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CHAPTER 1.

INTRODUCTION
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The Philips 14 MeV d+T fast neutron facility installed at the Antoni van Leeuwenhoek Hospital, Amsterdam.

Radiotherapy as an important modality in the treatment of cancer
nowadays can make use of different types and qualities of radiation,
ranging from low energy X rays (orthovoltage X rays) to high energy X
rays (megavoltage X rays), gamma rays (e.g. cobalt-60), high energy
electrons and heavy particles (e.g. alpha particles, neutrons, pi-mesons).
Other kinds of radiation such as ultrasound waves, radio waves, infrared
and ultraviolet light are often applied in the treatment of benign diseases,
but do not play a role in cancer therapy.
Low energy X rays have been used for many decades. The beam
characteristics of these rays, however, restricted the radiotherapist in the
application of a homogeneous and high dose to the tumour. Furthermore, the radiobiological basis of the radiation induced effects was barely
understood. Most treatment schedules were (and still are) the result of
empiricism accumulated over many vears.
In the first years of radiotherapy often single doses or only a limited
number of fractions were applied. Already in 1906 differences in
radiosensitivity were distinguished and expressed in a law by Bergonié
and Tribondeau. They assumed a direct relationship between radiosensitivity and the proliferation rate of a cell population. More than fifty
years later, a more or less similar relationship was found for the response
of tumour cells, when it was observed that fast growing tumours in
general are more responsive to irradiation than slowly growing tumours.
For human cancer this was shown by Breur (1966) for response of
pulmonary metastases.
During the past three decades more insight developed into biological
phenomena induced by radiation. One of the main dose modifying factors
in radiobiology was found to be the presence or absence of oxygen (Gray,
1953, 1961). The relevance of oxygen in radiotherapy was already
recognized for a long time by the experience that in patients suffering
from anaemia the tumours as a rule were less sensitive to radium (Crabtree
and Cramer, 1933). This dependence on oxygen is commonly expressed
as the oxygen enhancement ratio (OER):
dose in anoxic conditions for specified effect
dose in oxygenated conditions for similar effect

The OER for X rays ranges between 2 and 3 (fig. 1) for most mammalian
cell populations.
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In fractionated treatments hypoxic cells, e.g. cells adjacent to necrotic
areas in solid tumours (Thomlinson and Gray, 1955), become more
oxygenated as a result of radiation induced changes in the tumour. These
changes include killing of oxygenated cells, reduction of intratumoural
pressure and reduction of distances between blood capillaries. These
processes result in a greater sensitivity in fractionated irradiation (v.
Putten and Kallman, 1968).
By the in-vitro culture of mammalian cells Puck and Marcus (1956)
demonstrated the relationship between the radiation dose and the
number of cells that survived irradiation, i.e. remained capable of
unlimited proliferation.
In figure 1 a hypothetical dose response curve is drawn. It can be
derived from this figure that the curve is exponential at high doses but
exhibits a "shoulder" in the low dose region. This shoulder is caused by
accumulation of damage before it becomes lethal. This suggests that
sublethal damage may be recoverable, especially when relatively low
single doses are applied (Elkind and Sutton, 1959). If an equal total dose
is given in two or more fractions with an interval of several hours, a much
higher total dose is required to achieve a similar effect as the result of
summation of the shoulder curves (fig. 1). In radiotherapy multiple daily
fractions in the order of 2 Gy (200 rad) are employed over several weeks.
One of the possible reasons for a beneficial effect of fractionation is that
tumour cells are less capable of repairing sublethal damage than normal
tissue cells (Phillips, 1972).

5dose(Gy)
Figure 1: Hypothetical dose response curve for single dose X rays (1), multiple
fractions of X rays (2), X rays in anoxic conditions (3) and fast neutrons (4).
From these curves the OER and RBE are explained.

It is well known that radiosensitivity of cells is related to cell kinetic
parameters, too. A variation in sensitivity was found during different
phases of the cell cycle by Sinclair (1968). A maximum of radiosensitivity
exists in mitosis and a maximum of resistance during DNA-synthesis.
Due to this difference in sensitivity, redistribution of cells in the cell cycle
can occur when multiple fractions are used. Apart from the continuously
dividing cells, two types of cell populations can be distinguished, viz.
non-proliferating cells and resting cells. This last group of cells can be
stimulated to divide ("repopulate"). a process that will be of some
importance in fractionated radiation as well.
In addition to more radiobiological background in radiation oncology,
also much progress was achieved by the technical improvement of X-ray
machines. With the introduction of megavoltage machines such as
cobalt-60 telecurie machines, betatrons, and linear accelerators, it became possible to deliver a higher and more homogeneous dose within the
tumour area. The advantages of a more penetrating beam with larger skin
sparing properties, less absorption in bone and a sharper beam profile
made surrounding normal tissues and critical organs no longer the
limiting factors in the application of high doses. Although a considerable
gain was achieved by more precise treatment planning (table 1) for
several tumour types the therapeutic gain over low energy X rays was
smaller than expected. This was either due to a high percentage of distant
metastases or to failure of local tumour control.
Distant tumour spread is not influenced by better radiation possibilities for the primary, as most metastases are already present at the
moment of first treatment (Breur, 1966). "Prophylactic" treatment of
expected micrometastases can improve the prognosis for some tumour
types considerably. For radiation this was shown in testicular seminomas, malignant lymphomas, primary tumours of the head and neck and
Table 1.
Improved survival from megavoltage radiotherapy
site of cancer
prostate
nasopharynx
bladder
tonsil

5 years survival rate
Kilovoltage Megavoltage
(1955)
(1970)
5-15
55-60
20-25
45-50
0- 5
25-35
25-30
40-50

(from Committee of Labour and Public Welfare of U.S. Senate, 1970).
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Table 2.
Relation between number of volume doublings, approximate number of
tumour cells and approximate weight of tumour.
number of doublings

number of tumour cells weight of tumour

0
10
20
30
40

2° = 10°

2 1 0 = 103
22o=

2

3O

2

40=

106

= 10 9
10'2

1 ng
1 ug
1 mg
1 g
lkg

(approximate number of cells in whole body 5.10")
osteosarcomas. Controlled trials with adjuvant chemotherapy have started for Wilms tumours, Ewing sarcoma, osteosarcoma and breast cancer.
However, chemotherapy up till now has not given much prospect of cure
for patients with manifest metastases from solid tumours apart from a
few exceptions such as testicular tumours (Einhorn and Donohue, 1977).
Failure of local tumour control remains the cause of death in about
40% of cancer patients (Stewart and Powers, 1979). Failure of conventional radiotherapy is due to tumour volume and relative radioresistance.
The tumour volume roughly can be expressed as the total number of
tumour cells which can be directly related to the approximate number of
cell doublings (table 2). As can be learned from this data, the tumour is
undetectable during the longest period of its life. Tumour detection is
related to tumour volume and thus to external factors like localization,
complaints, patient and doctor delay. The tumour size at the moment of
Table 3.
Actuarial five years survival of 366 patients treated for carcinoma of the
uterine cervix between 1965 and 1971 in the Antoni van Leeuwenhoek
Hospital.
stage
stage
stage
stage
total

I
II
III
IV

73%
67%
39%
19 %
61 %

(adapted from B.N.F.M. van Bunningen).
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first physical examination might be influenced by earlier diagnosis and
better education of the patient and his doctor. By this means tumours
would be treated in earlier stages, resulting in a better prognosis. To
illustrate this, the results of treatment for carcinoma of the uterine cervix
are given in table 3.
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The factors that influence radio-resistance were discussed above. This
radiobiological research has triggered off clinical investigation into new
treatment modalities (Fowler, 1979). As a consequence, interest was
focussed on radiation under hyperbaric oxygen conditions (Watson et al,
1968; Henk et al, 1977), combination of radiation with drugs that may
mimic the oxygen in the cell ("anoxic cell sensitizers") such as misonidazole (Adams, 1963; Dische, 1977) and irradiation with heavy particles
(Barendsen, 1963; Field, 1976). Other topics in radiation research
concern the combination of radiation with heat (Overgaard and Overgaard, 1972; Robinson et al, 1974; Stewart and Denekamp, 1978) and
with cytostatic drugs (Phillips, 1979) and the unusual dose-time schedules
such as hyperfractionation (Douglas, 1977, Littbrand, 1978) and lowdose rate irradiation (Pierquin et al, 1979).
Although all these efforts hold promises for further improvement of
the therapeutic ratio, from a radiobiological point of view high linear
energy transfer radiation (high LET radiation) seems to have the best
prospects of raising the local cure rate. High LET radiation is irradiation
with heavy particles like fast neutrons, which have a high rate of energy
absorption per unit of track length in contrast to low LET radiation like
photons or electrons. The dense ionization of high LET radiation as the
result of interaction with matter is more effective for the production of
biological damage and thus the effects of high LET radiation will result in
a higher relative biological effectiveness (RBE) compared with low LET
radiation (fig. 1). The RBE is defined as:
dose of standard radiation required for specified effect
dose of experimental radiation required for similar effect

The standard radiation always has been 250 kV X rays, but nowadays it
is recommended to express the RBE of experimental radiation relative
to cobalt-60 gamma rays.
Due to the higher RBE for neutrons more damage will occur for the
same dose to tumour cells and normal tissue cells after fast neutron
irradiation than after photon irradiation.
A variety of RBE values was found for normal tissues (e.g. Broerse, 1974;
Field, 1977) as well as for experimental tumour cells (e.g. Field, 1976,
Barendsen, 1979). Also some data on human tumours were presented
after irradiation of lung metastases (van Peperzeel et al, 1974). However,
most data from the literature are observations after single exposures and

few were presented after multiple fractions (e.g. Field and Hornsey,
1971). The RBE values for multiple fractions are higher as the effect of
the shoulder in a dose-effect curve hardly exists after neutron irradiation.
The three main differences between high LET and low LET radiation
are:
1) lower oxygen enhancement ratio (OER) for high LET radiation.
The lower OER seems to be the most important factor in favour of fast
neutrons, as in almost all tumours hypoxic cells will be present (Thomlinson and Gray, 1955). A system of cultured kidney cells (Barendsen, 1960)
was used to estimate OER values as a function of the linear energy
transfer of mono-energetic charged particles (Barendsen, 1966). Figure 2
shows that at very high LET values O 100 keV/um) the OER will be
almost 1. At low LET values (< 10 keV/um), like for megavoltage X rays,
the OER is between 2.5 and 3. The OER for heavy particles is smaller
than for photons because high LET radiation is more effective in its,
interaction with matter.
2) lower capacity for repair of sublethal damage after high LET
radiation.
It was first shown by Barendsen (1962) that fractionated doses of alpha
particles were just as effective as single doses, thus demonstrating the lack
of capacity for repair of sublethal damage. This difference with low LET
radiation can be either advantageous or disadvantageous, depending on
the relative loss of repair capacity in tumour and normal tissues.
3) less variability in response between different phases of the cell cycle
after high LET radiation.
It was already demonstrated by Sinclair (1969) that the variation in
radiosensitivity during the cell cycle decreases when neutrons are applied.
This difference will only be advantageous if more of the tumour cells than
of normal tissue cells are dividing. Thus, this could be a disadvantage in
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Figure 2: Relation of RBE and OER values upon linear energy transfer (LET). For
X rays the LET is 0.2-10 keV/um and for 15 MeV neutrons 80 keV/jim.
(adapted from Barendsen, G.W., Current Topics in Radiation Res. 4: 293, 1968).
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tissues with a high turn over such as bone marrow and gut.
Already many years before these radiobiological data became available, fast neutrons were used in the treatment of human cancer. Within
six years of the discovery of the neutron by James Chadwick in 1932,
fast neutrons were applied by Stone and co-workers (Stone et al, 1940;
Stone and Larkin, 1942). Fast neutron irradiation was carried out with
the first cyclotron, built by Lawrence at Berkeley, California. Some
radiobiological experiments (Lawrence et al, J.936; Aebersold, 1939;
Axelrod et al, 1941) suggested that neutrons might be more effective in
killing tumour cells than photons.
Although the initial results of Stone's therapy seemed to permit some
optimism, since regression of the advanced tumours was observed in
almost all patients, only 17 out of 250 patients survived five years or
more. Besides, the late effects on normal tissues were such that Stone
abandoned neutron therapy for the treatment of human cancer ("Janeway lecture", Stone, 1948).
The reason for these bad late results was later shown to be the lack of
knowledge at that time concerning the dependence of the RBE of
neutrons upon the size of individual dose fractions. The RBE was found to
be higher for the small doses used in normal fractionation schedules than
the values for large single doses. Review of Stone's patient records
(Brennan and Phillips, 1971; Sheline et al, 1971) confirmed the idea that
the late normal tissue damage was caused by unacceptable high doses.
These reviews plus new radiobiological data on pig skin reactions
(Fowler and Morgan, 1963) and on experimental tumour and normal
tissue reactions (e.g. Barendsen, 1968) as described above, renewed the
clinical interest in fast neutron therapy.
In particular, the results obtained at Hammersmith Hospital with the
Medical Research Council cyclotron should be mentioned. With this
cyclotron deuterons of 16 MeV are bombarded on a beryllium target,
thus generating neutrons with a mean energy of 6.7 MeV. Clinical
investigation of the value of fast neutrons in human cancer was started in
1968. Due to restricted physical conditions of the neutron beam (horizontal, poor depth dose distribution, etc., Catterall, 1976) interest was
focussed on tumours that were localized superficially, such as lesions in
the head and neck, skin, breast and brain.
The results of the first randomized controlled clinical trial of fast
neutrons compared with X or gamma rays in the treatment of advanced
tumours of the head and neck (Catterall et al, 1975, 1977) showed an
increase in local tumour control from 19% to 76% in favour of neutrons
(table 4). The arms of the trial were not completely comparable in total
dose, morbidity and complications. Still, these good results plus optimistic reports on the effects on tumours in other sites as summarized

Table 4.
First results of a randomized clinical trial of fast neutrons compared with
X or gamma rays in treatment of advanced tumours of the head and
neck; Catterall, M., I. Sutherland and D.K. Bewley, 1975, 1977.

local control
serious complications
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Photons
12/62
(19%)
2/45
(4%)

Neutrons
54/71
(76%)
12/58
(17%)

recently by Catterall and Bewley (1979) were a stimulus to other centres
all over the world to stan the investigation of fast neutron therapy in
cancer patients. These clinical investigations are in progress now in some
20 centres over Europe, the United States and Japan (table 5).
For therapeutic applications neutron beams should have an intensity
of at least 10 cGy per minute and depth dose distributions at least
comparable to cobalt-60 gamma rays. As can be learned from this table,
cyclotrons of varying energy are used. Unfortunately, up till now most of
the high energy machines were made for physics research and are
modified for the treatment of patients. Although these high energy
cyclotrons deliver a good beam profile, other conditions made these
machines unsuitable for regular clinical purposes (fixed horizontal beam,
far away from hospital, limited number of days available, etc.). Recently,
the first high-energy hospital based cyclotron was installed in the M.D.
Anderson Hospital, Houston.
Apart from cyclotrons, neutrons can be generated by the reaction:
2
H + 3 H — 4 H e + n . These compact deuterium/tritium (d+T) neutron
generators produce neutrons of a fairly high energy (14-15 MeV) and can
be mounted in an isocentric facility. The neutron output, however, is
much lower than from a cyclotron and often less than 10 cGy per minute.
Because these generators will operate at a source to skin distance (SSD)
of 80 to 100 cm, and use a larger target diameter, also the beam profile is
less good compared with a cyclotron at a SSD of 125 cm.
In the Netherlands considerable experience had already been gathered
from radiobiological experiments carried out with a 15 MeV d+T
accelerator at the Radiobiological Institute TNO, Rijswijk. Besides the
numerous publications on experimental data from Barendsen and Broerse mentioned earlier, RBE estimations on human tumours have also been
published (van Peperzeel et al, 1974). From these data it could be
concluded that the RBE is higher for slowly growing tumours and that in
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Table 5.
Fast neutron radiotherapy installations at the begirning of 1980
Reaction
employed
d+T

d+Be

p+Be

Location

Type of machine

Amsterdam
Glasgow
Hamburg
Heidelberg
Manchester
Chiba-shi
Chiba-shi
Cleveland
Dresden
Edinburgh
Essen
Houston
Krakow
London
Louvain
Seattle
Tokyo
Washington
Batavia

sealed tube1
sealed tube1
rotating target2
sealed tube3
sealed tube1
cyclotron
van de Graaff
cyclotron
cyclotron
cyclotron
cyclotron
cyclotron
cyclotron
cyclotron
cyclotron
cyclotron
cyclotron
cyclotron
Linac

Maximum
Start of
deuteron
clinical
energy (MeV) operation

30
2.8
25
13.5
16
14
50
12.5
16
50
21.5
15
35
66

1975
1977
1976
1978
1977
—
1967
1977
1972
1978
1978
1972
1978
1966
1978
1973
1975
1973
1976

1

Output: 1 0 u s - '
Output: 1-2.10"*- 1
'Output: S.lO^s" 1

2

Adapted from J.J. Broerse and BJ. Mijnheer:
Progress in neutron dosimetry for biomedical applications. In: Progress in medical radiation physics, Plenum Publishing Corporation, NY, USA, to be published.

fast growing tumours the gain could very well be in favour of photons
rather than neutrons.
To explore the possible advantages of fast neutrons in radiotherapy, a
grant was obtained from the Dutch government to support further
clinical investigations. The experience at Philips Physical Laboratories in
the production of industrial d+T sealed-off neutron tubes made it
possible to develop a medical d+T neutron generator with an output of
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10 neutrons per second. This was thought to be the minimum output of
a d+T machine for clinical purposes. The compact generator was
mounted in a Brown-Boveri betatron gantry, providing isocentric facilities. The machine was installed in the^radiotherapy department of the
new Antoni van Leeuwenhoek Hospital in 1974. The first patient was
irradiated in February 1975 and about 400 patients have been irradiated
over the past five years.
In this thesis, the results of treatments and clinical experiments with
d+T neutrons are reported and discussed.
Following this introduction the second chapter gives details about
treatment planning with the Amsterdam fast neutron therapy facility.
In chapter three data on RBE values are presented after single doses and
multiple fractions of neutrons and 60Co-gamma rays on pulmonary
metastases.
In chapters four, five and six the results of pilot studies on head and neck
tumours, brain tumours and pelvic tumours are discussed.
In chapter seven the accuracy of the calculated dose is tested with some
in-vivo experiments during neutron irradiation of the pelvis.
Chapter eight deals with estimations of RBE values for tumour control,
skin damage and intestinal damage after fractionated neutron therapy.
In chapter nine the results obtained in treatment of sarcomas are discussed.
In chapter ten the preliminary results are given of some clinical trials in
Amsterdam. Also some data from other centres are reviewed. From these
data some remarks about the future of neutron therapy are made.
In view of the international character of neutron investigations this
thesis consists of a number of papers that are submitted for publication in
international journals or already have been published.
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CHAPTER 2

