Eurap. F. Cancer Vol. 17, No. 5, pp. 339-548, 1981
Printed in Great Britain

0014-2964/81/050539-10§02.00/0
© 1981 Pergamon Press Lid.

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+}
* Antoni van Leeuwenhoekhuis, Plesmanlaan, 121, 1066 CX Amsterdam, The Netherlands

T University Hospital, Utrecht, The Netherlands

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.

INTRODUCTION

ALREADY in 1971 Breur and van Peperzeel [1]
had 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
[2] and used by van Peperzeel et al. [3] is one
of the few human in vivo models that provided
some clinically estimated RBE values for tu-
mour response after neutron and photon irra-
diation. Metastatic skin lesions from a variety
of tumours can also be used for quantitative
analysis after irradiation; however, the
measurements are less accurate than measure-
ments of the volume of pulmonary metastases
and hence only incidentally used to derive
RBE values.

In this paper pulmonary metastases of hu-
man 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.

MATERIALS AND METHODS

In many patients with blood-borne metas-
tases, lesions commonly appear in the lungs.
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These tumours on chest X-rays 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 [4]. By measur-
ing 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 (7,). Since the first publication on this
subject by Breur in 1966 data has accumu-
lated from 190 patients with a variety of
tumours. As was suggested by
Malaise [3], 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 ma-
terial. As the differentiation of tumours de-
pends on tumour type, a classification into
groups of differentiation is difficult and ar-
bitrary. In the table the grading is given
according to the pathologist’s description of
the primary tumour. In sarcomas, low grade
malignancies with few mitoses are classified as
“well differentiated”, whereas high grade mal-
ignant tumours with many mitoses are clas-
sified as “poorly differentiated”. If these in-
dications were not present in the pathological
report, the tumour was classified as ‘“mod-
erately differentiated”. Until now it is not
clear what intrinsic factors in the tumour
cause this difference in growth pattern.
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Furthermore, the detectable part of the tu-
mour 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 10% tumour cells, approximately 1cm?)
is still uncertain.

Nonetheless, 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 extrapo-
lation of this part of the growth curve to the
time of first irradiation the “extrapolated re-
sidual volume” (V) relative to the volume
at the time of irradiation can be derived. The
growth delay (G,), defined as the time in days
required to attain the pre-irradiation volume,
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.

T

w=—In 2.G/T,.

Groups of tumours can be distinguished

according to their volume doubling time: 10~
20 days, 2040 days, 40-80 days, 80-160 days
and more than 160 days [2]. For a group of
tumours with approximately similar growth
rates response to the same dose of radiation is
generally of the same order [6].

If two or more metastases in the same
patient could be treated separately, the effec-
tiveness 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 frac-
tions of neutrons and gamma rays have been
used. If only one metastasis was present, the
derivation of an RBE was possible by first
irradiating with one type of radiation, fol-
lowed 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 re-
sponse to photons would have been similar to
that of the group with corresponding volume
doubling times. For this purpose the data
from former studies [3, 6] have been used to
derive mean values of extrapolated residual
volumes as a function of the dose (Fig. 2).

Td =61days
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Fig. 1. Growth curve of metasiases of a patient with a melanoma, indicating the volume

doubling time (14), the growth delay (Gy) and the extrapolated residual volume (Vo) after

uradiation with neutrons (174 cGy) and gamma rays (726 cGy). From the derived data an
RBE of 3.3 was calculated.
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Patients were irradiated with fast neutrons
and/or cobalt-60 gamma rays. In the former
studies 15MeV d+T fast neutrons were pro-
duced by the electrostatic accelerator at
TNO, Rijswijk. Later data were derived with
the 14 MeV d+T Philips fast neutron gene-
rator, installed at the
Leeuwenhoek  Hospital, Amsterdam. At
Rijswijk a fixed horizontal beam with a target
to skin distance of 45cm 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
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Fig. 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, 20—

40, 4080, 80-160 and more than 160 days (adapted from
H. A. van Peperzeel et al., 1974).

with an anterior and posterior field. A cor-
rection for lung density was made using data
from phantom measurements [7, 8]. The dose
is expressed as total absorbed dose. The neut-
ron doses used by van Peperzeel were cor-
rected with 109, because of a reconsideration
of some physical data [9]. The low LET
radiation was given with cobalt-60 gamma
rays, also applying two fields. Again a cor-
rection for lung tissue was made. Phantom
measurements with the cobalt-60 gamma
beam indicated that the lower lung density
results in an approximately 209, 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 vol-
ume 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
[3]. Comparison of the effect of a cobalt-60
gamma dose with the corresponding point on
the curve makes it possible to calculate the
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Fig. 3. Extrapolated residual volume as a function of fast
neutrons, comparing the results of neutrons and cobalt-60 gamma
rays in the same patients.

RBE of fast neutrons relative to cobalt-60
gamma rays. In patients with only one meta-
stasis, irradiated with fast neutrons, the data
from Fig. 2 were used to estimate an RBE
value, according to the method described by
van Peperzeel. The data from that paper were
reconsidered, using the described “no shoul-
der” 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 cor-
relation 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 [10]. From this
analysis it can be concluded that:

(a) no correlation exists between tumour

_type and volume doubling time (P=0.31);

() a significant relation exists between
gradin§ and volume doubling time (P
<107°);

(c) the relation between grading and doub-

ling time is independent of tumour type (P
=0.37).
In Fig. 4 the volume doubling times accord-
ing 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 [5].

