
TKtt 2A 1000lZé> 120 

8.3 Research and calibration projects 

8.3.1 Dosimetry Intercomparisons 

D T L Jones, S Vynckier+ and S W Blake* 
"'"Université Catholique de Louvain, Belgium 
*MRC Cyclotron Unit, Clatterbridge Hospital, U.K. 

The NAC has been involved in neutron dosimetry intercomparison studies 
at the Université Catholique de Louvain, Belgium (UCL) {1}, and at the 
MRC Cyclotron Unit, Clatterbridge Hospital, U.K. {2}. A recriprocal 
visit was paid to the NAC by UCL personnel in order to undertake both 
dosimetry {3} and radiobiological intercomparison studies. 

Such intercomparisons are essential to provide the basis for the 
exchange of clinical and other information and are also essential 
prerequisites for collaborative clinical trials. Furthermore, in the 
case of physical dosimetry, such intercomparisons are necessary to 
verify that participating institutes conform to international standards 
and procedures. 

Only the physical dosimetry intercomparison measurements undertaken with 
tissue equivalent ionization chambers have been analysed. Measurements 
were also made with Geiger-Muller (GM) counters in order to derive the 
gamma dose component in the neutron beam, but analyses are not yet 
complete. 

The routine followed was the same at all three centres: the ionization 
chambers used were calibrated in a Co beam and the responses were then 
measured under different conditions in the respective neutron beams. 
The calibration factors measured in these studies differed by a maximum 
of 0.2% from the standard values used for the chambers,, after correction 
for different electrometer calibrations and tissue-equivalent gas 
compositions. The neutron beam measurements are briefly described 
below. 

The tissue equivalent chambers used are designated T-2 (0.5 cm ), IC-17 
(1 cm 3) and ET-2 (1.5 cm 3). 

8.3.1.1 Unlversité Catholique de Louvain 

Four ionization chambers (3 from UCL and 1 from NAC) were used in this 
study. The neutron calibrations were performed at the neutron therapy 
facility, CYCLONE, Louvain-la-Neuve, Belgium. Neutrons are produced by 
the reaction of 65 MeV protons on a beryllium target in which the 
protons lose 35 MeV, the excess energy being dumped in a graphite 
backing. A 2 cm thick polyethylene filter is used to harden the beam. 
A fixed vertical beam configuration is used. All measurements were 
performed at an SSD of 162.5 cm with a 10 x 10 cm field size. Beam 
currents were about 14 uA giving a dose rate at dose maximum of about 
240mGy.min . 

The ionization chambers were mounted in a special calibration water 
phantom (30 x 30 x 30 cm ) in which the position of the chambers 
relative to the phantom was highly reproducible. A build-up cap of 4 mm 
of A150 plastic was used for all the measurements. Measurements were 
made at depths of 2 cm and 10 cm in water with the chambers flushed with 
TE gas or filled with static air. Further measurements were made in air 
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at the SSD with the chambers placed downstream of a 2 cm thick sheet of 
A150 plastic. 

Figure 13 shows the percentage deviation from the mean of the individual 
measurements. As can be seen the results are in remarkable agreement 
and Individual measurements differ from the mean by a maximum of ±0.52. 
The response of the NAC chamber differs from the mean by -0.10% on 
average. 

8.3.1.2 MRC Cyclotron Unit, Clatterbridge Hospital 

Only two ionization chambers, (both type T-2, one each from MRC and NAC 
were used in this study). The neutron calibrations were performed at 
the MRC Cyclotron Unit's isocentrlc neutron therapy facility at 
Clatterbridge Hospital, Merseyside, U.K. Neutrons are produced by the 
reaction of 62 MeV protons on a beryllium target in which the protons 
lose 36 MeV, the excess energy being dumped in a copper backing. All 
measurements were performed with the gantry at 90*, at the SSD of 150 
cm, with a 10 x 10 cm field size. Beam currents of about 22 uA were 
used giving a dose rate of about 360 mGy.min" at dose maximum. 

The ionization chambers were mounted in a special calibration water 
phantom (50 x 50 x 50 cm ) in which the chambers could be precisely 
positioned at different depths. A build-up cap of 4 mm of A150 plastic 
was used for all the measurements. Measurements were made at depths of 
2.5 cm, 5 cm and 10 cm with the chambers flushed with TE gas or filled 
with static air. 

