 260 167 649 417 
35-49 192 124 480 309 
50+ 432 276 1,080 690 

All cancers 

(excluding leukemia and bone cancers): IO-19 266 464 666 1,160 
20-34 791 1,379 1,977 3,448 
35-49 967 1,686 2,418 4,215 
50+ 1.610 2.800 4.025 7.018 

*Dosages based on quality factor of 10 for neutrons. 
tBased on coefficient for ‘(Dose)’ term obtained from Table V-17, BEIR III report [3]. 
IBased on coefficient for ‘(Dose)’ term obtained from Table V-28, BEIR III report [3]. 

the procedure used to calculate the 30-yr cancer 
risk for male patients 50-yr of age receiving 
neutron therapy using the linear-quadratic 
model for the stray gamma radiation component 
is outlined below. 

Definition: 
t = age 
h,(t) = No. of deathslpersonlyr (Table 25 in 

ref. [9]) 
At(t) = normal expected cancer incidence/ 

personlyr (Tables 20 D and 20F in 
ref. [lo]) 

h,(t) = radiation-induced leukemia and bone 
cancer/person/yr (Tables 3 and 5) 

h4(t) = radiation-induced ‘all other cancer’/ 
personlyr (Tables 4 and 5) 

C(t) = total cancer incidencelpersonlyr = 
AT(t) + A,(t) + Ah(t) 

P(50) = P(surviva1 with no cancers) = 1 
~(51) = P(surviva1 from 50 to 51 with no 

cancers) = 1 - A,(50) - C(50) 
P(52) = P(surviva1 from 50 to 52 with no 

cancers) 
= [ 1 - A,(50) - C(50)] 

x [l - A,(51) - C(51)] 
P(S0) = P(surviva1 from 50 to 80 with no 

cancers) = fi [l -Al(t)- C(t)]. 

Generalized to any5ige and risk period: P(t) t+j-I 
n [I -A,(t) - c(t)1 

j 1 risk period 
30-yr estimate excess cancer risk: 
P(50) x [A&50) + A,(50)] + P(51) 
x [A,(51) + A,(51)] +. . . P(80) 

x I&(80) + WO)l. 

In the above example for the male leukemia 
and bone cancer risk the following parameters 
are used: 

A,(50-51) = 0, 2 yr latency period 
A,(52-77) = (1089 + 59)/lO”/yr, the risk due to 

stray neutron radiation (Table 5) 
and gamma radiation (Table 3) 

A9( > 77) = 0, end of 25yr elevated risk 
period. 

For ‘all other cancers’ for males the following 
parameters are used: 

A,(50-59) = 0, IO-yr latency period 
A4(60-80) = (4025 + 172)/10”/yr, the risk due to 

stray neutron radiation (Table 5) 
and gamma radiation (Table 4). 

Generalized risk (R) for any age and risk 
period: 

Male R(t) = 2 P(t) X [A,(t) + Ad(t)] 
1 

Female R’(t) = 2 P’(t) X [A;(t) + A;(t)]. 
1 

A sample histogram showing the total excess 
cancer risk per 100 successfully treated patients 
at various times after neutron therapy as a 
function of the patient’s age at treatment time 
is shown in Fig. 1. For this particular figure the 
linear dose-response model was used to cal- 
culate the cancer risk from the stray gamma 
radiation component. Similar-shaped curves 
but of lower amplitude have been obtained for 
other dose-response models as well as for the 
mixed beam and photon-treated patients. The 
shapes of the curves show a change in risk with 



Secondary Cancer Risk in Neutron Radiotherapy 1191 

NEUTRONS 

,o, WHITE MALE 
-I 

WHITE FEMALE 

” 

g 

:: ! Years after treatment 

2 0 

iz 

“+ 80 
e 

20 40 60 80 

Age of patlent at treatment 

Fig. 1. Age-specific excess cancer risk a.s a function of patient 
age at time of treatment and years after treatment. The data are 
for neutron therapy and were calculated using the linear dose- 

response model. 

patient age at time of treatment, with a maxi- 
mum risk occurring in the 5th decade of life. 
The decreased risk after the 5th decade reflects 
the shorter life expectancies of older patients 
which do not allow for the full expression of 
the total radiation-induced cancer potential. 
Figure 1 also shows that the risk is similar for 
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both sexes up to 10yr post-treatment. After 
10 yr the risk for females is greater due to the 
greater susceptibility of the female breast and 
thyroid to develop radiation-induced cancers 
[3], as well as to the longer life expectancies of 
women. 