TREATMENT PLANNING AT THE AMSTERDAM d+T FAST NEUTRON
THERAPY FACILITY

B.J. Mijnheer, J.J. Battermann and R. van der Laarse.
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The main differences in treatment planning procedures for external
beam therapy with neutrons instead o f photons are discussed. These
differences are caused by the gamma radiation accompanying the
neutron beam, b y the large amount of radiation scattered from the
collimator and. other structures and b y the use of a limited number of
collimators with fixed field sizes. T h e adaptation of the computer
program developed at the Antoni van Leeuwenhoek Hospital for photon
beam treatment planning to include neutron beams is described. Resulting absorbed dose distributions for treatments with parallel opposed
beams, with wedged beams and with a six field isocentric technique are
presented.
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Proceedings of Workshop on Neutron Planning and Dosimetry, Miinchen, September 1980, to be published.
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In external beam therapy with photons, the observed biological effect
is correlated with the absorbed dose distribution but the relationship
between absorbed dose and biological effect is complex and depends on
type of radiation, irradiated tissue and time factors. In a neutron beam
two components with different relative biological effectiveness (RBE) are
present, which should therefore be considered separately. The energy
absorption in an object irradiated by a neutron beam can be described by
a set of isodose curves, both for neutrons and for the accompanying
gamma rays resembling those of irradiation with photons only. Due to
this similarity in absorbed dose distribution, there is no essential
difference in treatment planning between neutron and photon beams.
However, in practice the following aspects have to be considered:
a. The gammarray component of the neutron beam must be taken into
account apart from the neutron component. It should be incorporated in
a treatment plan in such a way that at each point of interest, separate
dose components can be assessed.
b. Patient treatments with a neutron generator from the deuterium/
tritium reaction type (d+T) are carried out at a small distance from the
collimator exit face, due to the rather low output. Because shielding and
collimation of neutrons needs more material than is required for photon
beams, more scattering into the beam occurs. This scatter component
increases strongly with decreasing distance from the collimator exit face
and therefore its influence cannot be neglected in d + T neutron beam
planning as is common practice for photon beams.
c. Neutron beam facilities are usually equiped with a set of collimators
having fixed dimensions. This implies that for treatments with the same
collimator at different source to skin distances (SSD) different field sizes
are employed.
In addition changes in RBE with position in the beam must be
considered. However, as these differences are small, they are generally
ignored in neutron beam treatment planning.
It is evident that the use of existing sophisticated treatment planning
techniques for photon beams, which apply optimization procedures for
choices of field sizes, wedge angles, etc., is redundant for neutron beams.
In order to carry out the processing of both modalities with the same
computer program, a simple and straightforward method is used. Beam
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profiles and other beam describing data should be represented in a
similar way for photon and neutron beams.
In this paper differences in absorbed dose distributions between the
Amsterdam fast neutron beam and high energy photon beams are
discussed. The computer program is described and some typical treatment plans are presented.
CHARACTERISTICS OF ABSORBED DOSE DISTRIBUTIONS IN
A PHANTOM
The neutron source of our facility is a Philips sealed-off d+T neutron
tube emitting 14 MeV neutrons in the direction of the patient (fig. 1).
Generally the disc-type transmission chamber is used for output monitoring. If wedge filters or other beam modifying devices are applied,
which are positioned inside the collimator, the fission counters are used.
The tube with its shielding is placed in the gantry of a Brown-Boveri
betatron. Isocentric irradiations at SSD values varying between about 80
cm and 110 cm can be performed. The maximum rotation of the source
head with respect to the vertical position is about 110 degrees, thus
making irradiation through the couch impossible. Twelve different
collimators are available, providing field sizes between 6 cm x 6 cm and
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Figure 1. Schematic view of the target, collimator and position of the monitors.
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16 cm x 20 cm at 80 cm SSD. For all field sizes 45 degrees wedge filters
were constructed from polyethylene. Occasionally blocking of a part of
the field is applied by fixing a polyethylene absorber in the corresponding
position inside the collimator. More details about our fast neutron
therapy facility are given elsewhere (Mijnheer et al" 1978).
The contribution of gamma rays to the total absorbed dose is a
function of field size, depth in the phantom, SSD and phantom size. For
our facility the gamma-ray absorbed dose, expressed as a percentage of
the total absorbed dose, varies along the central axis of the beam between
about 6% for a field size of 6 cm x 6 cm at the surface and 23% for a field
size of 16 cm x 20 cm at 25 cm depth. The gamma-ray contribution is
almost constant within the directly exposed field but increases in the
penumbra and outside the field with increasing distance from the central
axis (Mijnheer et al, 1976). The isodose distributions are thus different for
both components of the beam and have been determined separately for
each field size.
The ratio D G /D N , in which D G and D N are the gamma-ray and
neutron absorbed doses in tissue, respectively, decreases with increasing
SSD (Mijnheer et al, 1978). At 5 cm depth on the central axis of a field,
the difference between D G /D N at 75 cm SSD and 90 cm SSD is about
10%, independent of field size. In our calculation of isodose lines, D G /D N
values at 80 cm SSD have been used at all distances. This implies that an
error of less than 1% is introduced for the depths and SSD's of most
clinical importance.
The gamma-ray absorbed dose is much more dependent on phantom
size than the neutron absorbed dose. The quoted values were measured in
a cubic water phantom with 30 cm edges. In a small cylindrical phantom
a decrease in D G of about 20% has been observed, while D N decreased
about 3% for a depth of 5 cm (Mijnheer et al, 1976). The resulting
decrease of about 5% in D T (= D N +D G ) is, however, mainly caused by
the neutron component and can be diminished by adding about 5 cm
scatter material to the phantom or patient outside the main beam. For all
patient treatments, the values measured in the cubical phantom are
therefore applied.
According to international recommendations the target absorbed
dosages are reported as total absorbed dose (DT), with the gamma dose in
brackets. Isodose values in dose distributions can, however, be given as
total absorbed dose, neutron absorbed dose (DN) or total effective dose
( D E = D N + D G / T , where T is a weighting factor which indicates the
relative biological effectiveness of the neutron component as compared
with the gamma-ray component for relevant effects in tumours and
normal tissues). Total effective isodose patterns were applied until now to
judge a treatment planning. It should be noted that isodose patterns
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based on D T , D E or DN are rather similar although the absolute value of
the three quantities will differ. A disadvantage of the use of D E isodose
lines is that separate calculations are necessary to derive D T and DG
values at the specification point. It should be realized that along an
isodose line, the ratio D G /D N is a function of the position. By calculating
separate neutron and gamma-ray treatment plans, values of D G and DN
have been determined at different points on the 90% DE isodose line of a
six field treatment. Differences up to 20% were found in the values of
D G /D N - Because the ratio D G /D N is about 0.15, the corresponding
changes in absolute values of D G /D E and D N / D E are less than 3% and
1% respectively.
In order to determine changes in dose distributions in patients
irradiated at different SSD's, and with different contour shapes, it is
necessary to know the variation in absorbed dose at a certain depth with
distance from the target. Measurements of the kerma in air showed that
the neutron and photon components decrease faster than 1/r2. It was
found that formulae based on a fraction of the kerma coming from a
virtual source 40 cm closer to the detector, gave a better description of the
distance dependence as compared to 1/r2. The kerma contribution from
this virtual source relative to the contribution directly from the target
amounted to 20% and 60% for KN and K G , respectively, at 80 cm SSD. In
practice, however, such a two-focus relationship gave hardly any advantage over the simple 1/rMaw:
DN(d,s2) = D N (d, Sl ) x

(1)

where D N (d,s) is the neutron absorbed dose at depth d in a phantom at
SSD=s. For depths between 2 cm and 12 cm and SSD values varying
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Figure 2. Ratio of the neutron absorbed dose converted by means of the inverse
square law from 80 cm SSD to other SSD's, and the experimental values at that SSD,
as a function of depth in a phantom.
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between 75 cm and 90 cm, the deviation between the neutron absorbed
doses calculated by means of the l/r2-law and the measured values is
smaller than 2% (fig. 2). Obviously the decreasing contribution to the
neutron absorbed dose from neutrons scattered from the collimator is
compensated by the increasing amount of scattering in the phantom at
the same depth for larger SSD values. The latter effect is due to the
unavoidable increase in field size with SSD if collimators with fixed sizes
are used.
The correction for oblique incidence, which will be discussed later,
applies also the l/r2-law for the absorbed dose at the depth of maximum
build-up, and for the conversion of the percentage depth dose. The same
procedure is employed in photon dosimetry (Burns, 1972) and is in fact a
modification of the effective SSD method (ICRU, 1976). In our dose
calculations the Dm and DG values determined at 80 cm SSD are used as
basic data for calculations at other SSD's.
Instead of the l/r2-law an alternative method of correction for
differences in SSD and contour shape is the tissue-air-ratio (TAR)
method (ICRU Report 24). TAR is defined as the absorbed dose at a
given point in the phantom divided by the absorbed dose at the same
point with the phantom removed. Its value depends on the field size at the
depth of the point considered. In X-ray dosimetry tissue-air-ratios are
assumed to be independent of the distance of the source to the phantom
surface. TAR values for our neutron beam at 10 cm depth in a phantom
are given in figure 3. The increase in field area with SSD has been taken
into account. As can be seen from this figure, TAR values for our facility
increase with SSD. At a SSD larger than 120 cm, which means a
distance of 50 cm between the collimator face and the phantom surface,
TAR is independent of SSD. The TAR method should therefore be

il

Mdm/cm9

Figure 3. Tissue-air ratios at 10 cm depth in a phantom as a function of area of
the beam cross-section for different SSD's.
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applied cautiously in neutron treatment planning if the distance between
the patient and the collimator surface is small. At the larger SSD's
obtained with cyclotrons the method has been used to yield a SSDindependent data base for neutron dose distributions (Shapiro et at.,
1979).
AU "bed dose distributions have been determined from percentage
depth dose curves and a limited number of beam profile measurements by
means of an interpolation procedure. This method was chosen instead of
using mathematical functions because only a limited number of collimators have to be measured. It should be noted that because of the large
amount of scattered neutrons it was necessary to obtain betm profiles as
a function of both field dimensions, whereas one field size is generally
sufficient for photon beams.
No corrections are made for the influence of fat or bone on the dose
distribution. Measurements behind a layer of 2 cm fat instead of water, at
distances varying between 2 cm and 12 cm, resulted in differences smaller
than 0.5% in the neutron and photon absorbed doses. The data at the
same distances behind a 2.S cm thick piece of bone equivalent plastic
showed a decrease of about 2% in neutron absorbed dose and au increase
of about 4% in gamma-ray absorbed dose.
In the treatment planning of pulmonary metastases (Batterm?:in et al,
1981) a correction for lung density, as is usual for photon inerapy, is
made. The change in neutron and gamma-ray absorbed dose as a
function of depth has been measured inside a lung phantom. For
treatment planning the thickness of the thoracic wall as well as the
position of the metastases and the anterior-posterior diameter of the
chest are determined for each patient from a lateral chest X-ray. The
correction resulted on the average in a 20% higher neutron absorbed dose
and a 10% lower absorbed dose for the accompanying gamma rays at the
centre of the tumour.
COMPUTER PROGRAM FOR CALCULATION OF ABSORBED
DOSE DISTRIBUTIONS
As discussed in the previous section a straightforward description of
neutron and X-ray beams is used in order to combine dose distributions
of different radiation modalities. The description of beams as presented in
this section is used for all modalities i.e. for the separate neutron and
photon component of the neutron beam as well as the total absorbed
dose and for the megavoltage X-ray and Co-60 gamma-ray beams. Small
differences between neutron planning and X-ray planning, e.g. the
definition of field size will only be mentioned when considered essential.
A plain beam, i.e. a beam without a wedge filter, has been described by
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a table of equidistant percentage depth dose values, and by tables of
equidistant off axis-on axis dose ratios, measured at a reference SSD of
80 cm and at depths of 3,7 and IS cm. The output of the beams, i.e. the
absorbed dose at the depth of dose maximum delivered per monitor unit
at the reference SSD, as a function of field size has also been tabulated.
For a rectangular neutron collimator one percentage depth dose table
suffices but off axis-on axis ratios must be given for both field dimensions.
These beam data are stored for all available neutron collimators in the
computer memory. For megavoltage X-ray planning only a limited
number of square fields are stored and the other field sizes are interpolated. The percentage depth dose of a rectangular X-ray field with
dimensions wx h is taken from the equivalent square with length s=2wh/
(w+h) (ICRU Report 24).
At SSD's in excess of 80 cm, the percentage depth doses are corrected
according to the inverse square law. The off axis-on axis ratios are
corrected by projecting the off-axis distance x (fig. 4) back to SSD = 80

SSD

Figure 4. Correction for oblique incidence and wedge filter.
(1) source, (2) patient contour, (3) beam edges, (4) central axis, (5) wedge filter.
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cm, x o_„80+d
= x B"7°- and then by taking the ratio belonging to x 0 at depth d.
The off axis-on axis ratio for an arbitrary point P is interpolated Hnearly
between the tabulated values at the two nearest measured depths along
the ray from the source to P.

The correction for oblique incidence is also obtained by using the
inverse square law. Let d be the depth of a point P from the surface, dc the
depth of P measured along the central axis and x its distance to the
central axis (see fig. 4). The lack of tissue over distance h(h>0) or the
excess of tissue over distance h (h<0) is now accounted for by calculating
the dose in P as if the beam enters the patient normally at SSD+h. The
change in scatter contribution caused by the oblique incidence is thus
neglected. Because the off axis-on axis dose ratios of neutron beams
depend strongly on the depth in tissue, the depth at which this ratio is
determined is also d instead of dc. The absorbed dose in P per registered
monitor unit, Dp, obtained with collimator C with field width w and t as
the depth in the phantom of dose maximum (t=0.25 cm for our beam) is
calculated according to the expressions given in table 1. The quadratic
factor is easily explained: it represents the inverse square law correction,

::tf'i

since the fraction of the depth dose due to tissue absorption is independ-
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ent of SSD.
In megavoltage X-ray beam therapy the change in D P caused by the

Table 1.
Calculation of absorbed dose in point P,Dp.
Reference output at 80 cm SSD
X

Output correction factor
X

?;V.V

Reference depth dose at 80 cm SSD
X

iH
j§J

is

Depth dose correction factor
X

Off axis-on axis ratio

A(C,80)
X

/ 80 +1
\2
\SSD + h + t )
X

100x%DD(d,C,80)
X

[SSD + h + t 8 0 + d \ 2
\SSD + h + d 80 + tl
X

80 + d
SSD + h + d
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insertion of a wedge filter into a beam is accounted for in our program by
multiplying the dose in P with the wedge attenuation factor [T.exp
(-u w d w )], where uw is the effective linear attenuation coefficient of the
wedge material and dw is the path of the ray traversed through the screen
(fig. 4). u w is chosen such that the shapes of the calculated isodose lines of
the wedged beam are identical to the measured ones. When only the
exponential part of the factor is used, the output on the central axis is not
correct although the shapes of the lines match. This incorrect output is
caused by the assumption that all radiation contributing to Dp emerges
from the focus and traverses the wedge, thus neglecting the scatter
contribution from surrounding tissues. By multiplying the exponential
part with a factor T, the output on the central axis can be adjusted to the
measured value.
We did not succeed in describing wedged neutron beams in the same
way. This is explained by the fact that the wedge is inserted inside the
collimator. The collimator itself scatters a significant amount of neutrons
and photons into the beam (see before) and therefore a projective wedge
correction is not appropriate. Because our facility has only a limited
number of collimators, it was decided to store the data on the wedged
beams in the same way as the plain ones. The only difference with the
plain beams is that the tables of off axis-on axis dose ratios now extend
over the whole field; for the symmetrical plain beams it is sufficient to
take these ratios over half the field, from the central axis towards a field
edge.
The computer program MFEXT, which incorporates the neutron
planning adaptations, is written in ANSI FORTRAN IV and requires a
40 k words central memory on a Control Data Cyber computer. It runs in
a batch processing environment. In routine use the output is obtained
from a line printer; a plotter facility is available for special treatment
plans.
The calculations were checked by measurements in a cubical water
phantom irradiated obliquely under 45°. A comparison of the calculated
with the measured neutron absorbed doses showed that in the beam the
agreement is within 1.2%. In the penumbra a maximum deviation of 7%
was observed.
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ABSORBED DOSE DISTRIBUTIONS IN A PATIENT
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The most commonly applied type of neutron treatment in our institute
is the treatment with two parallel opposed beams with equal weights. <
Figure 5 presents the absorbed dose distribution for the treatment of a
lesion in the floor of the mouth. The symbols in the plot are percentages
of the calculated absorbed dose value in the dose maximum: A = 100%,
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Figure 5. Treatment of a lesion of the floor of the mouth using two opposed
coaxial equally weighted beams (field size 11 cm x 9 cm).

\!

>=95%, 9=90%, < = 8 5 % , 8 = 80%, etc. The dose distribution shows a
homogeneous region inside the target area but the irradiated area is
rather extended, caused by the large penumbra of our beam as a result of
the 5 cm diameter of the neutron target.
When the spinal cord was included in the treatment area, field sizes are
reduced after the patient has received a target absorbed dose of 12 Gy. In
this way the maximum cord dose is limited to about 14 Gy. In
appropriate situations additional treatment is given by electrons to lymph

!

Figure 6. Treatment of a salivary gland tumour with three equally weighted
beams (field size 9 cm x 11 cm at 80 cm and source-isocentre-distance of 95 cm).
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nodes overlying the spinal cord. In 2 out of 17 patients treated for
extended hypopharynx or larynx tumours (Battermann and Breur, 1980)
cord damage was noticed during follow-up, at about 12 months after
neutron therapy. For a beam with a smaller penumbra the additional
absorbed dose would have been considerably smaller.
Neutron therapy of parotid gland tumours can be given by two fields
with 45° wedge filters and a third plain beam (fig. 6). With this technique
a rather homogeneous dose distribution can be achieved and the dose to
the nervous tissue limited.
Advanced tumours in the pelvic area (bladder, rectum and gynaecological tumours) are treated with a six field isocentric technique (fig. 7).
The isocentre is located in the centre of the target area. The beams are
angled at 60° to each other and have different weights. Because the
maximum angle of rotation of the source head is limited to 110°, the
patient is turned over after irradiation of three fields. The patient's
contour and the target area are therefore determined twice: once in
supine position and once in prone position. Both patient outlines are then
combined by superposing the target centres. The target volume, treatment volume and other items like the specification point are defined
according to ICRU Report 29, 1978. The variation in the absorbed dose
in the target volume is less then 10% of the stated target absorbed dose,
being about 93% of the maximum target absorbed dose. The treatment
volume, confined within the 90% isodose surface, coincides closely with
the target volume, when suitable weighting factors are chosen.

Figure 7. Treatment of a large bladder tumour with six intersecting unequally
weighted beams (field size 9 cm x 11 cm at 80 cm and source-isocentre-distance of
95 cm).
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The whole pelvic area receives a relatively high absorbed dose by this
technique, although hot spots can be avoided. However, this technique is
still preferable to the original applications of only two parallel opposed
beams for treatment of large tumours in the pelvis. Areas with an
absorbed dose of 120% and higher did occur when the anterior-posterior
diameter of the patient was in excess of 20 cm. This caused severe,
radiation induced complications because parts of the small bowel and the
recto-sigmoid colon were situated in these high absorbed dose areas. Also
skin and subcutaneous tissues showed severe radiation sequelae. By the
introduction of the six field technique these complications were avoided.
DISCUSSION AND CONCLUSIONS
Absorbed dose distributions, with and without wedge filters, are
generated now also for the neutron beams by means of a computer. The
program uses the percentage depth dose values and the off axis-on axis
dose ratios measured at three depths at a reference SSD of 80 cm.
A conversion of these dose distributions to other SSD's and the
corrections for oblique incidence can be carried out for our neutron
generator by modifying the effective SSD method. This procedure gave
better results than the tissue-air-ratio method due to the relatively large
component of radiation scattered from the collimator and other structures. Until now the gamma-ray contribution to the total absorbed dose
has been taken into account by applying the total effective dose concept.
In the future a simple procedure has to be developed to calculate the total
absorbed dose and the gamma-ray contribution at the specification point,
in addition to isodose distributions.
The resulting treatment plans in the pelvic region or in the head and
neck demonstrate the shortcomings of the neutron generator: the rather
poor penetration characteristics and the broad penumbra. Special techniques, such as a six field technique, are therefore required.
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OBSERVATIONS ON PULMONARY METASTASES IN PATIENTS AFTER
SINGLE DOSES AND MULTIPLE FRACTIONS OF FAST NEUTRONS
AND COBALT-60 GAMMA RAYS

Jan J. Battermann, Klaas Breur, Guus A.M. Hart and Henny A. van
Peperzeel.

Ü
ABSTRACT
Pulmonary metastases have been irradiated with single and fractionated doses of fast neutrons and cobalt-60 gamma rays. The response
to radiation was measured on volume changes of the lesions and thus
RBE values could be derived. A correlation was found between grading
of the tumour and volume doubling time and also between RBE and
volume doubling time. This suggests an advantage for high LET radiation of slowly growing, well differentiated tumours.
Furthermore the RBE for multiple fractions tends to be higher than for
single doses. Calculation of the N exponent of the Ellis formula indicated
that hardly any shoulder exists when neutrons are applied.
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INTRODUCTION
Already in 1971 Breur and van Peperzeel pointed out possible clinical
models for quantitative comparison of effects of different types of
radiation on tumours. Up till now the lung metastases model as described
by Breur (1966) and used by van Peperzeel et al (1974) is one of the few
human in-vivo models that provided some clinically estimated RBE
values for tumour response after neutron and photon irradiation.
Metastatic skin lesions from a variety of tumours can also be used for
quantitative analysis after irradiation; however, the measurements are
less accurate than measurements of the volume of pulmonary metastases
and hence only incidentally used to derive RBE values.
In this paper pulmonary metastases of human tumours have been used
to estimate the response to irradiation with fast neutrons and cobalt-60
gamma rays. The data determined by van Peperzeel were re-evaluated
and new data from single dose measurements and from some multiple
fraction experiments were added.
METHODS AND MATERIALS
In many patients with blood-borne metastases, lesions commonly
appear in the lungs. These tumours on chest X-ray are often described as
"coin lesions" because of their circular shape. Observations of these
lesions at different time intervals in general show an exponential volume
increase (Collins, 1956). By measuring the diameter on subsequent chest
X-rays it is possible to describe the volume increase as a function of time
by the volume doubling time (Td). Since the first publication on this
subject by Breur in 1966 data has accumulated from 190 patients with a
variety of primary tumours. As was suggested by Malaise (1973), a
correlation can be made with tumour type and also with grading
of the primary tumour. In table 1 this correlation between tumour
type, grading, site and doubling time is given for our patient material.
As the differentiation of tumours is depending on tumour type, a
classification in groups of differentiation is difficult and arbitrary. In
the table the grading is given according to the pathologist's description of
the primary tumour. In sarcomas, low grade malignancies with few
mitosis are classified well differentiated, whereas high grade malignant
tumours with many mitosis are classified poorly differentiated. If these
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Table 1.
Volume doubling time of pulmonary metastases of different piuuary tumours, according to grade and tumour type
Undifferentiated Tumours

Differentiated Tumours

Well differentiated Tumours

Embryonal tumours

Testis MTU: 9,10,12,13,13,13,14,
14,16,17,17,19,32,32
Embr. rhabdomyosa: 15
Wilms tumour: 13

Testis MTI: 11,29,33,45,58
Spermatocytic seminoma: 21

Testis TD: 205,270

Lymphomas

Non Hodgkin lymphomas: 19,25,27 M. Hodgkin lymphocytic
depletion. 35
Squamous cell ca bronchus: 19,24 Squamous cell ca head&neck: 36,65
Squamous cell ca head&neck: 20,22 Squamous cell ca vagina: 76
Transitional cell ca bladder: 12,18, Squamous cell a cervix: 34,85
' 23,27
Stroma sa uterus: 17
Giant cell sa: 32,61
Synovio sa: 30,32,33,49
Anaplastic sa: 16,19,30,31,31,35,
38,45
Osteosa: 16,17,17,21,23,25,26,27,31,
36,39,43,52,55,56,69,91
Fibrosa: 20,27,32,33,42,48,52,54,67,
70,77,85,87,97,122,212,225,
238,257
Rhabdomyosa: 15,23,35,41
Leiomyosa: 29,38,44,52,72,135
Liposa: 13,47
E wing sarcoma: 75

Epithelial tumours

.Sarcomas

Adenocarcinomas

Thyroid: 13,18,19,37
Breast (solidum): 23,39

Thyroid: 44,51
Uterus: 41,44,45,48,83
Large bowel: 31,39,56,63,63,63,70,76
Breast: 52,59,69,73
Parotid gland: 27,33,68
Ovaries: 51

Malignant Thymoma: 100
Squamous cell ca bronchus:.86,107,153
Transitional cell ca bladder: 135,193
Squamous cell ca bladder: 125
Haemangio-pericytosa: 115,162,420
Chondrosa: 1100
Melanomas: 31,40,61,64,70,71,86,102,
107,112
Osteosa: 253

Thyroid: 112,175
Parotid gland: 84,110,145,188,280,330,
700
Bronchus: 78
Breast scirrhus: 108,159,177,745
Hypemephroma: 123,153,157
Large bowel: 70,78,91,106,107,117,117,
129,130,135,140,560.
Cylindroma: 37,200,307
Uterus: 102,547