Table 3 summarises the results of the neutron measurements. As can be 
seen the response of the NAC chamber is systematically higher than that 
of the MRC chamber by an average of 0.82Z. The origin of this 
systematic difference is not known but could be due to differences in 
composition of A150 plastic. The results are nevertheless highly 
satisfactory and well within the expected uncertainties for such 
measurements* 

Table 3 : Summary of neutron beam calibrations at MRC 

Gat filling Depth in water 
Response 
NAC T-2 
MRC T-2 

% 

Static air 5 
10 

100.79 

TE gas 2.5 
5 

10 

100.59 
101.01 
100.88 

Mean: 100.82 
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13 Dosimetry intercomparison at Université Catholique de Louvain: 
deviation of measured response from the mean. The numbers in 
brackets are the serial numbers of the chambers. 

MEAN 

NAC T-2 (332) 
UCL T-2 (178) 
NAC T-2 (328) 
NAC T-2 (283) 

* - — UCL IC17 (588) 

UCL ET-2 

2 5 
DEPTH IN WATER (cm) 

10 

14 Dosimetry intercomparison at NAC: deviation of measured response 
from the mean. The numbers in brackets are the serial numbe..» of 
the chambers. 



8.3.1.3 National Accelerator Centre 

Six ionization chambers were used in this study (3 from UCL and 3 from 
NAC). For these measurements the neutron beam was filtered by 2.5 cm 
of polyethylene only. No flattening filters were used. The ionization 
chambers were mounted in the special water phantom (see Section 8.2.2) 
of size 30 x 30 x 30 cm . The ionization chambers (fitted with their 
build-up caps) w>re located in special close-fitting perspex sleeves, 
1 mm thick which locate in ports in the side of the phantom. The 
measurements were made with the standard 4 mm thick A150 build-up caps 
fitted to the chambers* All measurements were made with the gantry at 
0* and for a 10 * 10 cm field. Proton beam currents were about 27 uA 
giving a dose rate at a depth of 2 en- in water of about 460 mGy.min" 
for the 10 x 10 cm2 field. 

Measurements were made at depths of 2 cm, 5 cm and 10 cm in water with 
all the ionization chambers* Additional measurements were made with the 
T-2 chambers in air at the SSD of 150 cm. For these measurements the 
chambers were fitted with a 15 mm A150 build-up cap. 

A summary of the results are presented graphically in figure 14. As can 
be seen the results with the UCL IC17 and ET-2 chambers are on average 
about 0.5% and 1.3% respectively lower than the means. However, a 
similar though less pronounced effect was observed in the earlier 
measurements made at UCL {1}. In these earlier measurements the 
responses measured with the same IC17 and ET-2 chambers were on average 
0.4% and 0.6% respectively less than the doses measured with the UCL 
T-2 chamber (No* 178). One can conclude that there are systematic 
differences between these IC17 and ET-2 chambers and the T-2 chambers 
which have been used in this study. These differences probably relate 
to Incorrect geometric correction factors and differences in the 
composition of the TE plastic used to construct the chambers* Similar 
results with these same chambers have been observed in other intercompa-
rlson studies {4,5}. 

If only the T-2 chambers are considered the results obtained are 
randomly distributed about the means with maximum deviations of -0.3%, 
+0.2%. 
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8.3.2 Pig skin - assessment of relative biological effectiveness of 
fractionated doses 

G Blekkenhorst*, A Hendrikse*, C Kent*, D T L Jones, W L J 
Hendrikse, M Yudelev+ and M A le Roux+ 

*Groote Schuur Hospital 
•*Faure Hospital 

Irradiations with neutrons were performed during June/July of 1987. 
Forty-two 5 x 5 cm fields situated on the sides of 11 pigs (4 fields per 
pig) were irradiated with 66 MeV p/Be neutrons. Doses were 20.6, 21.6, 
22.6, 23.5, 24.6, 25.9 and 27.8 Gy, given in 12 fractions over 4 weeks 
on Mondays, Wednesdays and Fridays. Six fields were irradiated at each 
dose level. The fractionation scheme was that which was originally 
proposed for patient treatment. 