For 34 patients the results of a single dose
of neutrons and cobalt-60 gamma rays on
lung metastases expressed as V.., and G, are
listed in Table 2. The methods to derive these
data were discussed above and are demon-
strated in Fig. 1. The patient from this figure
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had bilateral pulmonary metastases from a
melanoma. From measurements of the dia-
meter of these metastases on subsequent chest
X-rays a volume doubling time of 61 days
could be calculated. After irradiation of one
lesion with fast neutrons and another with
gamma rays, growth delay and extrapolated
residual volume were found for each treat-
ment modality. As can be learned from this
figure, the volume decrease is followed by a
short period of accelerated regrowth and sub-
sequent resumption of the pre-irradiation
growth rate.
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Fig. 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).

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 eight patients both neutrons and gamma
rays were given in muitiple 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 (5 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.

DISCUSSION AND CONCLUSIONS

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 sur-
vival 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 [11]. From these data it can be con-
cluded 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 Fig. 5 the RBE values derived from the
volume reduction of pulmonary metastases
after single dose irradiations are plotted as a
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 obser-
vations of skin and intestinal damage [12]
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 Fig. 6 on a probit log scale for
192 tumours, this means that around 709, of
the analysed tumours will not benefit signi-
ficantly from neutron irradiation. As was sta-
ted above, a good correlation was found be-
tween the grading of tumours and their vol-
ume doubling time. Thus, in general it can
be said that the RBE for well differentiated
tumours will be higher than for poorly differ-
entiated lesions.

Empirical experience gathered in the past
ten years has taught us that some tumour
types, like salivary gland tumours, are parti-
cularly favourable for neutron treatment [13,
14]. This is in agreement with the obser-
vations described in this paper, because sal-
ivary gland tumours are in general slowly
growing, well differentiated cancers. In pilot
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Table 2. Data concerning radiation-induced volume changes of pulmonary metastases after single doses of neutrons andfor
cobalt-60 gamma rays
14 MeV neutrons Cobalt-60
RBE values
Extra- Extra- (rel. cobalt-60)
polated polated
Histology Dose Growth  res. Dose Growth  res.
No. primary tumour T; (cGy) delay volume (cGy) delay volume Measured Estimated
74/1440  Anaplastic thyroid
ca 13 238 8 0.64 726 16 0.41 1.5
vP 1 Malign. teratoma
undiff. testis 13 184 27 0.24 345 24 0.28 3.3 29
76/1912  Osteosarcoma 16 184 102 003 726 120 0.01 2.5
76/148 Uterus sarcoma 17 243 71 0.02 726 67 0.02 3.0
vP 2 Anaplastic
thyroid ca 18 211 17 0.52 — — -— — 1.4
vP 3 Anaplastic
thyroid ca 19 151 19 0.50 545 24 0.42 2.9 2.6
vP 4 Sq. cell ca floor
of mouth 22 167 36 0.32 — — — — 3.0
76/1708  Fibrosarcoma 23 194 16 0.60 847 24 0.48 3.0
vP 3 Reticulum
sarcoma 25 265 39 0.3¢ 545 38 0.35 2.1 2.2
76/2516  Adenoca rectum 39 180 52 055 726 92 0.39 2.3
vP 6 Adenoca large
bowel 39 157 33 0.56 545 40 0.49 2.8 2.8
76/772 Adenoca corpus
uteri 48 177 100 0.22 968 138 0.10 3.0
76/1499  Uterus sarcoma 52 237 62 0.46 726 44 0.26 4.0
71/288 Melanoma 61 174 46 0.58 726 58 0.51 3.3
76/106 Adenoca urachus 64 216 138 0.45 — — — 26
vP 7 Osteosarcoma 69 205 90 0.41 — — — 2.7
77/703 Melanoma 69 243 50 0.46 484 30 0.70 4.3
vP8 Adenoca large
bowel 76 157 83 0.47 545 86 0.46 3.8 3.1
751773  Sq. cell ca
vagina 76 179 64 0.57 — — — 2.7
vP 9 Sq. cell ca
bronchus 86 277 122 0.41 696 88 0.49 3.8 3.6
vP 10 Adenoca large bowel 91 232 110 043 726 60 0.63 5.7 4.8
75/730 Soft tissue sarcoma 91 162 0.49 — — — 3.3
WG Adenoca rectum 107 178 44 0.75 726 60 0.67 3.0
vP 11 Sq. cell ca
bronchus 107 221 112 0.48 — — — 3.5
75/937 Melanoma 112 246 98 0.55 726 52 0.72 5.3
75/1442  Hypernephroma 123 251 198 030 726 123 0.43 4.2
(Grawitz)
76/1138  Adenoca rectum 130 108 38 0.79 — — — 29
76/2583  Uterus sarcoma 135 176 110 0.51 968 190 0.34 3.7
73/505 Adenocystic ca 145 244 184 040 726 104 0.62 5.7
77/142 Adenoca rectum 153 260 140 0.33 — — — 3.1
75/616  Trans cell ca
bladder 193 216 310 0.27 968 350 0.24 4.1
vP 12 Teratoma diff.
testis 270 238 172 0.64 — — — 4.7
77/2681  Adenoca rectum 560 259 240 0.71 726 160 0.82 4.8
vP 13 Chondrosarcoma 1100 211 608 0.68 — — — 4.6

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 encouraging;
in most of the trials no advantage has been
found for neutron therapy. These disappoint-
ing 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 mul-
tiple fields, 14 MeV d+T neutrons should be
compared with 300kV X-rays. Also the selec-
tion of patients in a clinical trial can easily
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0 o 00 000
volume doubling time{(days)

Fig. 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.

result in a mixed bag of tumours with various
tumour characteristics like grading and pro-
liferation 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.
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Fig. 6. Log normal distribution of volume doubling times for

192 human tumours. It can be learned from this figure that

709%, of these tumours have doubling times of less than 100
days.

More radiobiological and clinical investi-
gations are required to distinguish those pa-
tients which will obtain a significant gain
from high LET radiation. The lung meta-
stases model in humans can be helpful in this
selection.
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