34

indications were not present in the pathologist's report, the tumour was
classified moderately differentiated. Up till now it is not clear what
intrinsic factors in the tumour cause this difference in growth pattern.
Furthermore the detectable part of the tumour growth is only a small
proportion of the total life span from one tumour cell till death of
tumour. Whether exponential growth exists before the tumour is detectable (viz. less than about 108 tumour cells, approximately 1 cm3) is still
uncertain.
None the less, during the period when lung metastases are visible, the
exponential volume accrual can be used to estimate the response of the
tumour to radiation. After irradiation of a metastasis the tumour volume
decreases, followed by a resumption of growth initially rapid and
subsequently slowing to the pre-irradiated volume doubling time. By
extrapolation of this part of the growth curve to the time of first
irradiation the "extrapolated residual volume" (Vres) relative to the
volume at the time of irradiation can be derived. The growth delay (Gd)
defined as the time in days required to attain the pre-irradiation volume,

days

Figure 1. Growth curve of metastases of a patient with a melanoma, indicating the
volume doubling time (Td), the growth delay (Grj) and the extrapolated residual
volume (V«s) after irradiation with neutrons (174 cGy) and gamma rays (726 cGy).
From the derived data a RBE of 3.3 was calculated.
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Figure 2. Extrapolated residual volumes of pulmonary metastases of different
tumours as a function of cobalt-60 gamma rays. The curves represent average values
for doubling times of 10-20 days, 20-40 days, 40-80 days, 80-160 days and more than
160 days, respectively,
(adapted from H.A. van Peperzeel et al, 1974).

can be measured directly from the growth curve (fig. 1). Assuming an
exponential growth rate, the extrapolated tumour volume and the growth
delay are related by the formula: In V res = —In 2Gd/T d .
Groups of tumours can be distinguished, according to their volume
doubling time: 10-20 days, 20-40 days, 40-80 days, 80-160 days and more
than 160 days (Breur, 1966). For a group of tumours with approximately
similar growth rates response to the same dose of radiation is generally of
the same order (van Peperzeel, 1972).
If two or more metastases in the same patient could be treated
separately, the effectiveness of different kinds of radiation was compared
by irradiation of one metastasis with fast neutrons and another with X or
gamma rays. If more than two metastases were present, both single and
multiple fractions of neutrons and gamma rays have been used. If only
one metastasis was present, the derivation of a RBE was possible by first
irradiating with one type of radiation, followed by irradiation with the
other type after resumption of the growth to its pre-irradiation volume. If
only one metastasis was present and the condition of the patient did not
allow a second irradiation, an approximate RBE value was derived by
assuming that the response to photons would have been similar to that of
the group with corresponding volume doubling times. For this purpose
the data from former studies (van Peperzeel, 1972, van Peperzeel et al,
1974) have been used to derive mean values of extrapolated residual
volumes as a function of the dose (fig. 2).
Patients were irradiated with fast neutrons and/or cobalt-60 gamma
rays. In the former studies 15 MeV d+T fast neutrons were produced by
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the electrostatic accelerator at TNO Rijswijk. Later data were derived
with the 14 MeV d+T Philips fast neutron generator, installed at the
Antoni van Leeuwenhoek Hospital, Amsterdam. At Rijswijk a fixed
horizontal beam with a target to skm distance of 45 cm was employed. At
Amsterdam patients could be treated in prone and supine positions with
a target to skin distance of 80 cm. All patients were irradiated with an
anterior and posterior field. A correction for lung density was made,
using data from phantom measurements (Broerse et al, 1972; Mijnheer et
al, 1975). The dose is expressed as total absorbed dose. The neutron doses
used by van Peperzeel were corrected with 10% because of a reconsideration of some physical data (Zoetelief et al, 1979). The low LET radiation
was given with cobalt-60 gamma rays, also applying two fields. Again a
correction for lung tissue was made. Phantom measurements with the
cobalt-60 gamma beam indicated that the lower lung density results in an
approximately 20% higher dose relative to that in muscle tissue.
To derive RBE values, it was assumed that in contrast to photons,
neutron irradiations have no appreciable shoulder in a dose-effect curve
in which the extrapolated residual volume is plotted as a function of the
dose (fig. 3). Besides the basic radiobiological data for this assumption,
this effect was also observed on some experiments using different neutron
doses on pulmonary metastases in one patient (van Peperzeel et al, 1974).
Comparison of the effect of a cobalt-60 gamma dose with the corresponding point on the curve makes it possible to calculate the RBE of fast
neutrons relative to cobalt-60 gamma rays. In patients with only one

0.2

-

•
1.7/,

2 .dosetey)
2.16

Figure 3. Extrapolated residual volume as a function of fast neutrons, comparing
the results of neutrons and cobalt-60 gamma rays in the same patients.
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metastasis, irradiated with fast neutrons, the data from fig. 2 were used to
estimate a RBE value, according to the method described by van
Peperzeel. The data from that paper were reconsidered, using the
described "no shoulder" method. As we believe the latter method to be
more accurate, these data are mainly used in further conclusions.
RESULTS
The data from table 1, giving the correlation between tumour type,
grading and volume doubling time were further analysed, using the
Welch-James approximation to the distribution of the residual sum of
squares in a weighted linear regression (Johansen, 1980). From this
analysis it can be concluded that:
— no correlation exists between tumour type and volume doubling time
• (p=0.31).
— a significant relation exists between grading and volume doubling time
p
— the relation between grading and doubling time is independent of
tumour type (p=0.37).
In figure 4 the volume doubling times according to grade are plotted on a
probit log scale. A log normal distribution of volume doubling times for
human tumours was also found by Malaise (Malaise et al, 1973).
For 34 patients the results of a single dose of neutrons and cobalt-60
gamma rays on lung metastases expressed as Vres and Gd are listed in

20

100 200
1000
vohinw doubling tuns

Figure 4. Log normal distribution of volume doubling times for human tumours
according to their differentiation: poorly differentiated (curve 1), moderately differentiated (curve 2) and well differentiated (curve 3).

Table 2.

Data concerning radiation induced volume changes of pulmonary metastases after single doses of neutrons and/or cobalt-60 gamma rays
14 MeV Neutrons

Cobalt-60

RBE values
(rel. cobalt-60)

Dose Growth
(cGy) Delay

Extrapolated
Res. Volume

Dose Growth
(cGy) Delay

Extrapolated
Res. Volume

Measured

8
27

0.64
0.24

726
545

16
24

0.41
0.28

1.5

13

238
184

Osteosarcoma

16

184

102

0.03

726

120

0.01

2.5

76/148

Uterus sarcoma

243

71

0.02

726

67

0.02

3.0

vP2

Anaplastic Thyroid ca

17
18

211

17

0.52

vP3

Anaplastic Thyroid ca

19

151

19

0.50

vP4

Sq. cell ca floor of mouth

22

167

36

0.32

76/1708

Fibrosarcoma

23

194

16

0.60

847

24

0.48

3.0

vPS

Reticulum sarcoma

25

265

39

0.34

545

38

0.35

2.1

76/2516

39

180

52

0.55

726

92

0.39

2.3

vP6
76/772

Adenoca rectum
Adenoca large bowel
Adenoca corpus uteri

40

0.49

2.8

76/1499

Uterus sarcoma

48
52

3.0

71/288

Melanoma

76/106

Adenoca urachus

no.

Histology Primary Tumour

74/1440

Anaplastic Thyroid ca

13

vPl

MTU testis

76/1912

-*^w^'tó'&^U£*^

39

157

3.3

Estimated

2.9

1.4
545

24

0.42

2.9

2.6
3.0

177

33
100

0.56
0.22

545
968

158

0.10

237

62

0.46

726

44

0.56

4.0

61

174

46

0.58

726

58

0.51

3.3

64

216

138

0.45

2.2

2.8

2.6

oo

2.7

vP7
77/703

Osteosarcoma
Melanoma

69
69

205
243

90
50

0.41
0.46

—
484

—
30

—
0.70

4.3

vP8

Adenoca large bowel

76

157

83

0.47

545

86

0.46

3.8

75/1773

Sq. cell ca vagina

76

179

64

0.57

-

-

-

vP9

Sq. cell ca bronchus

86

227

122

0.41

696

88

0.49

3.8

3.6

vPlO

Adenoca large bowel

91

232

110

0.43

726

60

0.63

5.7

4.8

75/730

Soft tissue sarcoma

91

162

0.49

-

-

-

WG

Adenoca rectum

107

178

44

0.75

726

60

0.67

vPll

Sq. cell ca bronchus

107

221

112

0.48

-

-

-

75/937

Melanoma

112

246

98

0.55

726

52

0.72

5.3

75/1442

Hypernephroma

123

251

198

0.30

726

123

0.43

4.2

76/1138

130

108

38

0.79

-

135

110

0.51

968

Adenoidcystic ca

145

176
244

190

-

76/2583
73/505

Adenoca rectum
Uterus sarcoma

184

0.40

77/142

Adenoca rectum

153

260

140

0.53

726
-

75/616

Trans cell ca bladder

193

216

310

0.27

vP12

Teratoma diff. testis

270

238

172

77/2681

Adenoca rectum

560

Chondrosarcoma

259
211

240

vP13

608

1100

vP: results already reported by v. Peperzeel et al, 1974

SdalfiêSH&tóSÏsiSfe^

104

0.34
0.62

968

350

0.24

0.64

-

-

-

0.71
0.68

726
_

160
_

0.82
_

3.1
2.7

3.3
3.0
3.5

2.9
3.7
5.7
3.1

4.1

4.7
4.8
4.6

Table 3.
Data concerning radiation induced volume changes of pulmonary metastases after single and multiple fractions of neutrons and/or cobalt-60
gamma rays
14 MeV neutrons
Cobalt-60 gamma rays
RBE (rel. cobalt-60)
no.

Histology
Primary Tumour

Dose Fract. Growth
(cGy)
Delay

76/1708 Fibrosarcoma

23

79/1885 Anaplastic Thyroid ca

44

78/968

Adenoca large bowel

63

76/524

Adenoca rectum

75/1442 Hypernephroma
73/505

Adenoidcystic ca

72/665

Thyroid ca

77/2681 Adenoca rectum

63
123
145
175
560

351 5x
540 5x
480 5x
1728 19x
502 5x
480 5x
1404 20x
260 4x

28
154
172
154
244
350
240(?)
208

Extrapolated
Res. Volume

Dose Fract. Growth
(cGy)
Delay

0.42
0.09
0.13
0.15
0.25
0.17
0.39(?)
0.75

1331 5x 37
0.49
0.08
2540 7x 170
2420 5x 220
0.10
6050 20x 90
0.37
1452 5x 210(?) 0.26(? )
1452 5x 122
0.53
4800 20x 250(? ) 0.41(? )
0.79
1815 5x 184

(? ): only few data were available from the moment of irradiation;
regiowth estimated from lowest point of volume reduction measured.
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Extrapolated
Res. Volume

ï5

-'-.-«

•

Fract.

Single

4.5
4.5
4.5
6.5
3.0(?)
8.0
3.6(?)
8.2

3.0
4.2
5.7
4.8

Table 4.
Data concerning radiation induced volume changes of pulmonary metastases after single and multiple fractions of neutrons; the relation with
the N factor of the Ellis formula
14 MeV single

fractionated
Extrapolated
Res. Volume

Effective
single dose

N Exponent

28

0.42 '

335

0.03

50

0.53

190

0.02

d

Dose Growth
(cGy) Delay

Extrapolated
Res. Volume

Dose Fract. Growth
Delay
(cGy)

76/1708 Fibrosarcoma

23

194

16

0.60

351

5x

74/2516 Adenoca rectum

39

180

52

0.55

192

2x

no.

Histology Primary Tumour

T

48

177

100

0.22

594

5x

230

0.03

415

0.22

76/1499 Uterus sarcoma

52

237

62

0.46

480

5x

96

0.29

380

0.14

77/703

69

243

50

0.46

484

4x

128

0.30

385

0.16

75/1773 Sq. cell ca vagina

76

179

64

0.57

502

5x

158

0.22

465

0.05

75/1442 Hypernephroma

123

251

198

0.30

502

5x

244(? )

0.25(? )

575(? }

76/2583 Uterus sarcoma

135

176

110

0.51

480

5x

252

0.20

425

0.08

73/505

Adenoidcystic ca

145

244

184

0.40

480

5x

350

0.17

465

0.08

77/142

Adenoca rectum

153

260

140

0.53

260

3x

140

0.54

250

0.01

77/2681 Adenoca rectum

560

259

240

0.71

260

4x

208

0.75

210

0.15

76/772

Adenoca corpus uteri
Melanoma

(? ): only few data were available from the moment of irradiation;
regrowth estimated from lowest point of volume reduction measured.

-0.08(? )
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table 2. The methods to derive these data were discussed above and were
demonstrated in figure t. The patient from this figure had bilateral
pulmonary metastases from a melanoma. From measurements of the
diameter of these metastases on subsequent chest X-rays a volr'je
doubling time of 61 days could be calculated. After irradiation o. --•>•.£
lesion with fast neutrons and another with gamma rays, growth delay and
extrapolated residual volume were found for each treatment modality. As
can be learned from this figure, the volume decrease is followed by a
short period of accelerated regrowth and subsequent resumption of the
pre-irradiation growth rate.
In table 2 the RBE values are also given, both after calculation with the
"no shoulder" method and with the former method of van Peperzeel
(estimated values). In patients who received exclusively neutron irradiation only the latter method could be used.
In 8 patients both neutrons and gamma rays were given in multiple
fractions. The subsequent data are given in table 3. RBE values were
estimated in the same way as described for single doses.
Data of single and multiple fractions of fast neutrons in 11 patients
were used to compute the N exponent in the Ellis formula. We assumed
that the time factor was negligible if only few fractions (five or less) were
applied to tumours with doubling times of several weeks to several
months. The "effective single dose" of multiple fractions was found by
the same "no shoulder" method as described above. The data from these
experiments are listed in table 4.
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DISCUSSION AND CONCLUSIONS
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This paper describes a method to derive RBE values of single and
fractionated doses of neutron and gamma rays. For a variety of primary
tumours RBE values were computed after single dose irradiation (table
2). A comparison of these data with those presented in table 3 shows that
the RBE values tend to be higher for fractionated treatments than for
single doses. This is in agreement with the suggestion that the shoulder in
the cell survival curve for neutrons is much smaller than for photon
irradiation. Also the results of the calculations of the N exponent in the
Ellis formula as given in table 4 show that the effect of fractionation is
less important in neutron therapy (mean N exponent 0.10). This is in
accordance with observations of Field (1972). From these data it can be
concluded that the initial hypothesis of the lack of a shoulder in the dose
response curve is justified. However, it also means that the RBE value is
dose dependent.
In figure 5 the RBE values derived from the volume reduction of
pulmonary metastases after single dose irradiations are plotted as a
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Figure 5. RBE values relative to cobalt-60 gamma rays for volume changes of
pulmonary metastases as a function of the volume doubling time. The dots indicate
the measured RBE values, the open circles are estimated values when only neutron
irradiation was given.

function of the volume doubling time. A wide range of RBE values exists,
with a significant increase in RBE with a longer doubling time. Radiobiological data and some clinical observations of skin and intestinal
damage (Battermann et al, 1981) suggest normal tissue RBE values of
about three for 14 MeV d+T neutrons relative to gamma rays. This
implies that for only a proportion of patients can a therapeutic gain be
expected when fast neutrons are used in the treatment of cancer. Thus,
tumours with volume doubling times of 100 days and more seem suitable
for high LET radiation. In our observations of volume doubling times, as
summarized in figure 6 on a probit log scale for 192 tumours, this means
that around 70% of the analysed tumours will not benefit significantly
from neutron irradiation. As was stated above, a good correlation was
found between the grading of tumours and their volume doubling time.
Thus, in general it can be said that the RBE for well differentiated
tumours will be higher than for poorly differentiated lesions.
Empirical experience gathered in the past ten years has taught us that
some tumour types, like salivary gland tumours, are particularly favourable for neutron treatment (Catterall, 1979; Battermann and Ereur,
1981). This is in agreement with the observations described in this paper,
because salivary gland tumours are in general slowly growing, well
differentiated cancers. In pilot studies on other tumour types often
impressive and rapid regression of massive tumour was noticed. However, the results of controlled clinical trials up till now are less encour-
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Figure 6. Log normal distribution of volume doubling times for 192 human
tumours. It can be learned from this figure that 70% of these tumours have doubling
times of less than 100 days.

aging; in most of the trials no advantage has been found for neutron
therapy. These disappointing results in part are due to the poor beam
characteristics of most neutron machines that are in clinical use at the
moment. To obtain similar dose distributions in the treatment of a deep
seated tumour (e.g. bladder) with multiple fields, 14 MeV d+T neutrons
should be compared with 300 kV X rays. Also the selection of patients in
a clinical trial can easily result in a mixed bag of tumours with various
tumour characteristics like grading and proliferation rate. As was
demonstrated above, only a proportion of these tumours will benefit
from high LET radiation. So, the good results for some tumours will be
outweighed by the worse results of a larger group of tumours that will not
benefit from neutron irradiation. More radiobiological and clinical
investigations are required to distinguish those patients which will obtain
a significant gain from high LET radiation. The lung metastases model in
humans can be helpful in this selection.
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CHAPTER 4

RESULTS OF FAST NEUTRON TELETHERAPY FOR LOCALLY
ADVANCED HEAD AND NECK TUMOURS

jan j . battermann and klaas breur

ABSTRACT
An analysis is given of the results of fast neutron therapy for 'locally
advanced tumours of the head and neck region. All patients were treated
five times per week with a 14 MeV d+T neutron beam and received
dosages of about 19 Gy.
The persisting complete regression rate was 61% (32/52). However, as
only inoperable patients with extended tumours were treated in this pilot
study, the survival time is rather short for most patients. Only 8 patients
were alive at the moment of writing.
The results of treatment for inoperable malignancies of the major
salivary glands are very promising, as initial complete regression was
achieved in over 90% (12/13).

Submitted for publication in the International Journal of Radiation Oncology,
Biology and Physics, November 1980.
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INTRODUCTION
Clinical interest in the possibilities of fast neutron therapy is due to the
fact that, even with high dosages of X rays from modern supervoltage
machines, the local cure rate for some tumours still remains poor. Apart
from radioresistance of some tumour types, tumour volume is one of the
reasons for this failure. An appreciable number of patients with primary
carcinomas of the head and neck present with advanced tumours at the
start of treatment. These lesions are beyond the possibilities of radical
surgery and will be difficult to cure by X rays 20'22. Also the combination
of radiation and methotrexate failed to improve the poor cure rate13.
The encouraging results obtained by Catterall4'5 in a controlled
clinical trial on head and neck cancer were a stimulus for other centres to
start fast neutron treatment of patients with locally advanced tumours in
this area. At the third meeting on "Fundamental and practical aspects of
the application of fast neutrons and other high LET particles in clinical
radiotherapy" preliminary data were presented from different centres in
Europe8 and the United States"' 15 ' 17 '".
In Amsterdam fast neutron teletherapy has been given since November
1975 with a 14 MeV d+T neutron generator. Preceding clinical application of fast neutrons, radiobiological studies were performed at the
Radiobiological Institute TNO, Rijswijk, over several years to determine
normal tissue reactions and RBE values for normal tissues3, experimental
tumours1 and human tumours18. From these studies a RBE = 3 was
adopted as general conversion factor for the neutron beam relative to
conventional supervoltage X rays.
For the study only patients were selected for whom established
. treatment methods could not oifer a reasonable chance of cure. This
resulted in the selection of patients with extended loco-regional tumours,
who were often also eldery and in poor general health. Because of the
increased chance of distant metastases and intercurrent death, the
survival rate for such a group of patients will be low. The main criteria
for evaluation of effects in this paper therefore are confined to normal
tissue tolerance and local tumour response.
METHODS AND MATERIALS
Treatment was performed with the neutron beam obtained from a 14
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MeV d+T sealed-off tube, constructed by Philips Medical Systems,
Eindhoven. The radiation head is placed in a Brown-Boveri betatron
gantry with isocentric facilities. The neutron tubes have a yield of about
1012 neutrons per second and give in air a dose rate of 6-8 cGy/min at 80
cm SSD. With the 50% isodose curve at a depth of 9.5 cm, using a 9 x 11
cm2 collimator, the depth dose properties are slightly better than those
from the Hammersmith d(16) + Be cyclotron at a SSD of 120 cm16. The
life time of the tubes is between 100 and 200 hours. Replacement takes
only a few hours and does not interrupt the routine treatment. Separate
neutron and gamma doses were measured in a water phantom with a
tissue equivalent ionization chamber and a Geiger-Miiller counter. The
gamma contribution is higher than from a neutron beam produced by a
cyclotron and varies between 10 and 20% depending on field sizes and
depth. In the head and neck treatments the gamma contribution was
about 10%. The dose is expressed as total dose ( - neutron dose + gamma
dose). When appropriate the gamma dose is given in brackets. Reevaluation of some physical parameters showed that the actual neutron
dose was about 8% higher than the values originally intended23. In the
analysis of the results this re-evaluation was included.
All patients were irradiated five times per week. The standard photon
treatment policies were adapted for neutron therapy, but the overall time
was limited to four weeks. The minimal tumour dose varied between 18
Gy and 24 Gy. This variation was caused by differences in field sizes and
also by this re-evaluation of the dose. In most cases the tumour was
irradiated with two parallel opposed ports, including at least the
cervical lymphnode station and if this was involved, the whole neck and
the contralateral neck as well. Wedge filters for 45 degrees isodose curves
were available to be used in appropriate situations. A computer programme was used routinely to calculate the dose distribution. If necessary
field sizes, were reduced after 12 Gy to reduce the spinal cord dose and an
additional 10 to 20 Gy was administered by electrons to the area of the
neck overlying the spinal cord.
In total 70 patients with locally advanced tumours of the head and
neck region were treated from November 1975 through May 1978. Of
these patients 52 were evaluable for the study.
The remaining 18 were not included in the analysis for the following
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— treatment course not finished (4 patients). All these patients had
extended tumours and had only a few days of treatment. They all
expired in poor general condition due to the tumour load.
—combination of photon and neutron irradiation (3 patients). Two
patients had a tumour of the middle ear. Because of the poor beam
characteristics of the neutron generator a combination of neutrons
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and photons was chosen to avoid overdosing brain tissue. Both
patients died with a local recurrence within two months. The third
patient was treated by photons for a recurrent tumour of the parotid
gland after surgery and received 34 Gy. During this photon treatment
tumour progression was noticed and an additional 12 Gy was given by
neutrons. There was complete tumour regression for 24 months. Then
distant spread to the lungs and skin was found as well as a local
recurrence. The patient died four months later.
—previous photon irradiation (3 patients). The first patient was treated
for a tumour of the base of the tongue with cervical nodes by surgery.
Postoperatively he received 50 Gy photons to the homolateral neck.
One year later a recurrence had developed in the base of the tongue.
He was treated with neutrons (1622 cGy) to the tumour area and both
sides of the neck. This treatment was well tolerated. The patient died
of distant metastases after 8 months without local tumour or complications.
The other two patients had recurrent tumours of the parotid gland
after surgery and photon irradiation. Both patients expired without
tumour from complications respectively after 5 months (skin necrosis
and sepsis) and 18 months (complete paralysis due to cord damage).
— miscellaneous tumours (8 patients). Three patients with cervical
adenopathy from cured primaries in the head and neck region showed
good local regression but died of other metastases.
Two patients were irradiated for adenoid cystic tumours involving the
oropharynx and nasopharynx. One patient is alive 24 months after
irradiation, the other patient had a local recurrence after 20 months
and showed neurological symptoms that could be caused by cord
damage. He expired after 35 months. A patient with an adenocarcinoma of the palate, probably arising from minor salivary glands, is
locally controlled over 24 months, but recently developed lung
metastases. A patient treated for a squamous cell carcinoma of the
nasopharynx proved to be free from tumour at autopsy, 30 months
after therapy. The last patient died 52 months after neutron therapy
for a Pinborg tumour of the mandible. He had an edge recurrence after
28 months.
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RESULTS