Tumor site-specific excess cancer risk 
To estimate the risks for patients (15-80 yr of 

age) with different types of cancers undergoing 
neutron therapy, the age-specific risk estimates 
similar to those shown in Fig. 1 were weighted 
by the age and sex distribution characteristic of 
that cancer, i.e., 

tumor site-specific excess cancer risk = 

Sex and age distribution (W and W’) were 
obtained from the 1969-1971 U.S. Cancer In- 
cidence Study [lo] for the 9 types of cancer 
currently being treated with neutron therapy 
(shown in Table 6). Using the pertinent age 
and sex distribution weighting factors in Table 
6, the radiation-induced treatment cancer risks 
as a function of time after photon, mixed beam 
or neutron therapy are graphically presented 
in Fig. 2 for 3 of the 9 cancer sites (head and 
neck, prostate and cervix). For comparison 
purposes, the normal expected incidence of 
cancer for a population with the same age and 

0 

PROSTATE 

5 10 15 20 25 30 

Years after treatment 

HEAD AND NECK 
Squamous cell carcinoma 

5 10 15 20 25 30 

Fig. 2. Excess cancer risk in patients being treated with either photons, mixed beam or neutrons for head and 
neck, cervix and prostate cancers. The upper and lower risk limits were calculated using the linear and 
quadratic dose-response models respectively. The curve itself represents a risk estimate assuming a linear- 
quadratic dose-response model. For comparison purposes, the normal expected incidence of cancer for a 
population with the same age and sex distribution as the indicated cancer population is represented by the 

dotted line. 
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sex distribution for each type of cancer is also 
presented. In general, for all cancers the shape 
of the curves are similar in that there is a steep 
increase in the risk from 5 to 20 yr after treat- 
ment followed by a slowing or leveling in the 
cancer risk. The highest long-term risk is for 
patients with cervical cancer and the lowest risk 
is for prostate cancer patients. These reflect the 
fact that cervical cancers occur relatively 
frequently in females during the 4th and 5th 
decades of life (Table 6), when the risk from 
radiation-induced cancer is the greatest,. 
whereas prostate cancers occur relatively late in 
life in males, when the cancer risk from radia- 
tion is relatively small (Fig. 1). 

DISCUSSION 
Previous estimates of the secondary cancer 

risk from stray radiation resulting from neu- 
tron therapy have been based solely on the 
whole-body dose received by these patients 
[4, 11, 121. Bewley and Page [12] have correctly 
questioned the validity of such estimates, in 
part because they did not take into con- 
sideration the age of the patient and it is the 
patient’s age at the time of exposure that is a 
major factor in this risk of cancer ([3]; Fig. 1). 
These estimates also did not take into account 
the fact that the long-term risk is different for 
female and male patients (Fig. 1). The latter is 
significant because, depending on the type of 
cancer, the percentage of males or females 
being treated can vary from 0 to 100% (Table 
6). Therefore there are different risk estimates 
for different types of cancers being treated with 
neutrons (Fig. 2). This is the first report in 
which the age and sex distribution of cancer 
patients undergoing neutron therapy are con- 
sidered in estimating the secondary cancer risk 
for whole-body stray neutron radiation 
exposures. 

It should be recognized that these risk esti- 
mates are based on several assumptions and 
include the uncertainties inherent in the risk 
estimates of the BEIR III report [3]. The 
principal assumption is that A,(t), h*(t), A:,(t) 
and h,(t) are the same for a patient population 
cured with neutrons as in a normal population 
with the same age and sex distribution. 
However, it is probable that the age-specific 
mortality rate Al(t) will be higher for cured 
cancer populations than in normal populations. 
Furthermore, A,(t) may also be higher in cured 
cancer populations because they may be more 
liable than normal populations to develop a 
non-radiation-induced secondary cancer [12]. 
Thus, although the risk to successfully treated 
patient populations could be lower than esti- 

mated in this study, this may be partially com- 
pensated for by A,(t) and A,(l) being higher in 
the cured cancer population due to a greater 
than normal sensitivity to cancer induction by 
radiation. 

A large uncertainty in making an estimate of 
the excess cancer risk from neutron radio- 
therapy is the RBE value assigned to the stray 
neutron radiation [ll]. The uncertainty in the 
RBE value is in part due to the fact that the 
RBE for most biological effects, including 
tumor production, increases with decreasing 
neutron dose per fraction and that there is a 
lack of information concerning RBE values for 
carcinogenesis at the low neutron doses per 
fraction of l-2 rad encountered in the shielded 
area of a neutron therapy facility. Most of the 
experimental animal and the epidemiological 
data concerning the RBE for carcinogenesis are 
for much larger radiation doses. Therefore to 
estimate the RBE values at the lower neutron 
dose per fraction an extrapolation of RBE 
values from high to low neutron dose per frac- 
tion must be done. This is complicated because 
the human [3] and experimental animal data 
[13] indicate that the dose-response curve may 
not be the same for all cancers. Estimates of 
RBE from the atomic bomb survivor data may 
now be particularly futile with the recent rev- 
elation of a negligible neutron dose component 
at Hiroshima [14, 151.” A further complication 
is that the neutron RBE for carcinogenesis may 
be dependent on the cancer being induced. 
This would be significant since some tissues, 
such as the female breast, in comparison to 
other tissues are very susceptible to radiation 
carcinogenesis and therefore would have a 
greater influence on the effective RBE for 
radiation carcinogenesis as a whole in a mixed 
population. Because of these ambiguities in the 
estimates of RBE values for radiation car- 
cinogenesis, as a starting point it was decided to 
use a quality factor of 10 for neutrons, as 
suggested by the ICRP and NCRP [7,8]. 