The reactions of the skin to ionizing radiation occurs In 2 phases, 
viz. (i) an early reaction ranging upwards from mild erythema, lasting 
no more than about 6 weeks after the last radiation treatment and (11) a 
late reaction, ranging from hair loss and up, and which needs to be 
assessed for up to 15 months following radiation. 

The values for relative biological effectiveness of the neutron beam for 
fractionated doses compared with Co gamma radiation, (also given as 
fractionated doses), could then be calculated for an end-point for each 
of early or late skin reactions. For the early reaction, using moist 
desquamation as the end-point, the ED50 for Co gamma radiation (18 
fractions in 39 days) was 74.16 Gy, and for 66 MeV p/Be neutrons the 
E D 5 0 (12 fractions in 26 days) was 21.67 Gy, so that the RBE in this 
case was 3.42. For the late reaction, with dermal necrosis as end-
point, the ED50 for cobalt-60 was 62.20 Gy and for the fast neutrons the 
preliminary value of ED 5 0 is 20.47, so that the RBE is 3.04. The result 
Is preliminary in that assessments of the late skin reaction at 9 months 
rather than at the full 15 months were used In the calculations. 

Other calibration experiments using single-dose studies (see this 
report) performed after the above experiment, indicated that the RBE 
varied with depth, which is disadvantageous In a clinical situation. 

Thus it was necessary to install a hydrogenous (polyethylene) filter 
downstream of the beryllium target to "harden" the beam. As a result of 
the altered biological effectiveness of the beam, it was clear that the 
pig skin experiment would have to be repeated. The irradiation of the 
second series of pigs took place during April and May of 1988. The 
fractionation scheme was altered from the previous Monday, Wednesday, 
Friday pattern to Tuesday, Wednesday, Thursday for 4 weeks, a pattern 
which it has now been decided will be used initially in the clinical 
situation. Preliminary results for the second pig skin study are 
expected in October/November 1988. 
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8.3.3 Mouse foot response - assessment of relative biological 
effectiveness of single doses 

G Blekkenhorst*, A Hendrikse*, C Kent*, D T L Jones, W L J 
Hendrikse, M Yudelev+ and M A le Roux+ 

*Groote Schuur Hospital 
"•Taure Hospital 

This calibration experiment was performed during July of 1987. The 
right hind feet of groups of mice were exposed to graded doses of 
neutrons (66 MeV p/Be) or Co gamma rays. Radiation was given as 
single doses. The response of the mouse feet to the two different types 
of radiation was assessed or "scored" for a period of 45 days after 
radiation. The maximum reaction over the observation period was plotted 
against radiation dose. An isoeffective end-point corresponding to skin 
breakdown was chosen (score 2). The Co gamma dose to achieve this was 
41.1 Gy, whereas the neutron dose was 19.4 Gy. The RBE is thus 2.1. A 
value of 2.2 for the same assay with a 16 MeV d/Be neutron beam has been 
reported {1}. 

Reference 

1. J Denekamp and S B Field, Eur. J Cancer 10 (1974) 241 

8.3.4 Vicia faba meristem - assessment of relative biological 
effectiveness 

G Blekkenhorst*, E R Bering*, A Hendrikse*, C Kent*, D T L 
Jones, W L J Hendrikse, M Yudelev+ and M A le Roux + 

*Groote Schuur Hospital 
"•Taure Hospital 

Vicla faba roots of initial length approximately 10 cm were irradiated 
with graded doses of neutrons up to 1 Gy. Growth in 10 days was 
measured and the dose which resulted in a fractional growth of 0.5 
(compared to mean growth of unirradiated roots) was determined. This 
was found to be 0.525 Gy. This value compares favourably with a value 
of 0.53 Gy obtained in the 65 MeV p/Be beam at Louvain-la-Neuve {1}. 
It was found that the dose of Co gamma rays required for the 0.5 
fractional growth was 139.6, so that the RBE was 2.66 in the present 
work. 

Reference 

1. J Gueulette, private communication 
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8.3.5 The effects of neutron radiation on cartilage growth 

G D Cilliers, C M Cilllers and M Nissenbaum 

Johannesburg and Hi11brow Hospitals 

Vertebrae in the distal portion of the tails of A-day-old Sprague Dawley 
rats were irradiated with fast neutrons from the Faure cyclotron. 
These rats were left to reach maturity at 12 - 13 weeks, at which time 
diagnostic X-rays were taken of the tails. 