1

The study ended in May 1978; the data were analysed in May 1980. So
the minimum follow-up from the start of treatment was two years. In
figure 1 the results obtained are shown using an actuarial method. The
survival and local disease free curves are given for the whole group of
head and neck tumours. The poor survival was caused by the selection of
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Figure 1. Actuarial survival and persisting local tumour control curves (Kaplan and
Meier method) for fast neutron irradiation in 52 advanced head and neck tumours.

patients. Since this was a pilot study, in general only patients with less
than a 10% chance of 5 year survival with conventional treatment were
accepted for the study. So, many patients had not only advanced primary
tumours and cervical adenopathy, but also numerous medical problems
concomitant with their advanced years.
Tumour staging was according to the recommendations of the UICC
(1978). Table 1 gives the breakdown of the tumours according to this
classification and to the tumour site. Many patients already appeared
with cervical node involvement but patients with distant metastases were
Table 1
TNM staging of patients per tumour region
T 2 N 0 ) 1 T 2 N 2 , 3 T 3 N 0 j l T 3 N 2 ) 3 T 4 N 0 ,i T 4 N 2 , 3
orft! cavity and
oropharynx

3

2

1

2

1
'•'A

anterior two thirds
of tongue

1

1

2

base of tongue

2

2

2

hypopharynx

1
—
—

3
5

2
3
1

14

11

larynx
salivary glands

total

3

.',§

3

4

'i

—

1

-M

—

2
3

1

2

11

I?
"
•f'S
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Table 2
TNM staging and number of patients with persisting local control, one and
two years survival from moment of therapy and complications
total
number

persisting
one year
local control survival

two years severe
survival
complications

2
2

—
7

6

10
4

T 4 N 2>3

7
11

2
7

2
6

—
—

total

52

32

26

T 3 N 0>1

6
3
14

4
2
11

T 3 N 2>3

11

T4N0>1

T 2 N 0>1
T2N2,3

1
1

—
—
2 /brain damage
[cord damage
2 (cord damage
\tiacheostomy
1 {severe fibrosis
1 {larynx necrosis

not included in the study. Although in general only advanced lesions
(T3,T4) were accepted, 9 patients were treated for T 2 primaries. Two of
them had recurrent tumour after previous major surgery and died of
tumour after IV2 and 13 months respectively. Four patients were judged
unfit for surgery and were locally controlled but died of intercurrent
diseases after 5, 9, 13 and 17 months. Three patients had a T2 tumour of
the larynx combined with cervical adenopathy. They died after 8, 20 and
33 months of metastases (2) and intercurrent disease. In none of them was
tumour found at regular follow-up examination. However, microscopy of
samples after autopsy showed a recurrence in one patient.
In most of the 43 patients with T 3 or T 4 lesions persisting control of the
primary tumour was achieved (table 2), with the exception of tumours in
the anterior two thirds of the tongue (9 failures out of 11 patients).
Persisting tumour in cervical nodes was found in 7 out of 25 patients. A
neck dissection was performed in three of them. Twice fibrosis and some
necrosis was found, in the third tumour of questionable viability was seen
at microscopy.
In table 3 the results are listed per tumour site. As was described above,
most failures were seen in tumours arising in the anterior two thirds of
the tongue. Only two patients had local tumour control and one of them
was a T 2 lesion. In contrast to this, only one failure was seen in the group
of 6 patients with a tumour in the base of the tongue. As no difference
was found in histology between the two groups the bulky tumour load in
lesions in the mobile part of the tongue must have influenced the chances
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Table 3
Results of fast neutron teletherapy Dn different tumour sites in the head and
neck
tumour site

oral cavity and
oropharynx

persisting
one year
total
number local control survival

two years severe
survival
complications

9

4

3

1

1 {severe fibrosis

11
6
8

2
5

7
—

—
—

—

6

5

1

2 llarynx necrosis
jtracheostomy

hypopharynx

7

5

3

2

2 {cord damage

salivary glands

11

10

8

5

1 -[brain damage

total

52

32

26

2

anterior / 3 of
tongue
base of tongue
larynx

f

for local cure. Both for laryngeal and hypopharyngeal tumours the local
cure rate was high. Failures were due to distant metastases (4 patients)
and to intercurrent deaths (6 patients). The good results obtained in 11
patients with tumours of the salivary glands are in agreement with the
data described by Catterall6. Only one patient showed an incomplete
regression after treatment, but this patient (92 years old) died within one
month after the end of therapy. In all other patients complete tumour
regression was seen. Most treatments were given via two or three fields
with wedges. With this technique a more homogeneous dose distribution
could be achieved than with a single field and the dose to the spinal cord
could be kept under 12 Gy. Only one patient developed an edge
recurrence 13 months after therapy with one single field. Although
Henry12 suggested a relation between tumour size and local control after
neutron therapy in a small series of patients, in our series all sizes
regressed well. We can confirm the observation of others 9,12 that small
tumours or microscopical residue after surgery can also be controlled by
high dosages of photons21.
Except for some salivary gland tumours, the histology of the analysed
head and neck lesions was squamous cell carcinoma. No difference in
prognosis or local cure was found with different histological grading of
the tumour. Also for the histology of the salivary gland tumours (7
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Table 4
Results of fast neutron teletherapy on head and neck tumours according to
tumour dose
Dose (Gy)
<18
18-19
19-20
20-21
>21
total

|;
t';
1;
t§
f
|
1
I
|
f

total
number

local tumour
control

6
9

3
4

29

17

4
4

4
4

52

32

severe complications

1 -(cord damage
coid damage
tiacheostomy

4-

larynx necrosis
„severe fibrosis
1 -[brain damage

—

adenocarcinomas; 5 squamous cell carcinomas; 1 undifferentiated carcinoma) no difference in local cure rate was seen.
The influence of dose on local tumour control is shown in table 4. The
variation of the dose is caused by the re-evaluation .of physical parameters and of course the described dose was also related to the treatment
volume. In general the tumour dose was limited to about 19 Gy if
fieldsizes were in excess of 10 xlO cm 2 . The complication rate (cord
damage) was found to be more dependent on beam quality than on total
dose or fieldsizes. If beam characteristics are taken into account it seems
from our data that a total dose of about 20 Gy will be the normal tissue
tolerance dose.
Expected radiation sequelae such as mucositis, sore throat and dysphagia were found to be somewhat less than after high dose photon
therapy. In all patients areas of dry and moist desquamation of the skin
appeared 4 to 6 days after completion of treatment. In most cases these
skin lesions healed within two weeks. This severe skin reaction is caused
by the lack of a worthwhile skin sparing effect of the 14 MeV d + T
beam 16 .
When larger fields were used, the subcutaneous tissue tended to show
oedema and later fibrosis with shrinking. In one patient, irradiated with
1950 cGy (233 cGyy) for a diffuse squamous cell carcinoma of the floor
of the mouth with two lateral ports of 16 x 12 cm 2 , this fibrosis made
swallowing almost impossible. The patient eventually died from an
aspiration pneumonia. In general late fibrosis is more pronounced than
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after intensive photon irradiation. This difference might in part be
explained by the 15% higher kerma for fatty tissue compared with soft
tissue.
Salvage surgery was performed in only three patients with persisting
cervical nodes after neutron irradiation. Wound healing was not prolonged in these patients, but in none of them was a complete radical neck
dissection performed.
Most patients with primary tumours in the larynx or hypopharynx had
some oedema of the vocal cords as is also seen after photon therapy. One
out of 15 patients had a temporary tracheostomy for about 8 months
after 1828 cGy and died of acute leukaemia after 33 months without signs
of a recurrence. Another patient was irradiated with 1968 cGy (240 cGyy)
for a T4N3 laryngeal tumour. She died after 9 months and at autopsy
some necrosis was found in the tumour area but a local recurrence was
not found. This necrosis could have been tumour induced instead of
radiation induced as the primary tumour was very advanced.
Nervous tissue damage was seen in six patients. In two a considerable
dose of photons had already been given and so these patients were
excluded from the analysis. Radiation induced cervical myelitis was seen
in two patients treated with 1834 cGy and 1934 cGy tumour dose for
hypopharynx tumours with palpable neck nodes. Both patients are still
alive after 26 and 30 months. Neurological symptoms appeared after
about 12 months and progressed to severe muscle weakness but without
complete paralysis. Because of the poor beam characteristics and the
tumour localization the cord dose was higher than the intended 1300 cGy
(100 cGyy). It was estimated that parts of the cervical spinal cord received
1600 cGy. Also a third patient, treated for an adenoid-cystic carcinoma
involving the oropharynx and nasopharynx, developed neurological
symptoms 20 months after irradiation with a tumour dose of 1938 cGy.
As this patient was not autopsied and at death a local recurrence and lung
metastases were present, it still is questionable whether these neurological
symptoms were caused by tumour extension or by radiation induced
damage. However, the estimated cord dose was again about 1600 cGy.
The fourth patient received 2043 cGy (180 cGyy) via one direct field of 12
x 10 cm2 for an inoperable parotid gland tumour. He was in good health
for 38 months, but rather acute showed symptoms of cranial nerve
paralysis. The patient expired after 42 months and at autopsy necrosis
was found in the brain stem. It was estimated that the neutron dose in this
area must have been about 1800 cGy.
A total of 38 patients had treatment fields overlying the cervical spinal
cord. Of these 19 patients expired within one year, so 19 patients were at
risk. Radiation induced nervous tissue damage was found in four
patients. The estimated dose was 1600 cGy or higher in these cases. In all

:
4
4
\
'i
I
;;;
|
§
r|
|
,:j
I

{
''••
4

56
other patients at risk, the dose to the spinal cord was limited to 1400 cGy
or less. From these data the conclusion is that 14 Gy is tolerable for the
cervical cord, bearing in mind, however, that in many patients the followup time was still short and that signs of radiation myelitis may appear
much later like in one patient who first showed neurological symptoms
after 38 months. In view of this, a dose of 12 Gy is advised as maximum
cord dose.
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As was stated above only local tumour and normal tissue reactions
could be studied in this series of patients. The local tumour control rate
for the whole group of patients was 49%. The good results described by
Catterall 4 ' 5 for a randomized controlled clinical trial on advanced head
and neck tumours are partially confirmed by the results of our pilot
study. Good results were obtained for tumours of the major salivary
glands, larynx, hypopharynx and base of the tongue. The results for
lesions in the oral cavity and oropharynx were less good, especially those
from cancers arising in the anterior two thirds of the tongue. Similar poor
results were reported by Laramore14. However, in the evaluable group of
54 patients only 6 major complications were noticed. In at least two cases
these complications were caused by the wide penumbra of the 14 MeV
d+T generator. To make comparison with results of photon therapy
feasible, high energy cyclotrons are needed to provide a beam quality as
favourable as from modern megavoltage X-ray machines. In one patient
the complication (partial necrosis of the larynx) seemed tumour induced.
So, it can be concluded that the prescribed dosages in general were below
the tolerance level. As a rough estimation a RBE = 2.9 can be calculated
for normal tissue tolerance if 55 Gy photons are compared with 19 Gy
neutrons. The impression is given from US centres that by mixed beam
therapy (neutrons twice a week combined with photons on the other
days) better results are obtained, but insufficient radiobiological basis
exists to support this idea. With the combination of megavoltage X rays
and neutrons a better dose distribution will be achieved. Although still no
conclusive evidence for an optimal fractionation schedule can be given,
two fractions per week seem to be inferior to three or more fractions.
Furthermore the interpretation of data from non-randomized studies
easily leads to mis-interpretation10.
Besides a higher dose as explanation for a better cure rate, only a
difference in selection can have influenced the results. It has to be stressed
that neutron therapy seems to be advantageous in only a proportion of all
tumours treated. Up till now only the volume doubling time of the
tumours is known as a factor that might influence the resistance to
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neutron therapy . Further studies on selected groups of patients, treated
in randomized controlled clinical trials are required to determine the
value of fast neutron therapy. International cooperation is desirable in
order to obtain reliable data from a sufficiently large number of patients.
2

3
*
•

;,

v
::-,] •
:M
'[ :
>
7
,; v
}
-;
V
•_p
(
>:':
Ü:
p.;
jp
if
|
}J-

REFERENCES
1. Barendsen, G.W. and JJ. Broerse: Differences in radiosensitivity of cells
from various types of experimental tumours in relation to the RBE of
15 MeV neutrons. Int. J. Radiation Oncology Phys. 3:211-214,1977.
2. Battermann, J J., K. Breur, A.A.M. Hart and H.A. van Peperzeel: Observations on pulmonary metastases in patients after single doses and after
multiple fractions of fast neutrons and Cobalt-60 gamma rays. To be published.
3. Broerse, JJ. and G.W. Barendsen: Relative biological effectiveness of fast
neutrons for effects on normal tissues. Curr. Topics in Rad. Ree. Quant.
8: 305-350,1973.
4. Catterall, M., I. Sutherland and DJC. Bewley: The first results of a
randomized clinical trial of fast neutrons compared with X or gamma rays
in treatment of advanced tumours of the head and neck. Br. Med. J. II:
653-656,1975.
5, Catterall, M., DJC. Bewley and I. Sutherland: Second report on results
of a randomized clinical trial of fast neutrons compared with X or gamma
rays in treatment of advanced tumours of the head and neck. Br. Med. J. I:
1642,1977.
6. Catterall, M.: Observations on the reactions of normal and malignant
tissues to a standard dose of neutrons. Europ. J. Cancer suppl. 1979:11-16.
7. Catterall, M. and DJC. Bewley: Fast neutrons in the treatment of cancer.
Academic Press, London, Grune and Statton, NY, 1977.
8. Duncan, W. and SJ. Arnott: Results of clinical applications with fast
neutrons in Edinburgh. Europ. J. Cancer suppl. 1979: 31-36.
9. Fu,K JC., S.A. Leibel,M.L. Levine, L. Friedlander, R. Boles and T. Phillips:
Carcinoma of the major and minor salivary glands; analysis of treatment
results and sites and causes of failures. Cancer 40:2882-2890,1977.
10. Geraci, J J?.: Letter to the editors. Europ. J. Cancer, to be published.
11* Griffin, T., J. Blasko and G, Laramore: Results of fast neutron beam
radiotherapy pilot studies at the University of Washington. Europ. J.
Cancer suppl. 1979:23-30.
12. Henry, LAV., J.C. Blasko, T.W. Griffin and R.G. Parker: Evaluation of fast
neutron teletherapy for advanced carcinomas of the major salivaiy glands.
Cancer44: 814-818,1979.
13. Knowlton, AJH., Percapio, S. Robrow and JJ. Fisher: Methotrexate

58
and radiation therapy in the treatment of advanced head and neck
tumors. Radiology 116: 709-712,1975.
14. Laramore, G.E., J.C. Blasko, T.W. Griffin and M.T. Groudine: Fast
neutron teletherapy for advanced carcinomas of the oropharynx. Int. J.
Radiation Oncology Biol.Phys., 5: 1821-1827,1979.
15. Lawrence, G.A.: Fast neutron project at Fermilab. Europ. J. Cancer
suppl. 1979: 3742.
16. Mijnheer, B.J., J. Zoetelief and J.J; Broerse: Build-up and depth-dose
characteristics of different fast neutron beams relevant for radiotherapy.
Br. J. Radiol. 51:122-126,1978.
17. Ornitz, R., A. Herskovic, E. Bradley, J.A. Deye and C.C. Rogers: Clinical
observations on early and late normal tissue injury and tumor control in
patients receiving fast neutron irradiation. Europ. J. Cancer suppl. 1979:
43-50.
18. Peperzeel, H.A. van, K. Breur, J.J. Broerse and G.W. Barendsen: RBE
values of 15 MeV neutrons for responses of pulmonary metastasis in
patients. Europ. J. Cancer 10 349-355,1974.
19. Peters, L.J., D.H. Hussey, S.H. Fletcher, P.A. Baumann and M.H. Olson:
Preliminary report of the M.D. Anderson Hospital / Texas A & M variable
energy cyclotron fast-neutron therapy pilot study. A.J.R. 132: 637-642,
1979.
20. Spanos, W.J., L.J. Shukovsky and G.H. Fletcher: Time, dose and tumor
volume relationships in irradiation of squamous cell carcinomas of the
base of the tongue. Cancer 37: 2591-2599,1976.
21. Tierie, A.H.: Personal communication.
22. WeDer, S.A., D.R. Goffinet, R.L. Goode and M.A. Bagshaw: Carcinoma
of the oropharynx, results of megavoltage radiation therapy in 305 patients. Am. J. Roentgenol. 126: 236-247,1976.
23. Zoetelief, J., A.C. Engels, J.J. Broerse, B J . Mijnheer and P.A. Visser:
Effective measuring point for in-phantom measurements with ion chambers of different sizes. Europ. J. Cancer suppl. 1979:169-170.

59
CHAPTER 5

FAST NEUTRON THERAPY FOR ADVANCED BRAIN TUMOURS

j.j. battermann

ABSTRACT
Between November 1975 and November 1978,22 patients with gliomas
grade III and IV were treated with fast neutrons, following whole brain
irradiation with photons. The results were disappointing, since 80% of
the patients had clinical evidence of local recurrence. The 6 months
survival rate was 70%, but only 32% survived one year.
Major complications were not seen in this group of patients.
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INTRODUCTION
Brain tumours are considered suitable for fast neutron therapy by
many investigators.4'5'7'10 This is because of the poor results of surgery
alone or surgery followed by supervoltage X-ray therapy. Patients die of
local recurrences; distant metastases are hardly ever seen. Because these
tumours occur rather frequently and the survival time for most patients is
short, evaluable results can be obtained within a relatively short period of
time. The results of fast neutron treatment of the whole brain4 showed a
high complication rate when doses of 1560 rad neutrons were used,
whereas doses of 1300 rad resulted in local failure. We have tried to
achieve a better local control by using a combination of photon treatment
for the whole brain and neutrons as a boost.
METHODS AND MATERIALS
In the Netherlands Cancer Institute a 14 MeV fast neutron d+T
machine has been in clinical use since November 1975 for the treatment
of advanced head and neck tumours, pelvic tumours and brain tumours.' '2
Dose measurements
The physical doses were measured with a tissue equivalent ionization
chamber in a water phantom. In addition to the neutron dose, a gamma
contribution of 10-20% was present, depending on the field sizes and
depth in the phantom. Assuming a relative biological effectiveness (RBE)
of the neutron beam of 3, the total dose was expressed as total effective
dose (TED= neutron dose + 1/3 gamma dose). This TED can be
described as the closest approximation of the biological effectiveness of
the total beam.
Clinical material
The pilot study included 22 patients who had astrocytomas grade III
and IV. The diagnosis was confirmed in all patients by histological
examination of biopsy or operation specimen. The extent of the surgical
procedure did not influence the prognosis, nor did the localization of the
tumour. To evaluate the results, only patients with a modified Karnofsky
score (table 1) of 3 or better were considered eligible to the study.
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Table 1
Modified Karnofsky score
I.
II.
III.
IV.
V.

Normal (at work or school)
Full activity (but not at work or school)
Minor restrictions in retirement
Limited activity (out and about but unfit for employment)
Limited activities in retirement
Confined to home or hospital
Confined to bed.

(adapted from Prof. W. Duncan, Edinburgh)
Treatment methods

The conventional treatment policy was adapted for this combined
therapy. A total equivalent dose of 6500 rad was given, consisting of a
dose of 3000 rad photons over 3'/ 2 weeks delivered to the whole brain,
followed by a boost with neutrons of 1160 rad TED over 3'/ 2 weeks to
the tumour area with a margin of 2 cm around the visible tumour on CTscan and angiography.
The photon irradiation was given with two parallel opposing fields, the
neutrons either with two opposing fields or two wedged fields.
RESULTS
The study ended in December 1978; the data were analysed in April
1979. Figure 1 shows the results of treatment with respect to survival time
and the time-interval without evidence of disease. There was no improvement of the results by fast neutron therapy in our series compared
100»,
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Figure 1. Actuarial survival and persistent local
control curves (Kaplan and Meier method - 1958)
for patients with gliomas grade III and IV.
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Table 2
Histological findings after irradiation
Brain damage due to irradiation
Minor foci of radiation damage
Recurrent tumour

—/4
2/4
4/4

to results of supervoltepe X-ray therapy from the literature. 3 ' 12 ' 6 '" Post
mortem examination was possible in 4 patients (table 2). The autopsies
confirmed the clinical diagnosis of recurrent cancer. No serious damage
of normal brain tissue was observed in these patients.
Table 3 gives a summary of the data derived by CT-scans. These data
indicate that Computerized Tomography (CT) scans could be of great
value in evaluating local results. Two patients had negative CT-scans
about 4 months after the end of treatment, however, a recurrence was
observed a few months later.
Discrepancies of CT-scan findings and the results of histological
examination are described by Mikhael.8 We found some discrepancy only
in one patient; there were signs of recurrence on the CT-scans, but the
neurosurgeon observed only a cyst and some non-vital tumour residue
during operation. A few months later, however, the patient died of a local
recurrence.
Table 3
Scan findings, correlated with clinical status and/ or autopsy findings
pos. CT findings
neg. CT
findings
1
2

12
10

ED
NED

121
102

autopr.y was done in 4 patients and confirmed the findings of the CT scan
in 4 patients CT scan findings and clinical status first were negative, but a
few months later positive.