Assuming radiation-induced life-shortening 
is primarily due to carcinogenesis [16], studies 
with mice suggest the neutron RBE at 1 rad per 
fraction may be several times greater than 10 
[17]. Other experiments in mice show that the 
RBE for tumor production is greater than 10 at 
low doses [13]. Therefore it is important to also 
calculate excess cancer risks using higher RBE 

*The reduction in the estimate of the neutron dose com- 
ponent at Hiroshima has been accompanied by a substantial 
increase in the estimate of the gamma dose component 
[14,151. Therefore, if these new dose estimates are correct, 
there probably will be no appreciable change in the BEIR IIf 
risk factors [14, 151. 
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Fig. 3. Estimated excess secondary cancer risk as a function of the RBE assigned to the stray neutron 
radiation. The doses in photon equivalent units were calculated by multiplying the stray neutron rad dose by 
the indicated RBE and adding to that value the rad dose of stray gamma rays. Similar to the results in Fig. 1, 
the excess cancer risk was calculated as a function of age and sex using the linear dose-response model. These 
values were then weighted by the age and sex distribution for all 9 cancer sites in Table 6. The weighted 

values were then summed to get the excess cancer risk at different times after treatment. 

values and to compare these with the excess 
cancer risks for photon-treated patients and 
with the expected incidence of cancer in a 
normal population of the same age and sex 
distributions. These additional risk estimates 
are presented in Fig. 3. From these data and 
those presented in Fig. 2, it is clear that it will 
be necessary to tolerate a higher incidence of 
secondary cancers in patients undergoing fast 
neutron therapy than is the case with con- 
ventional photon therapy. Statistically, unless 
the RBE for carcinogenesis is greater than 50, 
this increased cancer risk may not be detected 
in the ongoing lo-yr randomized clinical neu- 
tron trials. The reason for this can be seen if 
one assumes a neutron RBE of 50 for car- 
cinogenesis and a median follow-up time of 
5 yr. To attain a statistically significant increase 
in secondary cancers (P = < 0.05) with a 5-yr 
follow-up time would require a population of 
approximately 1200 successfully treated neu- 
tron and 5000 successfully treated mixed beam 
patients. Since the advanced cancers being 
treated with neutrons generally have a 5-yr 
survival rate of only 5%, and neutrons at best 
are expected only to result in a 15% improve- 
ment [IS], at least 6000 patients would have to 
undergo neutron therapy and 25,000 patients 

mixed beam therapy to see a significant in- 
crease in secondary cancers. 

It is also noteworthy that for a neutron RBE 
of 100 the 5-yr excess cancer risk is only 2.2% 
for neutrons and 0.9% for mixed beam therapy 
(Fig. 3). This value is lower than the 5-yr late 
normal tissue complication rate of 5% in the 
treatment volume considered acceptable for 
conventional photon therapy [19]. Moreover, 
even the long-term excess cancer risk is lower 
than the risk from other late normal tissue 
effects reported in the early and more recent 
neutron clinical trials. For example, in the early 
clinical trials of Stone, severe late effects were 
observed in all of the survivors within 5 yr after 
treatment [20]. More recently, Laramore et al. 
[21] reported a 50% incidence of radiation 
myelitis in neutron-treated oropharyngeal 
cancer patients surviving 10 months or longer. 
These results suggest that the cancer risk from 
whole-body stray neutron irradiation is of 
secondary importance compared to the risk of 
other late normal tissue effects in the treatment 
volume. This is especially true because some 
radiation-induced cancers such as thyroid and 
skin neoplasms often are not life-threatening. 
In addition, if neutrons are superior to pho- 
tons in cancer treatment, the long latency 
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period for radiation-induced solid tumors the only data base for a large human popu- 

should result in many additional years of useful lation whole-body exposed to a significant dose 

life even if neutron treatment eventually results of neutrons, This information may eventually 
in a lethal secondary malignancy. be useful in estimating the neutron RBE for 

Finally, much greater effort should now be carcinogenesis and possibly the shapes of the 
made to quantify and qualify the whole-body dose-response curves for neutron and gamma 
stray radiation neutron and gamma doses radiation, even though this is a select patient 
received during neutron and conventional population which may have a greater than 
photon therapy and to record the lifetime sub- normal sensitivity to cancer induction by radia- 
sequent secondary cancer incidence in these tion. 
treated patients. If, as it now appears, the neu- 
tron dose component at Hiroshima was extremely 
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small, these neutron therapy patients may be the statistical method used in this study. 
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