The ratio of the average length of vertebrae in the distal portion of 
the tails as compared with the proximal portion was calculated. From 
these ratios, the percentage stunting in cartilage growth is calculated. 

The results obtained with the Faure neutron beam (p(66)/Be) show an 
average RBE of 1.15 at the ED50 level as compared to results obtained 
for cartilage stunting on the Fretoria neutron beam (d(16)/Be). This 
RBE value must be considered as approximate as the experiment at the 
Pretoria cyclotron was performed on 7-day-old baby rats. 

8.3.6 Determination of the relative biological effectiveness (RBE) 
of the unfiltered p(66)/Be neutron beam in relation to 

Co irradiation 

8.3.6.1 Mouse jejunum crypt cell assay 

L BShm*, S de Roubaix*, D T L Jones and M Yudelev+ 

*Tygerberg Hospital 
+Faure Hospital 

The assay was adopted from the method of Withers {1} using three 
10-week-old female BALB-C mice per cage and dose point. Field size was 
20 x 20 cm , SSD - 150 cm. Depth of mice in a perspex phantom was 
4.1 cm. Dose variation within the field was not determined and no 
hardening and flattening filters were employed. Midline dose was 
determined by use of a tissue-equivalent ionization chamber. Neutron 
dose rate was about 0.5 Gy.mln , y-ray dose rate was about 1.4 
Gy.min . 

Mice were killed after 3.5 days, the jejunum was fixed in 5% buffered 
formalin and sections were cut from 3 different positions to count 
crypts. Surviving crypts were Poisson-corrected and the number of 
surviving crypt cells plotted against the Irradiation dose. The RBE was 
determined at a survival level of 10 cells. 

A typical set of survival curves is shown In figure 15 and a summary of 
measurements is given In table 4. From two sets of experiments the 
average RBE of 10-cell survival level was found to be 1.69 which 
compares favourably with the value of 1.65 determined for the Fermilab 
Installation by Cohen {2}. 
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Fig. 15 Typical survival curves for mouse jejunum crypt cell assay. 
• Unflltered p(66)/Be neutrons; <> 6 0Co. 
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Fig. 16 Typical survival curve for V79 cells with unflltered p(66)/Be 

neutrons. 



Table 4 Mouse jejunum crypt cell assay (single fraction) BALB-C 

Date Dose (Gy) Co Dose (Gy) neutrons 
at 10 cell survival at 10 cell survival 

RBE 

I 5.5.87 15.00 
18.5.87 15.00 
26.6.87 14.50 
2.7.87 14.88 
9.7.87 

II 30.7.87 -
3.8.87 14.50 
18.8.87 -
28.8.87 15.70 
21.9.87 15.95 

8.73 

1.71 
1.71 
1.66 
1.70 

Mean: 1.695 

1.58 -1.61 

1.71 -1.74 
1.74 -1.77 

Mean: 1.692* 

9.15 

9.00 

•Compare result of Cohen (Fermilab) using B6CF1 mice: RBE - 1.65 

8.3.6.2 V79 Chinese Hamster lung fibroblast cell colony assay 

L Bóhm*, J Michie*, A Serafin*, J P Slabbert, D T L Jones and 
M Yudelev4" 

*Tygerberg Hospital 
"hFaure Hospital 

The assay was adopted from the procedure of Puck & Marcus {3}. Tubes 
with suspensions of 2 * 10 cells from log phase cultures suspended in 
1 ml of MEM medium were irradiated in a 21 x 21 x 13 cm water tank 
(LWH) at a depth of 28 mm (98% depth dose) with a horizontal beam.The 
dose rates were 2.8 Gy.min and 0.5 Gy.min and the dose ranges 
4.3-10.5 Gy and 2.5-6.2 Gy for Co and neutrons respectively.Cells were 
counted, diluted and plated in triplicate according to a predetermined 
schedule. After 5 days colonies were fixed in methanol-acetic acid 
water 1:1:8 v/v/v stained in 0.01% Amido black in fixative and colonies 
of approximately 200 cells/T-25 flask were counted. Irradiations were 
done on the same cell plating on the same day using cell passages below 
20. The RBE was calculated from: 

RBE 
D o( 6 0Co) 

D 0 (neutrons) 

using paired runs (table 5) and the final average RBE was found to be 
1.71 ± 0.4 (95% confidence limit). 