DISCUSSION

I

Whole brain irradiation with neutrons alone gives a high proportion of
radiation damage when a high dose of 1850 rad was used as was described
by Parker. 10 This conclusion was stated earlier by Catterall. 4 No tumour
control was observed in all patients who received a dose of 1300 rad of 7
MeV neutrons. Obviously there is only a small therapeutic dose range.
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There might be a greater tolerance when a combination of photons and
neutrons is used. Early results from Lawrence 7 suggest a better cure rate
with such a combination. In our series of patients all recurrences were in
the neutron area and without bram damage, therefore it is necessary to
increase the dose in this region.
CONCLUSION
Fast neutron irradiation of malignant gliomas does not seem to
improve the poor results of photon therapy, however, a combination of
both radiation modalities might be advantageous. Local failure appeared
in almost all patients when a neutron dose of 1120 rad TED was used.
With this boost after 3000 rad whole brain photon irradiation no serious
damage to normal brain tissue was observed. In a new study we would
suggest a dose of 3000 rad photons in 17 fractions over 3V2 weeks
followed by a neutron dose on reduced fields of 1300 rad TED in 17
fractions over 3V2 weeks.
Such a dose might improve the results obtained in the present series but
might also result in a higher complication rate.
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CHAPTER 6

FAST NEUTRON IRRADIATION FOR ADVANCED TUMOURS
IN THE PELVIS

jan. j . battermann arid klaas breur

ABSTRACT
Since the end of 1975 fast neutron irradiation has been used in the
Antoni van Leeuwenhoek Hospital for the treatment of advanced
tumours which had no prospect of cure by other treatment modalities.
In the pelvic area patients were irradiated for inoperable bladder, rectal
and gynaecological cancers. Treatments were given 5 times per week with a
14 MeV d+T neutron generator.
Persisting complete tumour regression was achieved in 11 of 22 bladder
patients, 14 of 25 rectum patients and 6 of 12 gynaecological patients.
Because of unfavourable beam characteristics 15 of 59 (25%) treated
patients had severe radiation induced intestinal and skin complications.
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INTRODUCTION
After the initial good results of fast neutron therapy for advanced
tumours as described by Catterall4, interested cancer centres throughout
the world began to use neutron beams in varying clinical situations. In
the Netherlands Cancer Institute a 14 MeV d+T neutron generator has
been in routine use since March 1976. Not only have advanced head
and neck tumours been treated', but also extended cancers at other sites
which were assumed to be incurable. Consistent tumour control of large
pelvic lesions is difficult to achieve by megavoltage X rays. This failure of
low linear energy transfer (LET) radiation at least in part is thought to be
due to the presence of significant numbers of hypoxic cells within the
large tumour masses. As fast neutrons and other high LET radiation have
a lower oxygen enhancement ratio (OER), they could be advantageous in
the treatment of such cancers.
In this paper the observed effects of fast neutron irradiation on
tumours and normal tissues in the pelvis are described.
METHODS AND MATERIALS
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Fifty-nine patients with inoperable tumours in the pelvic region were
treated and followed at the Antoni van Leeuwenhoek Hospital from
March 1976 through May 1978.
Fast neutron teletherapy was given by a 14 MeV d+T neutron
generator from Philips Medical Systems. The sealed-off tube is placed in
a Brown-Boveri betatron gantry with isocentric facilities. The output at
80 cm SSD in air is 6-8 cGy/min and in a water phantom at 10 cm depth
about 3-4 cGy/min. As is shown in fig. 1, the central axis depth dose
curve is worse than from 8 MV X rays of a linear accelerator, routinely
used in our institute to treat deep seated tumours.
Separate neutron and gamma doses were measured in a water phantom
with a tissue equivalent ionization chamber and a Geiger-Miiller counter.
The percentage of the total dose attributed by the gamma component of
the beam varies from 10 to more than 20, depending on depth and field
sizes. As in general large fields were used (12 x 16 or 11 x 13 cm2) the
gamma contamination was around 15%. Re-evaluation of some physical
parameters and the use of a very small Exradin ionization chamber
resulted in an 8% higher dose than intended". In this paper the
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Figuie 1: Central axis depth dose curves for 8 MV photons (1), cobalt-60 gamma iays
(2) and 14 MeV neutrons (3) for field sizes of approximately 10 x 10 cm 2 .

recalculated doses are used. The dose is quoted as total dose: neutron
dose + gamma dose. When appropriate the gamma dose is given in
brackets.
Treatments were given five times per week for a total of four weeks.
The minimal tumour dose ranged from 1817 cGy to 2228 cGy. In general
two parallel opposed ports at a SSD of 80 cm were used. Because of the
rather poor depth dose distribution inhomogeneities were found and the
dose in some areas could be more than 20% higher than in the midline,
depending on the anterior-posterior diameter of the patient. These
physical properties plus a higher dose than originally intended (being
1800 cGy) were likely to lead to more chances for complications.
Twenty-five rectal tumours were treated, 13 were inoperable primaries
and 12 were recurrences after previous low anterior resection. No
differences were found in tumour regression or normal tissue reactions
between those groups.
All twenty-two bladder tumours were of transitional cell histology and
were staged T4B because of fixation to the pelvic wall.
Twelve patients with gynaecological tumours, either squamous cell carcinomas or mesenchymal tumours, were included in the study.
All patients were examined at least weekly during treatment and at
regular intervals after the end of therapy. Autopsy was possible in 15 out
of 51 deceased patients. In all thes». patients the clinical findings were
confirmed and only in one was tumour found.
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The study ended in May 1978 and the data were analysed two years

later. In many patients the observation period was limited because of the
selection of advanced cases. Local reactions on tumour and normal
tissues were evaluated in 59 patients. Seven patients were not eligible for
analysis after imcomplete treatment and 6 patients received a neutron
boost of only 8 Gy after previous photon treatment. This last group of
patients had preoperative irradiation for marginal resectable bladder (40
Gy) or rectal cancer (35 Gy). They were considered inoperable after reexamination at the end of the series of X irradiations. All these patients
died within a few months without much evidence of tumour regression.
For the evaluable group the time intervals from the start of therapy till
the moment of evaluation range from 12 to over 40 months. The disease
was considered to be locally controlled if the patient was alive without
evidence of local cancer at the moment of analysis or if he had died of
distant metastases or intercurrent disease without clinical evidence of
cancer in the treated area. The persisting local tumour control rate for the
whole group was 53% (31/59). Due to the selection of extended cases
most patients were followed over a rather short period of time. Only 8 out
of 59 patients (14%) are still alive at the time of writing. The results and
local reactions after fast neutron irradiation are discussed separately for
the three groups of tumours.
Rectal tumours

•-.

|
;
[

f$

r

>/.
n|
m
iv
~

|§
4?
p

\
I
•
,
;
•
|
'\
|
;;
1

The results are listed in table 1. N o differences were found between the
two groups of primaries a n d recurrences with regard t o complications.
Also t h e presence of a colostomy did n o t influence the results.
In 14 patients (56%) the t u m o u r was locally controlled. T h e regression
rate in all patients was rather slow. Patients were considered t o be locally
cured if there was n o t u m o u r demonstrable o r if there was initial t u m o u r
regression followed by severe fibrosis of pelvic tissues without signs of
tumour progression. In most patients a moderate t o severe fibrosis a n d
sometimes even a frozen pelvis was found a t follow-up examination, b u t
the clinical findings of local tumour control were confirmed in 8
autopsied patients. T u m o u r progression was observed in 3 patients a n d
confirmed at post mortem examination in o n e . Unfortunately only 4
patients are still alive a n d without tumour, respectively 20, 24, 28 a n d 4 0
months after therapy.
As w a s described above the routine treatment was administered via
two parallel opposed ports. This resulted in overdoses of 20% o r more for
some parts of the small bowel, large bowel a n d subcutaneous tissues.
With a mean tumour dose at the midline of 1850 c G y (240 cGyy) these
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Table 1
Results of fast neutron teletherapy for inoperable rectal tumours, treated between March 1976 and May 1978
total number
persisting local tumour control
>50 % initial tumour regression
<50 % initial tumour regression
complications
survival
V2 year
1 year
2 years
deceased
of tumour
metastases
intercurrent disease
complications

25
14*
4
7**
8
15
11
4
21
4
9
3
5

in 8 patients post mortem examination confirmed the clinical findings
** one patient received an insufficient dose of 1500 cGy
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areas received doses of about 2300 cGy.
The initial bowel reactions were moderate and in many cases even
somewhat less than expected with equivalent photon doses. After a
symptom-free period of 2-6 months, however, severe abdominal symptoms developed, that occasionally led to peritonitis and gut necrosis. At
laparotomy and also at post-mortem examination the clinical observations were confirmed. Further, patients without complete bowel necrosis
suffered from abdominal cramp and periods of intermittent bowel
obstruction. Colostomies and by-pass procedures only partially gave
relief of these symptoms as often parts of the small bowel and the rectosigmoid colon were involved.
Severe damage of intestine and subcutaneous tissues occurred in 8
patients (32%). Two patients suffered from both skin and intestinal
complications. All eight patients eventually died of complications.
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Bladder tumours
The results obtained in a group of 22 patients with T 4 B bladder
carcinomas are listed in table 2. Persisting local tumour control was
achieved in 11 patients (50%). As was the case in the group of rectal
cancers, clinical assessment was hampered by fibrosis of the pelvic
tissues. This also made cystoscopy impossible in those patients who
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Table 2
Results of fast neutron teletherapy for T 4 bladder tumours, treated between
March 1976 and May 1978
total number
persisting local tumour control
>50 % initial tumour regression
<S0 % initial tumour regression
complications
survival
V2 year
1 year
2 years
deceased
of tumour
metastases
intercurrent disease
complications
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22
11 *
3
8**
5
14
7
5
19
7
5
4
3

* in 5 patients post mortem examination confirmed the clinical findings
** one patient received an insufficient dose of 1450 cGy

survived more than 12 months. Before that time 14 patients were able to
be cystoscoped at regular intervals. No recurrences were found, although
in three patients necrotic tumour rests were visible. The bladder mucosa
showed remarkably few radiation stigmata and also the bladder capacity
was not appreciably reduced by the irradiation. The clinical findings of
complete tumour regression in 11 patients were confirmed at autopsy in
5. To date only three patients are still alive 40, 31 and 22 months after
therapy.
Severe complications were noticed in S patients (23%), leading to death
in three and a colostomy in two. Although the incidence is not
statistically different, relatively less severe bowel complications were
observed in the bladder cancer group than in the rectum cancer group.
The variations between mean and maximum dose were similar in both
groups as well as the treatment technique via two parallel opposed ports,
using the midline dose as the tumour dose. It could be that the apparently
higher complication rate in rectal cancer patients was partially caused by
destruction of a greater amount of bowel mucosa in this group of
patients.
Female genital tumours
Only twelve patients were treated 'n this group. The results are given in
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Table 3
Results of fast neutron telètherapy for advanced, inoperable gynaecological
tumours, treated between March 1976 and May 1978
total number
persisting local tumour control
>50 % initial tumour regression
<50 % initial tumour regression
complications
survival
V2 year
1 year
2 years
deceased
of tumour
metastases
intercurrent disease
complications

12
6*
4
2
2
7
1
—
11
5
3
1
2

* in 2 patients post mortem examination confirmed the clinical findings

table 3. As it is thought that good local palliation is achieved with
intracavitary radium applications even for advanced tumours of the
uterine cervix, only patients with stage IVc lesions (Figo classification)
were irradiated with fast neutrons. Of course patients with such a tumour
load will have a high likelihood of tumour-induced complications.
Nevertheless in all four patients the local tumour was controlled. Two
patients had neutron therapy for extended lesions in the vagina. They
died of distant metastases within a few months but showed good local
tumour regression. In four out of six patients treated for advanced and
recurrent mesenchymal tumours of the uterus complete tumour regression was achieved. However, two of them later developed recurrent
tumour.
Agajn, treatment techniques and dosages were similar to the other two
groups. Two fatal complications occurred, but in one patient both an
intestinal and a bladder fistula developed four months after treatment
and might have been tumour-induced.
DISCUSSION
The persisting tumour control rate for inoperable rectal and bladder
cancers after fast neutron irradiation is promising (fig. 2). This result is
better than described in the literature after megavoltage X-ray therapy
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Figure 2: Actuarial survival and disease free curves (Kaplan and Meier method) for 41
inoperable tumours from rectum and bladder.

for T4 bladder tumours6. For inoperable rectal cancers Tierie10 found in
66 patients no persisting local tumour control after treatment in our
institute with 65 Gy 8 MV X rays. As was described by Morrison8, higher
tumour dosages will result in a higher local cure rate for bladder tumours,
but also in a significantly higher complication rate. However, no data are
available to indicate that increasing photon doses (with concomitent
increased complication rate) leads to the same local control rate as has
been achieved with fast neutrons in this study.
The poor beam characteristics of the neutron generator probably
resulted in a number of complications. By a more homogeneous dose
distribution as can be obtained with a six field technique7, the complication rate can be reduced significantly. This is clearly illustrated by the fact
that since 1978 more than 50 patients were treated in that way and to date
no fatal complications have occurred. The dose-effect relationship
between local tumour control and severe complications has been discussed in a separate paper2. Already it can be said that this study
indicates that a reduction of the total dose to 18 Gy will reduce the
complication rate considerably.
In May 1978 randomized clinical trials were started for inoperable
tumours of bladder and rectum to compare the local results of fast
neutron and conventional X-ray irradiation. Because of the high complication rate in the pilot study two dose levels are chosen for the neutron
treated patients (16 Gy and 18 Gy). The advantages of two dose levels in
a trial were discussed elsewhere.3,5
As was described by Peters9 no advantage has been gained from
neutron therapy in cervix tumours. However, the beam facilities for
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neutron therapy in the US (not hospital based, no isocentric positioning,
restricted number of days available) did not allow a clear comparison
with megavoltage X-ray therapy. Within the near future several hospital
based high energy cyclotrons will be installed- These machines will
produce beam characteristics similar to those from modern megavoltage
X-ray machines. Only under such conditions will comparison between
results obtained from neutron and from photon therapy lead to conelusive answers with regard to the possible advantage of high LET
therapy in clinical radiation oncology.
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CHAPTER 7

IN VIVO DOSIMETRY IN THE PELVIS DURING FAST NEUTRON
THERAPY

B.J. Mijnheer, Tj. Wieberdink and J J . Battermann

!

ABSTRACT
The measurement of the activity of 24Na and 56Mn produced in
aluminium and iron pellets was used as an in-vivo dosimetry system to
check the transfer from in-phantom to patient dosimetry. The results of
measurements on 20 patients undergoing neutron therapy are reported.
At the skin the agreement with the in-phantom activity was within 1.2%
with a standard deviation of 1.8%. In the pelvis the difference between
the in-vivo and the in-phantom activities were +4.3% and -1.2% for the
iron and aluminium activation respectively, however, both with a
standard deviation of about 9%. This indicates that water is a good
phantom material to simulate the average density and composition of the
pelvic region of the human body during fast neutron therapy.

Accepted for publication in British Journal of Radiology, October 1980.

76

INTRODUCTION
The assessment of dose distributions in patients during treatment with
fast neutrons is based on measurements in a phantom material i.e. water
or another type of tissue equivalent (TE) liquid. Only limited information
is available on fast neutron dosimetry in-vivo in order to check how well
these phantom materials simulate the average density and composition of
the human body in the irradiated area. At Hammersmith Hospital, invivo dosimetry has been applied to check the dose in the oesophagus as
well as the exit dose during irradiation of carcinoma of the bronchus
(Field, 1971). Activation of small pellets of aluminium and measurement
of the induced 27Mg activity was the technique used. More recently the
application of CaSO4: Tm phosphor TLD (Blum et al, 1976) and the
activation of indium (Catterall and Bewley, 1979) have been described for
dosimetry during neutron therapy in that institute. Smith et al. (I976)
inserted silicon diodes into the oesophagus to measure the effect of
intervening lung tissue on the tumour dose during therapy with the
TAMVEC fast neutron beam. Treatment control by means of activation
of aluminium foils placed on the skin of the patient is carried out
routinely during neutron treatment in Hamburg (Franke et al., 1978).
No data are available in the literature on in-vivo neutron dosimetry
during irradiation of tumours in the pelvic region. Before starting clinical
trials on pelvic tumours with the Amsterdam d-KT fast neutron therapy
machine, a pilot study was undertaken (Battermann and Breur, 1979). At
20 patients in this study the neutron dose in the rectum, and in some
patients in the bladder, was measured in-vivo to check the results
determined from measurements in a water phantom.
The technique used was based on the production of 24Na and 56Mn in
small aluminium and iron pellets respectively. The activity induced
during treatment of the patient was compared with the activity measured
after irradiation in a water phantom at the same depth. Counting 24Na
instead of 27Mg in irradiated aluminium is more accurate at the lower
dose rate of the d+T machine compared to the cyclotron. The activation
of indium is not a suitable method for a d+T beam due to the strong
variation in response with position in the beam (Ing and Cross, 1975).
The counting of induced radioactivity is simple and has a higher accuracy
than the use of silicon diodes, unless special precautions are taken
(Prichard et al., 1973). The CaSO4 TLD method has a larger uncertainty
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than measurement of radiocativity, probably owing to the strong variation in response with neutron energy. In contrast to activation measurements, it has, however, the ability to measure the partial doses of both
fast neutrons and gamma rays.
It should be stressed that our in-vivo dosimetry technique is not
absolute, i.e. a method to check the numerical value of the applied
neutron absorbed dose. It only gives information on the neutron
absorbed dose in a patient relative to that in a water phantom irradiated
under the same conditions.
Some preliminary results of measurements on 12 patients have already
been given elsewhere (Mijnheer et al., 1978).

•)••

METHODS AND MATERIALS
The Amsterdam fast neutron therapy machine consists of a shielded
sealed-off d+T neutron tube emitting neutrons with a primary energy of
about 14 MeV. Details of the machine and the procedures applied for
clinical neutron dosimetry can be found elsewhere (Mijnheer et al., 1978),
Two pellets, one of high-purity aluminium and one of iron, both 4 mm
diameter and 9 mm long, were positioned just behind each other in a
polyethylene catheter and brought into the rectum or the bladder. By
means of anterior-posterior radiographs the pellets were positioned in the
middle of the treatment field. When this was not possible, a correction
factor was applied (see below ). After fixing the catheter in the desired
position by taping it carefully to the skin of the patient, a lateral
radiograph was taken to determine the actual depth of the centre of the
pellets under the skin. The patient was then very carefully moved from
the simulator table to the treatment table in order to maintain the same
position of the dosimeters during simulation and treatment. Second
aluminium and iron pellets were placed on the skin at the centre of the
irradiated area.
After irradiation with one field the catheter was removed from the
patient and the induced radioactivity counted in the well of a 7.5 cm X 7.5
cm Nal(Tl) crystal which was coupled to an automatic sample changer
(Philips type PW 4520). Use was made of the reactions 56Fe (n,p) 56Mn
and 27A1 (n,a) 24Na. 56Mn has a half-life of 2.578 h and its main gamma
rays have energies of 847, 1810 and 2113 keV. 24Na decays with a half-life
of 15.03 h and has main gamma energies of 1369 and 2754 keV. All pulses
above a threshold of 175 keV were counted. Counting periods of 40
minutes for the aluminium pellets and 10 minutes for the iron pellets were
used yielding at least 104 counts. The radiochemical purity was checked
by measuring the half-life and the gamma-ray spectrum, showing that no
other activity was counted if a waiting period of two hours for the
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aluminium pellets was taken into account, allowing the 24Mg, with a halflife of about 10 minutes, to decay. The presence of any long living 54Mn in
iron pellets that were irradiated several times could not be detected, but
would be included in the background measured before the irradiation.
The measurements in the water phantom were performed by irradiating aluminium and iron pellets positioned along the central axis of
the field inside a water-filled open-top Perspex cube with outside
dimensions of 30 cm and walls 0.6 cm thick. The dose gradient in the
region of interest amounted to about 0.8%/mm.
The irradiated field was 13 cm X 16 cm at 80 cm SSD. The pellets were
usually exposed to a neutron absorbed dose of about 40cGy, which took
about 10 minutes.
ANALYSIS OF THE MEASUREMENTS
The activity, A, at the end of an irradiation time, t, of a material with N
atoms available for activation, can be given by:
A = N.$.o.(l — e"Xt)

(1)

where O is the fluence rate of the bombarding particles, which is assumed
to be constant during the irradiation, o is the cross-section for the
activation reaction and X is the decay-constant of the radioactive
material.
Activation resulting from different irradiation times with the same
fluence, O, of particles, and thus the same number of monitor units, can
be taken into account by assuming that O is identical to O/t. The
observed activity was corrected for background and decay after the end
of the irradiation and normalized to the same weight which is proportional to N.
Under conditions of charged-particle equilibrium the neutron absorbed dose, DN is almost equal to the neutron kerma, KN. Kerma is
identical to Ok, where k is the kerma factor which has been calculated for
different neutron energies and materials (Caswell et al., 1980). The ratio
of the measured activity, corrected for different irradiation times,
background and decay, to the neutron absorbed dose can now be given

l!
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If neutrons at the position of the activated materials are not monoenergetic, average values a and k for the actual neutron energy spectrum
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at that position should be used. Changes in the fast neutron spectrum will
affect the level of induced activity per unit of neutron absorbed dose. This
ratio has therefore been determined along the central axis of the field in
the water phantom. After normalizing the data at the surface, the ratio
for iron decreases to a value of 0.9 at 4 cm deep and becomes constant at
0.86 for depths greater than 10 cm. For aluminium a similar trend could
be observed. Because the ratio of the corrected activity to the neutron
dose varies with depth, a calibration of the dosimeters at one depth would
introduce an error. It was therefore decided to compare the corrected
value of the activity produced in the pellets with that irradiated at the
same depth in the patient.
The spectrum also changes from the centre towards the edges of the
field, resulting in changes of several per cent in the ratio of the activity to
the neutron dose over the field area and much larger changes in the
penumbra. These measurements, performed at a depth of about 10 cm in
the phantom, in combination with the anterior-posterior radiograph,
were used to determine a correction factor if the pellets were not
positioned at the centre of the field.
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The measurements have been performed on 20 patients treated with the
d+T neutron beam. A summary of the ratio of the activity measured on
the patient to that in the water phantom is presented in figure 1 in
histogram form. The mean ratio at the entrance of the beam amounts to
0.988 for the iron pellets and 0.999 for the aluminium pellets, both with a
standard deviation of 0.018. This indicates that the treatments were
carried out correctly. The data in the pelvis show a larger spread. Here
the observed mean ratio is 1.043±0.082 for the iron pellets and 0.988±0.
089 for the aluminium pellets. Within the experimental uncertainty (one
standard deviation) the mean results for both the iron and the aluminium
activation do not deviate from unity.
The random errors in the determination of the ratio of in-vivo to inphantom activity may be due to:
1. Uncertainty in determination from the radiograph of the depth of the
pellets under the skin: 2 mm, resulting in an uncertainty of 1.7% in the
activity.
2. Uncertainty in the enlargement factor of the radiograph, from which
the depth in the patient is determined: 1.0%.
3. Uncertainty in the actual position of the pellets during irradiation
compared to that during simulation, due to breathing or other
movements of the patient. As a result the distance from the target to
the skin may differ from the value given by the treatment plan, or the
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Figure 1. Histograms of the ratio of the activity measured on the patient to that in the
water phantom at the same depth.

depth of the pellets under the skin may be different from that on the
radiograph. An estimate of both effects yielded a displacement of 8
mm, resulting in an uncertainty of 2.0% for the pellets on the skin and
7.0% in the pelvis.
4. Uncertainty in the correction factor for spectral changes if the pellets
are not on the central axis of the field: 1.0%.
5. Uncertainty in the ratio of the activity measurements: 0.8% at the
surface and 1.5% at depth.
The estimated total uncertainty amounts to 2.2% for the measurements
on the skin, which agrees well with the observed value of 1.8%. The
measurements in the pelvis have somewhat larger standard deviations,
7.9% and 9.0%, compared with the estimated total uncertainty of 7.5%.
Three other sources of uncertainty, which are difficult to quantify, may
enhance the estimated error:
a. The presence of gas in the gut, which could be observed from some of
the radiographs, may cause a change in the neutron fluence at the
position of the pellets compared to the situation without gas.
b. The average composition and density of the treated area in the patient
is not identical to water.
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c. During transport of the patient from the simulator room to the
treatment room the position of the pellets may change.
a. The influence of the first effect was estimated from measurements
on pellets placed at the back-side of an air-filled Perspex tube with an
internal diameter of 32 mm. An increase of about 17% for both the
aluminium and iron activation was observed. This indicates that gas
volumes would have a large influence on the observed activity, resulting
in an average ratio of in-vivo to in-phantom activity larger than one for
24
Na as well as 56Mn. Because the mean ratios are not far from unity, the
influence of gas volumes on the in-vivo measurements must be compensated by the composition and density of soft tissue, bone and other
materials in the pelvis.
b. The composition and density of water are not identical to those of
soft tissue. A muscle-equivalent liquid with a density of 1.07 gem"3 and a
composition identical to ICRU muscle tissue (Frigerio et al., 1972) might
be a better phantom material to simulate human tissue in the pelvic
region. The in-viyo dosimetry measurements were therefore also compared with activation .measurements at the same depth in the Perspex
cube filled with such a TE liquid. An analysis of the ratio of the in-vivo
activities to those in phantom for the TE liquid gave a mean value 0.5%
lower for the Al and Fe measurements at the skin, and 1.7% higher in the
pelvis. The standard deviation of the analysis relative to water or to TE
liquid was about the same, indicating that the use of TE liquid instead of
water does not give a better agreement with the in-vivo dosimetry results.
c. The movement of the pellets in the patient after the lateral
radiograph was taken may result in a change in depth of the pellets under
the skin. The effect of movement of the pellets on the observed activity
ratio will depend on the direction of the catheter at the position of the
pellets with respect to the skin surface. It was observed that this direction
varied strongly between different patients, mainly due to the presence of
tumour. No relationship could be observed between the slope of the
ca.theter with respect to the skin and the deviation of the activity ratio
from the mean value.
CONCLUSIONS
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As pointed out already by Field (1971), the activation method for invivo fast neutron dosimetry has the advantages that the detectors can be
small, the technique is easy to perform, sensitive, accurate and insensitive to gamma rays. Because the irradiation time is much shorter
than the half-lives of the nuclides produced (24Na and 56Fe), the
calibration hardly depends on the irradiation time or on the distribution
of neutron fluence rate during this period. The results of in-vivo
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measurements at the skin and in the pelvis of twenty patients show that
within the experimental uncertainty the activity produced in aluminium
and iron pellets was equal to thtt induced in the pellets at the same depth
in a water phantom. The agreement was not improved if the in-vivo data
were compared with activation measurements in a TE liquid. It can be
concluded that water is a good phantom material to simulate the average
density and composition of the pelvic region of the human body during
fast neutron therapy.
REFERENCES
1. Battermann, J.J. and K. Breur:
Results of fast neutron radiotherapy at Amsterdam.
In: Proceedings of the Third Meeting on Fundamental and Practical
Aspects of the Application of Fast Neutrons and Other High LET
Particles in Clinical Radiotherapy, Supplement to the European
Journal of Cancer, 17-22, 1979.
2. Blum, E., J.D. Heather, A.D.R. Beal and D.K. Bewley:
Calcium sulphate phosphor for clinical neutron dosimetry.
Health Physics, 30: 257-261, 1976,
3. Caswell, R.S., J.J. Coyne and M.L. Randolph:
Kerma factors for neutron energies below 30 MeV.
Submitted to Radiation Research.
4. Catterall, M. and D.K. Bewley:
Fast neutrons in the treatment of cancer.
Academic Press, London; Grune and Statton, N.Y., 1979.
5. Field, S.B.:
An in vivo dosimeter for fast neutrons.
British Journal of Radiology, 44: 891-892, 1971.
6. Franke, H.D., A. Hess, E. Magiera and R. Schmidt:
The neutron therapy facility (DT, 14 MeV) at the Radiotherapy
Department of the University Hospital Hamburg-Eppendorf.
Strahlentherapie, 154: 225-232, 1978.
7. Frigerio, N.A., R.F. Coley and M.J. Sampson:
Depth dose determinations I. Tissue-equivalent liquids for standard
man and muscle.
Physics in Medicine and Biology, 17: 792, 1972.
8. Ing, H. and W.G. Cross:
Spectra a n d dosimetry related to neutron irradiations of the h u m a n
body.
Physics in Medicine a n d Biology, 20: 906,1975.
9. Mijnheer, B.J., P . A . Visser a n d T j . Wieberdink:

Ï;
|
'ft
\
\
:
•

"|
%
||
ff
fcf
;|
|
''I
\

83

Clinical neutron dosimetry at the Amsterdam fast neutron therapy
facility.
In: Proceedings Third Symposium on Neutron Dosimetry in Biology
and Medicine, EUR 5848: 203-225, 1978. (Commission of the European Communities, Luxembourg).
10. Prichard, H.M., A.R. Smith and P.R. Almond:
Silicon diodes as dosimeters in fast neutron therapy.
AAPM Quarterly Bulletin, 7: 92, 1973.
11. Smith, A.R., J.H. Jardine, G.L. Raulson, P.R. Almond and D.D.
Boyd:
In vivo measurements of lung corrections for fast-neutron therapy.
Medical Physics, 3: 391-396, 1976.

B

;:i

i

I
7*

84
CHAPTER 8

DOSE-EFFECT RELATIONS OF TUMOUR CONTROL AND COMPLICATION RATE AFTER FAST NEUTRON THERAPY FOR PELVIC TUMOURS

Jan J. Battermann, Guus A.M. Hart and Klaas Breur.

ABSTRACT
The effects of fast neutrons and high energy photons were analysed for
tumour control and for skin and bowel damage after treatment of
bladder and rectal cancers. A combination of statistical models was used
for this analysis. A steep dose-effect curve was found for local tumour
control as well as for the chance of complications. Some estimations were
made on RBE values for bladder tumour control and for normal tissue
damage. The implication of these data in neutron therapy is discussed.
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INTRODUCTION
Fast neutron therapy has been used in Amsterdam since November
197S as a routine treatment modality for advanced tumours in different
regions of the body. Preliminary results of some pilot studies were
presented elsewhere (Battermann and Breur, 1979). For irradiations in
the pelvis two parallel opposed beams were used.
Because of the relatively poor depth dose characteristics of our d+T
neutron generator (Mijnheer et al, 1978) the maximum dose became
about 20% higher than the dose at the midline. This high dose,
administered to the skin and intestine allowed us to score the effects of
fast neutrons on these normal tissues over a wide range of dosages.
Comparison of these results with available data of megavoltage photon
irradiation for bladder tumours made it possible to estimate RBE values
for skin and intestinal damage and for bladder tumour control.
In this paper the dose-effect relations, tumour control and complication rate, after fast neutron therapy for pelvic tumours are discussed.
METHODS AND MATERIALS
In the Antoni van Leeuwenhoek Hospital fast neutron teletherapy is
given with the 14 MeV Philips neutron generator. The sealed-off d+T
neutron tube is placed in a Brown-Boveri betatron gantry, providing
isocentric radiation facilities. At a SSD of 80 cm the dose rate in a water
phantom at 10 cm depth is about 4 cGy/min for a 10x10 cm2 field size.
The gamma component of the beam at that depth is about 10% of the
total absorbed neutron and gamma dose.
Twelve collimators are available, providing field sizes from 6x6 cm2 to
16 x 23 cm2 at 80 cm SSD. For pelvic irradiation usually a field size of 13
x 16 cm2 is applied. The collimator opening is covered with a 0.S mm lead
layer, thus avoiding any proton contamination of the beam (Mijnheer et
al, 1978).
In the literature a diversity of descriptions of neutron dose can be
found. So, in the Hammersmith Hospital neutrons only (D N ) are quoted
(Catterall and Bewley, 1979). In the US centres the dose is expressed as
total dose: neutron dose plus contaminating gamma dose (D N +D G =D T ).
Often this total dose is converted into a "photon equivalent" dose by
multiplying the neutron dose with the appropriate RBE (Peters et al,
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1979). The use of a "total effective dose" (TED) (Duncan and Arnott,
1979), defined as neutron dose plus one third of the gamma dose,
(D N +D G /3) seems a simple and practical way for stating the applied
biological effective dose. However, the assumption of 3 as approximately
the normal tissue RBE for fractionated gamma irradiation of the
contaminating gamma-rays is determined at much higher dose levels than
the few cGy's, that contaminate the neutron beam (Denekamp, 1980). To
make intercomparisons of treatments at different centres feasible, the
quotation of total dose with the gamma dose in brackets is recommended. Of course, also the variation in RBE with neutron energy has to
be taken into account when results of different centres are compared.
In this study, all dosages are quoted as totai dose. According to the
recommendations given in ICRU report 29, the dose calculated at the
midline is used as the target absorbed dose.
Data from 66 patients, treated from November 1975 through December 1979 were used for this analysis. Initially fast neutron irradiation was
given via two parallel opposed ports. Due to the relatively poor depth
dose distribution (fig. 1) of the beam, in some areas the dose was found to
be 20% higher than at the midline. Adding to this, an almost 8% higher
dose than intended happened to have been given. This difference was
caused by reconsideration of some physical parameters in dosimetric
measurements (Zoetelief et al, I979). Since 1978 a six field technique has

Figure f. Central axis depth dose curves for 8 MV photons (1), cobalt-60 gamma
rays (2) and 14 MeV neutrons (3) for field sizes of approximately 10 x 10 cm2.
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Figure 2. Computed isodose curves, using a six field technique for irradiation of
pelvic tumours.

been used and thus a more homogeneous dose distribution can be
achieved (fig. 2).
As the high dose areas happened to be subcutaneous tissues and parts
of the small bowel and rectosigmoid colon, the effects of neutron
irradiation on these normal tissues could be scored over a wide range of
dosages. Although a five point scale (table 1) was used to score the
radiation effects, for a meaningful statistical analysis only two points
were taken into account: none to mild (score 0-2) and severe to necrosis
(score 3-4). Also for the scoring of tumour response only two points were
used: no regression or partial regression (score 3-1) and complete tumour
regression (score 0). As tumour dose, the target absorbed dose at the
midline was quoted. The higher dosages outside the target volume were
quoted for skin and intestinal reactions.
The effects of neutron irradiations were compared with tumour and
normal tissue reactions after megavoltage photon therapy. This treatment was given with a cobalt-60 unit for T4g bladder tumours. As can be
learned from figure 1 the depth dose distribution of these gamma rays at
80 cm SSD is only slightly better than for a d+T neutron source. Sixtyone patients were irradiated with two parallel opposed beams in 1967 and
1968 and midline doses of 50 Gy to 59 Gy were administered in 20
fractions over 4 weeks. Also the data from a later period were used for
further comparison. In 1974 and 1975 41 patients were irradiated with 8
MV X rays from a Philips SL 75 linear accelerator. A dose of 50 Gy was
delivered in 20 fractions over 4 weeks. As the depth dose distribution is
better than for the neutron generator (fig. 1). a homogeneous dose
distribution could be achieved when only two beams were applied.
The data of all three series of patients were used to estimate RBE
values for bladder tumour control, skin damage and intestinal damage.
For the statistical analysis the logistic model (Cox, 1970) was used,
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Table 1.
Scoring scale for reactions after irradiation on tumours and normal tissue in
the pelvis
Score tumour regression
skin and
intestinal tissues
subcutaneous tissues
0
1

complete regression
partial regression,
> 50% of tumour
volume

no reactions
depigmentation,
atrophy

no reactions
some bowel
inconvenience

2

partial regression,
< 50% of tumour
volume

mild fibrosis

3

no regression

severe fibrosis,
shrinking > V3 of
treated area
necrosis, death of
complications

reactions, requiring
conservative medical
care
severe reactions,
requiring surgical
care (colostomy)
necrosis, bowel perforation, death of
complications

tumour progression

describing the relationship between dose D and probability P c
control or serious complications by the formula: P= l+exp(a+b.D). Parameters a and b were estimated from the data, using the maximum
likelihood method (Cox, 1970). The adequacy of the model was tested in
two ways: firstly a quadratic term in D was added in the exponent and
secondly D was replaced by log D — with or without a quadratic term in
log D —. Neither change in the model resulted in a significant improvement of the fit of the model for the observed data as judged by the
likelihood criterion. A dose independent RBE for neutrons relative to
photons only exists if the parameter a for neutron (aN) equals the a for
photons (aph). This was tested by the likelihood ratio criterion. If so, the
RBE can be estimated from bN/bph (b^ and bpj,: the parameters for
neutrons and photons viz. estimated under the assumption aN=aph).
From the approximated variances and covariances of b^ and bpj,,
resulting from the maximum likelihood method, an approximate 95%
confidence interval for the RBE can be calculated.
RESULTS
As was published earlier (Battermann and Breur, 1980) fast neutron
irradiation can be effective in the treatment of inoperable bladder and
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rectal cancers. However, it has to be stated that in the period of pilot
studies high dosages were used (often above 20 Gy) which have led to
about 25% severe complications. These complications were caused by
overdosing parts of the small and large bowel and the skin. As a result of
the poor beam characteristics the determining factor was the anteriorposterior diameter of the patient. No correlation was found with
unfavourable factors like the number of previous laparotomies, hypertension or age, described as predisposing factors for intestinal complications after X-ray therapy (Potish, 1980). Also it was found that the
number of fractions and the overall time in our small series of patients
neither influenced tumour control rate nor complication rate. Of all
neutron treated patients 38 received the dose in 20 fractions over 26-28
days and 28 received the same dose in 25 fractions over 33-35 days.
The scoring system as listed in table 1 for tumour control was used to
describe the dose-tumour effect after fast neutron irradiation for both
bladder and rectal cancer. The results are given in figure 3. The dose in
this figure is total dose, converted into NSD values by the use of the
expression D=NSD x N 04 x T 11 . In this expression D is the total dose, N
the number of fractions and T the-overall time (Field, 1972). As can be
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Figure 3. Dose-effect relationship for tumour control after neutron irradiation of
advanced bladder and rectal tumours.
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Table 2.
Estimated parameters in logistic model and RBE with 95% confidence interval
Photons

Neutrons

apt, = a N

N

b

0.36

-13.3

0.59

-17.8

0.269

-27.6

0.41

-12.5

0.59

-17.3

- 8.3

0.13 - 9.0

0.45

- 8.9

a

Ph

b

1.

-23.9

2.
3.

Ph

a

N

a

RBE

95% conf.int.

0.790

2.94

2.75-3.13

0.251

0.796

3.17

2.92-3.42

0.140

0.446

3.19

2.73-3.65

1. Serious skin damage; 2. Serious gut damage; 3. Bladder tumour control

learned from figure 3 no significant difference could be found in doseeffect relation between bladder and rectal tumours.
As was stated, results from former treatments with cobalt-60 gamma
rays and 8 MV X rays were used for comparison with the present neutron
data. Although the series are small and the effects on tumour, skin and
gut had to be scored retrospectively, enough data became available for
statistical analysis by the logistic model to give estimations of RBE values
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Figure 4. Dose-effect relationship for tumour control (1) and for skin and intestinal
damage (2) after neutron and photon irradiation for T4B bladder tumours. As the
curves for skin and for intestinal damage happened to be almost identical, just one
curve is shown. The marks in the figure indicate the observed values, used to derive the
curves.
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for bladder tumour control, skin damage and gut damage (table 2). In
figure 4 the resulting dose-effect curves for tumour control after neutron
and photon therapy are given, showing a steep shape. For skin and
intestinal damage similar curves were found. In our neutron treated
patients hardly any skin sparing effect was noticed. This was demonstrated by covering part of the skin with bolus material during treatment.
No difference in skin reaction was noticed compared with the uncovered
part of the skin. This can be explained by considering the charged
secondaries with relative high LET and RBE which increase just below
the surface much more rapidly than electrons and energetic photons of
low LET (Mijnheer et al, 1978). Skin damage also might be due to
radiation effects on subcutaneous fat as the kerma for fat is high (Bewley,
1970). The skin and subcutaneous tissue damage resulted in various
degrees of fibrosis and even in radiation induced ulceration in some
patients. The RBE for skin-subcutaneous tissue damage was 2.94 (2.753.13) relative to cobalt-60 gamma rays. Intestinal damage was observed
in both the small bowel and the rectosigmoid colon. Patients who died of
intestinal complications showed necrosis, fistula and perforation in
irradiated parts of the gut at post-mortem examination. Other parts of
the intestine were fibrotic with attachment of loops, thus causing
impaired mobility of the bowel or even complete obstruction. From the
analysed data a RBE=3.17 (2.92-3.42) for intestinal damage was obtained. However, in the photon irradiated series of patients no fatal
bowel complications were noticed. The RBE for bladder tumour control
was found to be 3.19 (2.73-3.65) relative to cobalt-60 gamma rays.
DISCUSSION
As was shown, a steep dose-response curve exists for tumour control
and for radiation induced normal tissue damage after fast neutron
irradiation for pelvic tumours. A similar effect was described in the
literature after megavoltage X-ray treatment for bladder tumours (Morrison, 1975). However, data from other centres (Cummings, 1978;
Stevens et al, 1976) and from this institute (Tierie, 1978) show that local
tumour control is hardly ever achieved in inoperable rectum cancer after
high energy photon irradiation. Also local recurrences after anterior
exenteration are resistant to X-ray therapy and the same holds for T 4 B
bladder tumours. (Rider and Evans, 1976).
Of course only small numbers of patients were irradiated, both in the
neutron group and in the former treated photon groups. With this
restriction it can be said that fast neutron therapy was superior to high
energy photons in local tumour control of pelvic tumours. According to
present information of this pilot study it would be unethical to continue
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Figure 5. Graphical expression of the gain, achieved with neutrons and photons,
using the equation: gain=prob. tumour control—prob. skin damage x C,—prob. gut
damage x C2.
In fig. 5a C,=C 2 =1, in fig. 5b C,=C,=.5.

with high dose neutron irradiation via two ports only. By using a six field
technique a more homogeneous dose distribution can be achieved and
overdosages avoided. In more than fifty patients, treated since 1978 with
this technique no fatal complications have been noticed. As still no
optimal dosage can be given for neutron therapy it might be advantageous to use two dose levels in the neutron arm of a clinical trial. The
possible advantages of the use of two dose levels in controlled clinical
trials were discussed elsewhere (Breur and Battermann, 1979; Fowler,
1979). In figure 5a and 5b the therapeutic gain for both neutron and
photon therapy is shown graphically, using the equation:
gain=probability tumour control — probability skin damage x Cl —
probability gut damage x C2.
By considering the percentage local recurrences as serious as the
percentage complications (CI=C2=1) at a certain dose (fig. 4), it can be
learned from figure 5a that some gain can be achieved for neutrons in a
limited dose range with an optimum at about 19 Gy. The same holds tor
photon therapy with an optimum at about 56 Gy. If local recurrence is
taken twice as serious as complications (C1=C2=.5), the optimum doses
are 20 Gy and 60 Gy, respectively (fig. 5b). In former studies no severe
complications were noticed with X-ray therapy of 50 Gy over 4 weeks. So,
the use of two dose levels in the photon arm of a trial could also be
advocated.
In May 1978 a controlled clinical trial for bladder and for rectal cancer
was started. Two dose levels were chosen in the neutron arm, 17 Gy and
19 Gy in 20 fractions over 4 weeks. The results of this study indicate that
an optimum dose will be reached at about 19 Gy, with 50% local tumour
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control. It can be expected that about 10% severe complications will be
seen with this high dose regime. As all these tumours are incurable by
other treatment modalities, a complication rate of 10% is perhaps
acceptable.
As various tumours with different characteristics are treated by
neutrons,therapeutic gain will only accrue in a proportion. Up till now
only volume doubling time and perhaps tumour grading are known as
factors that influence radiosensitivity for fast neutrons. Thus a large
number of patients in such a mixed group is required to express the
radiobiological advantages (Field, 1976) of neutron irradiation over
megavoltage X rays in the treatment of advanced pelvic tumours. It is
hoped that the results of clinical trials now in progress at different centres
all over the world will lead to a conclusive answer to wether or not fast
neutrons should be in the armamentarium of the modern radiotherapist.
To reach a sufficient number of patients in such trials international
collaboration will be essential.
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CHAPTER 9

FAST NEUTRON THERAPY FOR LOCALLY ADVANCED
SARCOMAS

Jan J. Battermann and Klaas Breur.

ABSTRACT
In this paper preliminary results of 22 patients irradiated with d+T fast
neutrons for advanced sarcomas are described. The results were disappointing as only 8 patients had local tumour control and 6 patients had
severe radiation damage. These results are compared with data described
by other authors.
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Submitted for publication in the International Journal of Radiation
Oncology, Biology and Physics, December 1980.
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A pilot study was started on sarcomas in 1975 with the Philips d + T fast
neutron generator. T h e good results obtained by Catterall with a
standard dose o f d ( 1 6 ) + B e neutrons from the Medical Research Council cyclotron o n soft tissue sarcomas (Catterall, 1979) provided a
stimulus t o include these tumours in o u r fast neutron therapy project.
In comparing results obtained in different centres for these kind o f
tumours, one has t o realize that differences in tumour control per centre
often are due t o variations in selection o f patients, tumour site, tumour
volume and tumour histology. Tumour control is especially dependent
u p o n the tumour load. Microscopical residue after surgery can be
controlled by photon therapy (Suit et al, 1975) as well a s b y neutron
therapy. Small tumour volumes might b e better controlled with neutrons
than with photons (Catterall and Bewley, 1979). Tumours with a volume
in excess o f 1000 c m 3 in general will remain uncontrolled by any
treatment modality. Unfortunately these are the patients referred for
neutron therapy in the beginning.
This paper reports the preliminary results o f a pilot study for locally
advanced sarcomas.
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METHODS A N D MATERIALS
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Since November 1975, a 14 M e V neutron beam produced b y the d + T
reaction is used in the Antoni van Leeuwenhoek Hospital. The beam
characteristics were described elsewhere ^Broerse et al, 1977).
Skin reactions will be more severe than after megavoltage X-ray
therapy due t o the lack o f any worthwhile skin sparing and the
approximately 15% higher kerma for fat in contrast t o muscle tissue
(Bewley, 1970). Inhomogeneities in dose distribution are caused by the
relatively poor penetration of the d+T neutron beam with the 50%
isodose curve at 9 cm for a 10 x 10 cm2 field.
'
Doses were corrected by 10% after reconsideration of some physical
parameters (Zoetelief et al, 1979). In general doses of 19 Gy* and higher
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were applied in four weeks via two opposed ports. When the target
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'according to international recommendations the target absorbed dose is expressed as
total dose = neutron dose + gamma dose.
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volume was in excess of 1000 cm3 a reduction in dose of approximately
10% was made.
A minority of patients received a neutron boost following initial
megavoltage X-ray therapy. In these patients treatment was completed
with neutrons because of persistent or progressive disease. The patients
received photon doses of 30 Gy till 40 Gy, followed by a neutron boost of
8 Gy till 12 Gy. However, in none of these cases complete tumour
regression was achieved.

Table 1.
Results of fast neutron therapy fot locally advanced sarcomas

C

Total
Tumour histology:
chondrosarcoma
osteosa
synoviosa
chordoma
unclassified sa
miscellaneous
Tumour site:
pelvis
extremities
thorax wall
miscellaneous

number of
patients

regression
complete >50% <50%

survival
1 year

severe
complications

22

8**

4

7

1

i

6
3
3
4
2
4

—
—
2
2
1
3

2
—
—
1
—
1

4*
3
1
1
1

2
—
1
1
2
1

i

-i

10
8
2
2

2
4
—
2

3
—
1
-

5
4
1
-

1
3
2
1

Tumour size:
6
< 100 cm*
1 0 0 - 1 0 0 0 cm* 10
> 1000 cm* 6

10

-

l
l
2
i
-

3

<16
16-18
18 - 2 0
>20
*

I
I

3
7
8
4

;•

i

2

•

1

j
. -i

2
5
1

1
1
2

3
4
3

2
3
2

1
4
2
1

_
2
_
2

2
I
6
1

2
1
2
2

_

A

4
2
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Tumour dose (Gy):
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3
3
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in 3 patients a calcified mass, unchanged in size was found during follow-up examinations
** absence of tumour was histologicaUy proven at autopsy or after amputation in 2
patients
•** severe complications were noticed for skin (3 patients), intestine (2 patients) and
both (1 patient)
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RESULTS
In the present series only 8 out of 22 patients were locally controlled
after fast neutron irradiation (table 1). Four patients were still alive at the
moment of analysis. Tumours were considered locally controlled if there
was complete tumour regression with no regrowth by the time of analysis
or at death. One patient with a marginal recurrence was scored as having
local tumour control.
In table 1 also the breakdown per histology is given. In none of six
chondrosarcomas complete tumour regression was achieved. However, in
three patients treated for locally advanced low grade malignant chondrosarcomas a calcified mass was found during follow-up examinations. This
mass remained unchanged in size, as well by palpation and measuring as
by X-ray investigations, including CT scans. Although these patients were
scored as non responders, in fact these tumours might have been locally
cured, as was suggested by Salinas et al (1980). Results seem to be better
in soft tissue sarcomas than in osteogenic sarcomas, an observation also
described by Salinas et al (1980). No significant difference was found in
tumour site (table 1). As can be expected some relationship exists between
tumour size and local control and between total dose and local control
(table 1).
Six patients developed major complications. These included four
patients with skin necrosis. The calculated maximum doses for skin were
2130, 2450, 2800, 2930 cGv. respectively. As was described in another
paper (Battermann et al, 1980), skin damage is a steep function of dose.
Three patients died of intestinal damage (one also had severe skin
necrosis) after irradiation of osteogenic tumours in the pelvis. As in these
treatments only two fields were applied, overdoses of parts of the small
bowel and rectosigmoid colon were the cause of these complications.
In none of the patients surgery was performed after neutron irradiation, so no remarks can be made about healing of surgical wounds.
DISCUSSION

\,
I
i
|
\.
I

In contrast to observations made by others (Catterall and Bewley,
1979; Tsunemoto et al, 1979; Salinas et al, 1980) the preliminary results in
our series of patients were discouraging. As was stated before most of our
patients were referred for neutron therapy because of a very advanced
tumour, unsuitable for any other treatment modality.
In spite of a high dose, leading to a high complication rate (6 out of 22
patients), local tumour control was only achieved in 8 patients. In
Catterall's series also about 30% complications were noticed, but local
control was achieved in 21 out of 28 patients. The good results in
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osteogenic sarcomas described by Tsunemoto et al (1979) might be due to
the fact that most patients were also treated with chemotherapy.
Randomized clinical trials are now initiated by the Radiation Therapy
and Oncology Group (RTOG) in the United States and the High LET
Therapy Group in Europe to determine the true value of fast neutron
irradiation for locally advanced sarcomas. It is our view, however, not to
include microscopical tumours as conservative surgery plus high dose
megavoltage photon therapy already gave excellent results.
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CHAPTER 10

FAST NEUTRONS,
AN ADVANTAGE IN RADIATION ONCOLOGY?

Jan J. Battermann and Klaas Breur.

ABSTRACT
The preliminary results of clinical trials carried out at the Antoni van
Leeuwenhoek Hospital since May 1978 are described in this paper. These
results are compared with available data from the literature. For
advanced tumours of the bladder and rectum two dose levels are used for
neutron irradiation and compared with a standard dose of megavoltage
X rays. Although survival is not improved, the local results seem to be
better in the high dose neutron arm.
Advanced tumours of the head and neck were irradiated with a standard
dose of fast neutrons or photons. Again the survival is not improved, nor
is the local control rate. Safvage surgery was performed in 6 patients
without problems of wound healing. These results are not as favourable
as first seen in some pilot studies.
Reasons for these disappointing data are discussed.

Submitted for publication in Journal Européen de Radiotherapie,
November 1980.
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INTRODUCTION
Fast neutron teletherapy started in the Netherlands in 1975 after a
period of extensive radiobiological investigation. The Antoni van Leeuwenhoek Hospital was the second institute in Europe where fast neutrons
were routinely applied for clinical purposes. After the failure of Stone's
experimental trials in Berkeley, California (Stone, 1948), neutron therapy
was abandoned for about 20 years. However, radiobiological data, e.g.
those obtained in Great Britain by Fowler and his group and in the
Netherlands by Barendsen en Broerse, plus the reconsideration of Stone's
patient records (Sheline et al, 1971) provided a stimulus to restart the
investigation of the clinical applicability of fast neutrons in the treatment
of cancer. In 1966 clinical studies started in London at the Hammersmith
Hospital with a d(16) + Be cyclotron unit, producing neutrons with a
mean energy of 6.7 MeV. Already in 1975 the results of the first clinical
trial on the application of fast neutrons in advanced tumours of the head
and neck were published by Catterall et al (1975, 1977). The choice of
head and neck tumours was due to the poor beam characteristics of this
cyclotron and the relative ease of scoring of tumour regression and

Figure 1: Depth-dose curves for d(50)+ Be neutrons. Louvain la Neue (1), cobalt-60
gamma rays (2), d+T neutrons - Amsterdam (3) and d(14.3) + Be neutrons - Essen (4).

Table I. Fast neutron radiotherapy installations and approximate number of patients treated until the beginning of 1980.
Reaction
employed

Location

Type of machine

Maximum
deuteron
energy (MeV)

d+T

Amsterdam
Glasgow
Hamburg
Heideiberg
Manchester

sealed tube*
sealed tube*
rotating target**
sealed tube***
sealed tube*

d+Be

Chiba-shi
Chiba-shi
Cleveland
Dresden
Edinburgh
Essen
Houston
Krakow
London
Louvain
Seattle
Tokyo
Washington

van de Graaff
van de Graaff
cyclotron
cyclotron
cyclotron
cyclotron
cyclotron
cyclotron
cyclotron
cyclotron
cyclotron
cyclotron
cyclotron

30
2.8
25
13.5
16
14
50
12.5
16
50
21.5
15
3S

p+Be

Batavia

linac

66

0.25
0.25
0.5
0.25
0.25

Deuteron
beam(mA)

Start of
clinical
operation

Number
of Patients

18
30
8
500
30

400
16
340
80
70

0.03
—
0.03
0.04
0.1
0.1
0.007
—
0.1
0.02
0.04
0.1
0.01

1975
1977
1976
1978
1977
—
1967
1977
1972
1978
1978
1972
1978
1966
1978
1973
1975
1973

560
36
250
600
315
170
720
35
850
170
360
200
300

0.008

1976

400

* Output: l O ' V 1 ; ** Output: 1 - 2 . 1 0 1 V 1 ; *** Output: S.IO'V 1
Adapted from J.J. Broerse and B J. Mijnheer: Progress in neutron dosimetry for biomedical applications.
In: Progress in medical radiation physics, Plenum Publishing Corporation, NY, USA, to be published.
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normal tissue reactions in this region of the body. The results of the trial
favoured neutron therapy, even although criticism was voiced about the
design of the trial (Fowler, 1979).
In other cancer centres in Europe the clinical investigation of fast
neutron irradiation was also started around that time. The location of
these neutron installations with their deuteron energy and the year of
starting their clinical operation are given in table 1, plus the approximate
number of patients treated till the beginning of 1980. In most centres
relatively low energy neutrons are applied, either with a cyclotron, using
the reaction d+Be or with a d+T generator. Only in Louvain la Neuve is
a 50 MeV cyclotron available. The beam characteristics of such a
machine are far better than from the others and comparable with modern
megavoltage X-ray machines (fig. 1.). The Louvain cyclotron was built
for physics research and patient treatments are until now performed with
a fixed vertical beam. Furthermore, the cyclotron is only available for
clinical applications on three subsequent days per week. As these
disadvantages also count for neutron facilities in the United States
collaborative pilot studies are performed in the United States and in
Belgium.
At the moment none of the cyclotrons in the United States (table 1) is
hospital based and patient irradiation can often only be given twice or
three times per week. To benefit from a fractionation schedule based
upon five fractions per week, photons were applied on the other days for
irradiation of patients. So, the "mixed beam" therapy was introduced.
Apart from the radiobiological advantage of a daily fractionation, the
average beam characteristics will improve when high-energy photons are
used on the other days. To support reliable studies, the United States
government has recently offered three high energy, hospital based,
cyclotrons with isocentric facilities. The first of these machines is now
installed in the M.D. Anderson Hospital, Houston and will be operational in 1982. The second machine is installed in Seattle and the third
will be placed in Los Angeles.
In addition to fast neutrons, interest is also now being focussed on
other heavy particles and especially on pi-mesons (Raju, 1980). Negative
pions (pi-mesons) are captured in matter near the end of their track,
causing "star formation", consisting of different heavy particles (charged
particle, alpha particle, neutrons). This means that along their track
pions produce relatively low linear energy transfer (LET) radiation in the
transit region, but at their range end ("peak") they produce high LET
radiation. Although these physical properties offer great possibilities for
radiotherapy, the production of pions with an intensity adequate for
radiotherapy is rather complex and expensive. Three pion machines with
biomedical facilities suitable for patient irradiation are available or under
construction: at Los Alamos in the United States, at Vancouver in
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Table 2.
Number of patients treated till May 1980 according to tumour site

'i

tumour site

number

head and neck
major salivary glands
digestive tract
urological tract
sarcomas
pulmonary metastases
brain
female genital tract
melanomas
lungs
miscellaneous

84
24
70
57
38
36
21
19
8
7
18

total

382*

* a number of patients were treated more than once on different lesions.
.;:
';
f

Canada and at Villigen in Switzerland. In Los Alamos patient treatment
has already started (Kligerman et al, 1979). The advantages of pions are
more directed to beam quality and homogeneity of absorbed dose in the
treated area than to radiobiological advantages due to their high linear
energy transfer in the peak (RBE at the peak position about l.S and OER
2.2). This kind of high LET radiation is not further discussed here.
In this paper the preliminary results of some clinical trials and pilot
studies at Amsterdam will be given and compared with available data
from other centres.
MATERIALS AND METHODS
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Fast neutron therapy at Amsterdam has been given since 1975 with the
Philips 14 MeV d+T neutron generator (Broerse et al, 1977). As the
neutron output of approximately 10'2 n/sec is relatively low, the dose rate
at 10 cm depth in a water phantom is about 4 cGy/min at a source to skin
distance (SSD) of 80 cm. Consequently, the treatment time with two
opposing beams will be 20 minutes for a daily dose of 80 cGy.* When
more fields and/or wedges have to be used, the SSD is often larger than
80 cm and treatment times may be 30 to 45 minutes. The maximum
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•according to international recommendations the dose is expressed in gray as total
absorbed dose = neutron absorbed dose + gamma-ray absorbed dose.
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number of patients irradiated per day was fourteen, applying 42 fields.
During the past five years over 400 patients were irradiated. Since 1978
many patients were treated in the photon arms of controlled clinical
trials. In centres over the world, as table 1 shows, around 6000 patients
have been irradiated with fast neutrons, including 250 patients treated by
Stone in the 1940s.
It has to be mentioned that clinical radiation oncology, in spite of a
number of radiobiological data, remains based on empiricism. Manifold
neutron-treated patients were needed to establish the treatment regimes
in conventional radiotherapy and even today experiments are carried out
to investigate the effects of other fractionation regimes and dosages.
Thus, it cannot be expected that fast neutron therapy already can offer
established dose-fractionation schedules appropriate for a variety of
tumour sites.
The tumour sites with the number of patients irradiated in the Antoni
van Leeuwenhoek Hospital are listed in table 2. With the experience of
pilot studies (Battermann and Breur, 1979) randomized controlled
clinical trials were initiated in Amsterdam in May 1978 for advanced
head and neck tumours and for inoperable bladder and rectal cancers. All
patients under 75 years of age with inoperable tumours were eligible to
the trials if there were no signs of distant metastases and if a life span of at
least half a year after the end of treatment could be expected. For pelvic
iumours two dose schedules of 16 Gy and 18 Gy in 20 fractions over 4
weeks were chosen as in the pilot study 25% serious complications were
noticed with doses of about 20 Gy. However, during the pilot study most
patients were treated with two opposing beams resulting in overdoses to
parts of the intestine and skin in the target area. For the trial a six
isocentric technique was used to avoid unacceptable inhomogeneities
(Mijnheer et al, 1980). In the photon group a dose of 50 Gy was given in
20 fractions over 4 weeks, using two opposed ports. Only transitional cell
carcinomas of the bladder and adenocarcinomas of the rectosigmoid
colon were included in the study.
In the head and neck trial all tumour sites except nasal sinuses and
nasopharynx were included. These two tumour sites were excluded
because the critical organs make an adequate treatment with the 14 MeV
d+T neutron beam impossible. In the neutron arm of the trial, patients
received a total dose of 17 Gy in 20 fractions over 26 days. Photons were
given with megavoltage X rays to a total dose of 70 Gy in 35 fractions
over 47 days. This longer overall time is commonly used for photon
therapy of head and neck tumours. As it was stated by Field and Hornsey
(1977) that slow repair is not important in neutron therapy and that
overall treatment times of more than four weeks could increase late fast
neutron effects, in the neutron arm the overall time is limited to four

;
field

:
> /
|
§
;';
3
[|
|i|
""
:,;
#:|
ï |
<P
>|
-ü
|
-I

108
weeks. Tumours were staged according to the UICC classification
(Geneva, 1978). Only squamous cell carcinomas of different grades were
included in the study.
Patients were irradiated from May 1978 through May 1980. The last date
of follow-up was in September-October 1980.
RESULTS
The results for bladder and rectum cancers are given in table 3. As all
patients were randomized in one group of pelvic tumours and not
stratified per tumour site, the numbers in each group are not equal.
However, the results for both tumour sites are almost identical as far as
local tumour control and survival are concerned. In contrast to the
previous pilot study (Battermann and Breur, 1980) in the trial no fatal
complications were noticed. Nevertheless, the late bowel reactions in the
neutron group were somewhat more distinct than after photon irradiation. Three patients had periods of abdominal cramping and bowel
obstructions, requiring a permanent colostomy in one. In none of the
photon treated patients was hospitalization needed for bowel complications. These data agree with the estimated tolerance levels for intestine
Table 3.
Preliminary results of controlled clinical trial for locally advanced pelvic tumours,
treated between May 1978 and May 1980.
Photons Neutrons <17 Gy

•i

r
• , "

- ,

k'
%
1?'
It

X:

Bladder
persisting local control
survival 1(2 year
1 year
severe complications
deceased, with local tumour
locally controlled
Rectum
persisting local control
survivall /ryear
1 year
severe complications
deceased, with local tumour
locally controlled

5
—
2
—
—
4**
—
19
—
14
8
—
11*
—

* deceased during treatment course

9
3
7
4
1
3***

1
15
2
8
3
—
g***

1

Neutrons > 17 Gy

11
5
8
2
—
6
2
10
4
6
4
1
3
2

4

3
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b

100

_ _ _ photons
N.<17Gy
N.>17Gy

80
60
40
20
•

12

18

24
months

Figure 2: Actuarial curves for locally advanced tumours of bladder and rectum,
using two dose levels in the neutron group,
a: survival, b: local tumour control.

and skin from former studies (Battermann et al, 1980). The results for
pelvic tumours are given in flgure 2 as actuarial survival (2a) and local
tumour control curves (2b). Survival in all three arms of the trial up till
now seems to be identical. Although the initial tumour control was much
higher in the group of patients treated with 18 Gy neutrons, the persisting
tumour control does not seem yet to be better. As is shown in figure 3 the
survival is similar to that, obtained in a group of patients treated from
1973 through 1978 for T 4B bladder tumours with photons.
The breakdown of tumour sites, TNM staging and grading of the
patients in the head and neck trial is given in table 4. Although no
significant difference can be noticed between the two groups of patients,
it can be said that in the neutron arm more advanced cases are included
than in the photon arm. Treatment techniques were the same for both
groups, only the fractionation schedule is different as for photon
irradiation of head and neck tumours a longer fractionation in general is
advised. There is some disparity in late subcutaneous reactions that can

Figure 3: Actuarial survival curves of
photon treated patients for T 4 JJ bladder
tumours between 1973 and 1978 ( . . . . ) ,
compared with photon treated patients
in the pelvic trial (
).
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Table 4.
Preliminary results of controlled clinical trial for locally advanced head and
neck tumours, treated between May 1978 and May 1980
Photons
Total
Tumour site

:;-

floor of mouth
anterior two thirds tongue
base of tongue
palate
tonsil
hypopharynx
larynx
TNM staging T 2 N 2 ) 3
T3N0jl
T 3 N 2>3
T 4 N 0>1
T 4 N 2)3
Tumour grading well differentiated
differentiated
moderately differenced
poorly differentiated
Persisting local control
Survival
7 2 year
1 year
Salvage surgery
Complications
Deceased

with local tumour
locally controlled

13
1
1
1
1
4*
4
1
4
3
—
2
4
7
4
2
5
10
5
1"
1

Neutrons
20
2*
1
2

3
9
3
2
4
4
6
4
9
7
4

9°
11
7

6*
2

p
|

* patient, deceased after first day of treatment
patient with marginal recurrence
— neck dissection, uodes negative
dissection nodes positive
+ neck dissection,
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be explained by the 15% higher kerma for fatty tissue compared with
muscle (Bewley, 1970).
No serious complications were observed, except for one patient who
died after dental treatment without antibiotic prophylaxis. Six patients
underwent salvage surgery for residual tumour after irradiation (one after
photons, five after neutrons). In all cases the surgical procedure could be
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Figure 4: Actuarial curves for locally advanced tumours in the head and neck
treated with neutrons or photons,
a: survival, b: local tumour control.

performed according to plan and without late complications. In three of
the neutron cases no tumour was found, only fibrosis. In one patient the
residual primary tumour was removed, while the tumour had been
inoperable before irradiation. In the other cases neck nodes were
«removed by (sub)radical neck dissection with cured primary tumours.
The results for head and neck tumours are given h figure 4a (survival)
and figure 4b (local control). As can be derived from these figures up till
now no difference can be found, either in survival, or in local tumour
control. Both the initial complete tumour regression and the persisting
tumour control are identical. A small difference in survival during the
first year might be due to the slightly worse selection of patients in the
neutron arm.
DISCUSSION

¥<:'•

Some preliminary data were given for controlled clinical trials in the
pelvis and in the head and neck. In the pelvic trial no differences have yet
been found in survival or local tumour control. From table 3 it can be
learned, however, that persisting local tumour control was not achieved
in any of the photon treated patients. For the low dose neutron group
control was seen in approximately 20% and for the high dose neutron
group in about 45% of the patients. To date the number of patients in
each arm of the trial is too small to show any statistically significant
difference. In the literature no data are available for fast neutron therapy
on T 4 B bladder tumours or inoperable rectum tumours. Only in Edinburgh patients have been irradiated for T 4B bladder tumours. No serious
•TED = total effective dose = neutron dose + gamma dose/3.
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complications were observed in a small group with a dose of 14 Gy
(TED)* delivered by a five fields isocentric technique. Further the
tumour control rate was also low. Considering an approximately 10%
higher RBE for 7 MeV cytfotron neutrons in comparison with 14 MeV
neutrons and the use of total effective dose instead of total dose, the
Edinburgh 14 Gy is equivalent to about 16 Gy of the Amsterdam facility.
This dose is below the tolerance level for intestinal damage (Battermann
et al, 1980), but also a tumour control rate of only 10% can be expected.
Collaboration between Edinburgh and Amsterdam has resulted in a
combined trial for T 4B bladder cancer, using two dose levels for the
neutron treated patients. This collaboration not only will increase the
total number of patients in the trial, but also gives the opportunity to
compare the effects of d(15) + Be cyclotron neutrons with 14 MeV d + T
neutrons, at an equivalent dose.
With the d + T neutron facility in Manchester (and formerly also in
Glasgow) a limited number of patients was treated for earlier bladder
tumours. Also in these centres an isocentric technique with more fields is
used. The preliminary results do not show a difference in survival or
tumour control between photon and neutron treatments. However,
salvage cystectomy after irradiation is almost impossible after neutron
irradiation.
From cancer centres in the United States data are available for neutron
irradiation in the pelvic region, especially for tumours of the uterine
cervix (Peters et al, 1979). These data gave the impression that mixed
beam therapy was superior to neutrons only or photons only with respect
to local tumour control and complications. However, the differences
were not statistically significant. Furthermore, the neutrons only group
consisted of more advanced tumours and intracavitary radium was added
to the external irradiation only if sufficient tumour regression was
achieved with the external treatment. Better local results for mixed beam
therapy might be caused by an improvement of the dose distribution.
Neutrons were applied twice a week with the SO MeV Texas A & M
cyclotron with the patient in a standing position, while photon treatment
was given with high energy X rays in prone and supine position. In our
institute only four patients with cervix tumours IVc (Figo classification)
were irradiated with neutrons. Local control was achieved in all patients,
though their large tumour load caused high morbidity and short survival.
The preliminary data for locally advanced head and neck tumours do
not show a difference in survival and in local tumour control. Excepting
one patient in the photon arm, no complications were observed in this
trial. As better results had been achieved in the former pilot study
(Battermann and Breur, 1980) the disappointing results in the neutron
arm might have been caused by a lower dose than previously used in the
pilot study. In the next year another four neutron tubes will be available
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for further studies and as this is the total number of tubes available for
the machine, it was decided in the remaining period of the project to use a
higher total dose in the neutron arm, viz. 19 Gy. In the former trial the
neutron and photon arms were randomized two to one. If the same
design were used now, we will end with three groups of approximately
equal numbers of patients in the photon arm, the lower dose (17 Gy)
neutron arm and the higher dose (19 Gy) neutron arm.
In the literature more data are available for head and neck
tumours. However, none of the other investigators could obtain the good
results as described by Catterall et al (1975, 1977). In Edinburgh already
about 100 patients have been treated in a randomized controlled clinical
trial comparing 15 Gy (TED) in 20 fractions over 4 weeks with 55 Gy
photons in 20 fractions over 4 weeks. A first analysis showed some
advantage for the photon treated group with respect to survival and
persisting tumour control. The morbidity for skin and mucosal reactions
in both groups is scored extensively and seemed to be equal. Over the last
year the same trial has also been pursued by some other neutron centres
in Europe. Besides from Amsterdam also from Essen, with the same
cyclotron as in Edinburgh, 20 patients were included. The first analysis in
Essen showed some advantage for the neutron treated group of patients.
Further studies performed in the United States have not yet resulted in
an advantage for neutron therapy (Griffin et al, 1978; Laramore et al,
1979; Ornitz et al, 1979). However, in the United States centres the
restricted conditions of machines for clinical application of fast neutrons
have to be taken into consideration (Griffin, 1980). It is hoped that with
the 42 MeV cyclotron in Houston and the 48 MeV cyclotron in Seattle
neutrons facilities will become as versatile as modern photon facilities.
Since January 1977, randomized controlled trials coordinated by the
Radiation Therapy Oncology Group (RTOG) have been in progress at
the various centres in the United States. Also in Europe some trials are in
progress, as described above, coordinated by the High LET Therapy
Group of the European Organization on Research and "'eatment of
Cancer (EORTC). Exchange of knowledge and experience already resulted in proposals for a first transatlantic trial.
CONCLUSIONS
The improvement of treatment results by the application of fast
neutrons will certainly not be as dramatically as at first expected by some
clinicians. A large number of patients has already been irradiated with
fast neutrons in different cancer centres over the world (table 1).
However, many more patients were needed to establish more or less
generally accepted treatment regimes in photon therapy.
After a period of pilot studies, many patients are now treated in clinical
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Figure 5: Effect of tumour volume
doubling time on RBE, derived from hur
man pulmonary metastases.

trials as initiated by the RTOG in the United States and the EORTC High
LET Therapy Group in Europe. An extensive number of patients, treated
in well designed clinical trials, however, will be needed to show the
possible advantages of high LET radiation. It was shown in our studies
on human lung metastases (van Peperzeel et al, 1974; Battermann et si,
1980) that only for a proportion of all studied tumours fast neutrons have
RBE values in excess of three (fig. S). As a value of approximately three is
generally accepted as the RBE for most normal tissues, a value also found
in our studies on skin and intestinal damage after d+T neutron therapy
for advanced pelvic tumours (Battermann et al, 1980), only in a limited
number of tumours a therapeutic gain can be expected with neutron
therapy instead of photon irradiation. Tumours that may benefit from
this therapy modality in general will be slowly growing (volume doubling
times longer than 100 days) and well differentiated (Battermann et al,
1980). Up till now the good results obtained in some patients are
outweighed by a larger group of patients that will not benefit from high
LET radiation.
Further clinical and radiobiological investigation is required to define
criteria enabling to select those tumours that will respond better to
neutron therapy than to low LET radiation. International collaboration
in Europe, the United States and Japan is essential to combine the
experience of investigators.
As the first results of some clinical trials do not show differences in
results obtained with neutrons and with high energy photons, neutron
facilities, with physical beam properties comparable with modern high
energy megavoltage X-ray machines, housed at or near the radiotherapy
department, are the first step to achieve better results with neutrons and
to make controlled comparative trials with X rays feasible.
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*The nuc;bers of the sections refer to the chapters of this thesis.
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*De nummers van de alineas verwijzen naar de hoofdstukken in dit proefschrift.
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1. Although much progress was made during the past decades in the
clinical application of ionizing radiation in the treatment of cancer, still
approximately 40% of the patients dies with their local tumour uncontrolled. Radiobiological research gave information of the factors that
influence radiosensitivity, such as the oxygen effect, the repair capacity of
sublethal damage and the variability in response with the cell cycle phase.
These radiobiological investigations have shown us "New horizons in
Radiation Oncology" (Fowler, 1979). As fast neutrons in matter produce
particles that have a higher rate of energy absorption per unit of track
length than photons, these heavy particles are more effective in the
production of biological damage and less dependent on factors that
influence radiosensitivity.
Neutron therapy was already started by Robert Stone around 1940, but
at that time unknown radiobiological data resulted in many late radiation
sequelae. However, during the 1960s a renewed interest in the clinical
applicability of fast neutrons was noticed after extensive radiobiological
research. Specially the good results obtained by Catterall et al (1975,
1977) in a randomized controlled clinical trial of advanced head and neck
tumours stimulated others to investigate the use of heavy particles in
cancer therapy, too.
2. Differences in treatment planning procedures for external beam
therapy with neutrons instead of photons are caused by the gamma
radiation accompanying the neutron beam, by the large amount of
radiation scattered from the collimator and by the necessity to make use
of a limited number of collimators of fixed sizes. Besides, the beam
characteristics of a 14 MeV d+T neutron generator are more comparable
with 300 kV X rays than with modern megavoltage X rays. As a result
more field techniques have to be used in the treatment of deep seated
tumours to obtain a more or less homogeneous dose distribution in the
target area.
3. The response of doses of fast neutrons and cobalt-60 gamma rays
were measured on volume changes of human pulmonary metastases. The
RBE values derived by this method showed a correlation between RBE
and volume doubling time. This data suggest that only a limited fraction
of the total number of patients will benefit from fast neutron therapy. As
also a correlation was found between tumour grading and volume
doubling time, the advantage for high L E T radiation over low LET
radiation will be in slowly growing, well differentiated tumours.
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4. Analysis of the results of fast neutron therapy in a pilot study of
locally advanced tumours of the head and neck region showed a
persisting complete regression rate of 60%. However, because of unfavourable selection criteria of patients the survival was rather short for
most patients. With respect to tumour site it can be concluded that the
results of treatment for inoperable malignancies of the major salivary
glands were very promising, in contrast to the bad results obtained in
advanced tumours of the anterior two thirds of the tongue. A dose of
19 Gy, given in 20 fractions over 4 weeks, seems to be well tolerated as the
number of complications was limited and more related to the poor beam
characteristics than to overdoses of normal tissues. For spinal cord a dose
of 12 Gy is advised as maximum dose.
5. The results obtained in a group of patients with gliomas grade III
and IV, treated with photon irradiation of the whole skull and a boost
with fast neutrons were disappointing. As this was in accordance with the
experience achieved by others with different treatment schedules, it must
be concluded that brain tumours are not suitable for fast neutron
therapy.
6. A pilot study with fast neutron therapy for advanced tumours of
bladder and rectum resulted in a 50% local control rate. Because of the
poor penetration of the 14 MeV neutron beam unacceptable complications were found in 25% of the patients when only two opposed ports
were used. The overdoses specially concerned the skin and intestine, and
many patients suffered from severe radiation induced sequelae and
eventually died. By the use of a six field technique overdoses can be
avoided and a homogeneous dose can be delivered. Since the introduction of this technique no fatal complications have been observed.
7. With the measurement of the activity of 24Na and s6Mn produced in
aluminium and iron pellets as an in-vivo dosimetry system, the transfer
from in-phantom to patient dosimetry was checked. The results of the invivo dosimetry were in agreement with the measurements in a water
phantom, indicating that water is a good phantom material to simulate
average density and composition of the human body in the pelvic region
for fast neutron irradiation.
8. The effects of fast neutrons and high energy photons were analysed
for tumour control and for skin and bowel damage after treatment of
bladder and rectal tumours, using a combination of statistical models. As
the poor penetration of the 14 MeV beam caused overdoses of 20% and
more during pelvic irradiations, these high doses allowed us to score the
effects in normal tissues over a wide range of dosages. A steep dose-effect
curve could be drawn from these data, both for complications r.nd for
local tumour control. Comparison of these results with data available
from previous photon irradiations for bladder tumours made it possible
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to estimate RBE values for skin and intestinal damage and for tumour
control. The RBE values were for skin 2.94 (2.75-3.13) for intestine 3.17
(2.92-3.42), and for tumour control 3.19 (2.71-3.65). This indicates that
the overall therapeutic gain for neutron irradiation of pelvic tumours will
be small.
9. Preliminary results of neutron irradiation for locally advanced
sarcomas were disappointing as only 8 out of 22 patients showed
complete regression and 6 out of 22 patients had severe radiation induced
damage. It is concluded that the results of treatment for sarcomas depend
especially on tumour size.
10. Since May 1978 controlled clinical trials are carried out in the
Antoni van Leeuwenhoek Hospital for advanced head and neck tumours
and for inoperable bladder and rectal cancers. The preliminary results do
not show a significant difference between neutron and photon irradiation, neither in survival nor in local tumour control. The RBE values
found for normal tissue damage and. for tumour control after bladder
irradiation already indicated that the therapeutic gain will be small
(chapter 8). From the data obtained in pulmonary metastases (chapter 3)
the conclusion was made that only a proportion of all tumours would
benefit from high LET radiation, viz. tumours with long doubling times.
The good results obtained for these tumours are easily outweighed in a
mixed bag of patients, even in a controlled clinical trial.
More radiobiological and clinical investigation is required to find
criteria for the selection of those groups of tumours for which high LET
radiation can offer a significant therapeutic gain and thus to answer the
question whether or not fast neutrons should belong to the armamentarium of the modern radiotherapist.
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1. Hoewel in de laatste decennia grote vooruitgang werd geboekt in de
behandeling \an kwaadaardige gezwellen met behulp van ioniserende
stralen, overlijdt heden nog ongeveer 40% van de patiënten aan hun
lokale tumor. Door radiobiologisch onderzoek kwamen faktoren aan het
licht die de stralengevoeligheid beïnvloeden, zoals het zuurstof effekt, het
herstel van zg. sublethale schade en de afhankelijkheid van de fase in de
celcyclus. Door deze radiobiologische kennis werden nieuwe wegen in de
radiotherapie opengesteld. Doordat snelle neutronen een hoge ionisatie
dichtheid veroorzaken bij hun interaktie met weefsel, zijn deze zware
deeltjes stralen effektiever in het produceren van biologische schade en
minder afhankelijk van faktoren die de stralengevoeligheid beïnvloeden.
Al rond 1940 werd neutronen bestraling toegepast door Robert Stone,
maar op dat moment nog niet beschikbare fundamentele radiobiologische kennis was de oorzaak van veel late stralenschade. Na uitgebreid
radiobiologisch onderzoek ontstond in de zestiger jaren echter hernieuwde belangstelling voor de klinische toepassing van snelle neutronen.
Vooral de goede resultaten, beschreven door Catterall et al, van een
klinisch vergelijkend onderzoek bij uitgebreide hoofd-hals tumoren zette
ook anderen aan tot het onderzoeken van de mogelijkheden van zware
deeltjes bestraling voor de kankerbehandeling.
2. Verschillen in de behandelingsplanning procedures van uitwendige
bestraling met neutronen in plaats van fotonen worden veroorzaakt door
de gamma bijdrage in de neutronenbundel, door de grote mate van
verstrooiing via de kollimatorwanden en door het gebruik van een
beperkt aantal kollimatoren van vaste grootte. Bovendien zijn de bundelkarakteristieken van een 14 MeV d+T neutronen generator beter te
vergelijken met die van 300 kV röntgenstralen dan met die van moderne
megavoltstralen. Als resultaat hiervan moeten meervelden technieken
gebruikt worden bij de behandeling van diep gelegen gezwellen om een
meer gelijkmatige dosis verdeling te verkrijgen.
3. De veranderingen in volume van longmetastasen werden gemeten
na bestraling met snelle neutronen en cobalt-60 gamma stralen. De op
deze manier verkregen RBE waarden toonden een verband tussen de
volume verdubbelingstijd en de RBE. Deze gegevens wijzen erop dat
slechts een beperkt aantal patiënten zullen profiteren van neutronen
behandeling. Daar ook een verband werd gevonden tussen de tumor
differentiatie en de volume verdubbelingstijd, kan gesteld worden dat de
voordelen van hoge LET straling zullen liggen bij de langzaam groeiende,
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hoog gedifferentieerde tumoren.
4. Bewerking van de resultaten van een studie met snelle neutronen
voor de behandeling van uitgebreide hoofd-hals tumoren liet zien dat
60% in komplete regressie kwam. Door de ongunstige patiënten selektie
was de overleving voor de meeste patiënten echter kort. Wat de tumor
lokalisatie betreft kan gekonstateerd worden dat de resultaten van
bestraling bij de speekselklier tumoren zeer gunstig waren in tegenstelling
tot de slechte resultaten bij de uitgebreide tong tumoren. Een dosis van 19
Gy in 20 zittingen gedurende 4 weken gegeven, wordt goed verdragen. Het
aantal komplikaties was beperkt en werd meer veroorzaakt door de
ongunstige bundeleigenschappen dan door te hoge doses aan normale
weefsels. Als maximum dosis voor het cervicale myelum wordt een dosis
van 12 Gy geadviseerd.
5. De resultaten van behandeling van een groep patiënten met astrocytoom graad III en IV waren teleurstellend. De behandeling bestond uit
een kombinatie van hele schedelbestraling met fotonen en een extra serie
bestralingen op het tumorgebied met neutronen. Ook andere auteurs
vermelden tegenvallende resultaten voor de behandeling van deze
tumoren met verschillende behandelingsschema's, zodat gekonkludeerd
moet worden dat hersen tumoren niet geschikt zijn voor neutronen
bestraling.
6. Als resultaat van een eerste studie met snelle neutronen bestraling
van uitgebreide blaas en rectum tumoren werd een lokale genezing bij
50% gevonden. Door de slechte dosis afgifte naar de diepte van de 14
MeV neutronenbundel werden ernstige komplikaties gevonden bij 25%
van de patiënten als slechts via twee velden was bestraald. De overdoseringen betroffen met name de huid en darm en veel patiënten overleden
aan de gevolgen van deze komplikaties. Door het gebruiken van een zes
velden techniek bleek het mogelijk overdoseringen te vermijden en kon
een redelijk homogene dosis afgegeven worden. Sedert het gebruiken van
deze meervelden techniek zijn geen dodelijke komplikaties meer gekonstateerd.
•
7 . Door meting van de aktiviteit van 24Na en 56Mn opgewekt in
staafjes aluminium en ijzer gebruikt als in-vivo dosimeter, kan de
fantoom dosimetrie in de patient gekontroleerd worden. Deze in-vivo
dosimetrie toonde geen grote verschillen met de fantoom metingen,
waaruit gekonkludeerd kan worden dat water goed als fantoom materiaal
te gebruiken is om de gemiddelde dichtheid en samenstelling van het
menselijk lichaam in het bekken bij neutronen bestraling na te bootsen.
8. Met behulp van een aantal statistische modellen werden de effekten
van snelle neutronen en energierijke fotonen geanalyseerd voor tumor
kontrole en voor huid- en darmschade na de behandeling van blaas en
rectum tumoren. Door de slechte dosisverdeling van de 14 MeV neutro-
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nenbundel ontstonden overdoseringen van 20% en hoger bij de bekken
bestralingen. Door deze overdoseringen werd het echter mogelijk de
effekten op normale weefsels voor een grote spreiding van doseringen te
evalueren. Een steile dosis-effekt kurve werd gevonden bij de bewerking
van deze gegevens, zowel voor de komplikaties als voor lokale tumor
genezing. Door vergelijking van deze gegevens met die van vroegere
fotonen bestralingen voor blaastumoren was het mogelijk RBE waarden
voor de huid, darm en tumor kontrole te bepalen. Deze RBE waarden
waren voor de huid 2.94 (2.75-3-13), voor de darm 3.17 (2.92-3.42) en
voor de tumor kontrole 3.19 (2.73-3.65). Deze gevonden waarden geven
aan dat de therapeutische winst bij snelle neutronen bestraling van kleine
bekken tumoren gemiddeld gering zal zijn.
9. Voorlopige resultaten bij de behandeling van sarcomen laten geen
winst zien voor neutronen bestraling, daar slechts 8 van de 22 patiënten
lokaal zonder tumor waren en bij 6 patiënten ernstige komplikaties
ontstonden. Gekonkludeerd wordt dat de behandelingsresultaten voor
sarcomen vooral afhangt van de tumorgrootte.
10. Sinds mei 1978 wordt een vergelijkend onderzoek gedaan in het
Antoni van Leeuwenhoek Ziekenhuis bij uitgebreide hoofd-hals en
bekken tumoren. De voorlopige resultaten laten geen duidelijk verschil in
overleving of kans op lokale tumorkontrole zien. De RBE waarden voor
normale weefselschade en voor tumor kontrole na bestraling van blaas
tumoren (hoofdstuk 8) lieten al zien dat slechts een geringe therapeutische winst verwacht mag worden. Uit de gegevens van het longmetastase model (hoofdstuk 3) bleek dat slechts een deel van de tumoren beter
zou reageren op bestraling met hoge LET, namelijk die tumoren met een
lange verdubbelingstijd. De gunstige resultaten die bij deze tumoren
behaald worden, worden echter gemakkelijk overschaduwd door een
grotere groep van tumoren waarbij neutronen bestraling geen verbetering
van de behandelingsresultaten geeft.
Verder radiobiologisch en klinisch onderzoek is nodig om kriteria te
vinden voor de selektie van die groepen tumoren waarbij een duidelijke
winst van bestraling met zware deeltjes verwacht mag worden, zodat de
vraag beantwoord kan worden of snelle neutronen bestraling al dan niet
tot het arsenaal van de moderne radiotherapeut dient te horen.
f
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"Als je gehoopt hebt
en je verwachtingen worden niet vervuld,
ga dan door met hopen".
Talmoed.
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STELLINGEN
1. Verschillen in tumoreigenschappen binnen één tumorgroep maken, dat
in een ongeselekteerde patiëntenpopulatie de voordelen van neutronen
therapie voor een beperkte fraktie van die populatie overschaduwd
worden door de ongunstige resultaten bij een meerderheid van die
populatie.
2. Een betrouwbare vergelijking van voor- en nadelen van neutronen
therapie voor behandeling van maligne tumoren wordt in hoge mate
beïnvloed doordat de bundeleigenschappen van de meeste thans gebruikte neutronen generatoren niet gelijkwaardig zijn aan die van
moderne megavolt röntgentoestellen.
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3. Indien de therapie met snelle neutronen geen verbetering van de lokale
tumorgenezing geeft, moet betwijfeld worden of deze verbetering met
anoxic-cell sensitizers wel bereikt kan worden.
S

4. De prognose van patiënten met een niet-seminoom van de testis wordt
bepaald door de aanwezigheid van al dan niet klinisch waarneembare
metastasen en niet door de chirurgische dan wel radiologische behandeling van de regionaire klierstations.
5. Therapie met interstitiële bronnen is de eerste keus bij de behandeling
van het solitaire blaascarcinoom in stadium T, en T2.
6. Bij onbehandelbare blaasbloedingen moet de mogelijkheid van intraarteriële embolisatie overwogen worden.
7. Met het huidige arsenaal aan diagnostiek methoden moet het nut van
een lymfklier dissektie bij tumoren van de tractus urogenitalis betwijfeld
worden.
8. Door ongeselekteerd gebruik te maken van de "Fletcher" type applicatoren bij de behandeling van het cervixcarcinoom wordt slechts tweederde van het aantal patiënten adekwaat behandeld.

9. Point A or not point A, that is the question in radiotherapy of the
uterine cervix.
10. Bij behandeling van het primair mammacarcinoom gaat men er van
uit dat deze tumor unilateraal, multicentrisch voorkomt.
I, A
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11. Als Cals nu schoolgaande kinderen zou hebben, was de Mammoetwet
nooit ingevoerd.
Jan J. Battermann, 18 februari 1981.
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