The average RBE for the Fermilab p(66)/Be neutron beam in relation to 
250 kV X-rays at 1, 10, 50 and 70% survival has been given as 1.8, 2.2, 
2.6 and 3.8 {2}. The corresponding figures for the Faure beam are 2.0, 
2.3, 3.3 and 4.3 which are consistently higher. The differences are most 
likely due to the different reference radiation. 



Table 5 RBE-data of Faure neutrons based on V79 Chinese Hamster Lung 
fibroblast cell survival 

Paired 6 0Co Neutron RBE 
cperiments 

°o Do 
5/6 1.58 0.86 1.84 
7/8 1.61 0.93 1.74 
12/14 1.51 0.85 1.77 
13/15 1.36 0.77 
16/18 1.97 0.98 2.00 
17/19 1.49 0.95 
22/24 1.62 1.06 1.53 
23/25 1.87 0.94 

Mean* 1.71 ± 0.4 

•Averaged after pooling all Co and neutron data, 
excluding bad data and fitting to multi-target equation 
S - 1 - (l-e- D/ Do) N 

An interesting observation relating to the unfiltered Faure beam is the 
fact that the survival curve shows a strong B-component (Figure 16). A 
similar degree of double-event inactivation is also shown by the 
Fermilab neutrons {4}. 

Table 6 RBE of fast neutrons versus Co-irradiation 

Centre: Faure MRC {5} Fermi {2} Louvain {7} Tamvec {1} 
Source: p(66)/Be p(62)/Be p(66)/Be d(50)/Be d(50)/Be 

V79 cells 1.71 
Mouse gut 1.69 
Mouse foot {8} 2.10 
Mouse LD50(6) 
Vicia faba {8} 2.66 
Pig skin {8} 3.9 
OER (V79) {9} 1.7-1.8 

An overview of the present state of calibration of the unfiltered 
p(66)/Be Faure neutrons is given in table 6. While a strict comparison 
of the various beams is not possible owing to differences in the 
physical characteristics of the beam (e.g. nuclear reaction, spectrum, 
y-contamination, target thickness, reference radiation, dosimetry 
protocol) and the reference survival level, the data nevertheless allow 
the following general conclusions to be drawn: 

(a) that the biological properties of Faure neutron beam in all 
Important end-points closely resemble the biological properties of 
other neutron installations of similar energy; 

1.72 0.70 
1.55 0.65 

1.7±0.2 

1.7-1.8 

1.95 

1.65 

1.6-1.7 1.7-1.8 
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(b) that determination of the low-energy neutron component may be 
desirable; 

(c) that a neutron/neutron intercomparison with either Clatterbridge, 
Fermilab or Louvain-la-Neuve is justified to assess established 
clinical protocols. 

References 
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8.3.7 Determination of the relative biological effectiveness (RBE) 
of the filtered p(66)/Be neutron beam in relation to Co 
irradiation 

8.3.7.1 Effect of polyethylene filtration on the soft neutron compo
nent as determined by the mouse crypt cell assay 

L Bolim*, S de Roubaix*, D I L Jones and M Yudelev+ 

*Tygerberg Hospital 
+Faure Hospital 

A 2 cm polyethylene filter was installed in the filter drawer of the 
lsocentric unit which also contained a beam-flattening filter. 
Additional filtration consisted of 1 cm polyethylene and 2 mm lead 
placed on top of the 400 x 400 x 300 mm mouse cage. The in vivo mouse 
jejunum crypt cell assay was used on BALB-C mice as in 8.3.6.1. Neutron 
irradiation was at 2.5 cm and at 13.5 cm depth (in perspex). Crypt cell 
survival is given in figure 17. 
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The RBE was calculated from the ratio: 

Photon dose at 10 cell survival 
Neutron dose at 10 cell survival 

Thus RBE (2.5 cm) - 1 5 , ° ° ** - 1.697, 
8.84 Gy 

and RBE (13.5 cm) . 1 5 - 0 0 <% , 1 < 6 2 7 
9.22 Gy 

giving an RBE difference of 4.1%. 

V79 cell survival also indicates a reduction of the depth dependence and 
a remaining RBE difference of 3-5Z {1}. 

The RBE for the unfiltered p(62)/Be Clatterbridge beam determined by the 
in vivo mouse gut assay at 12 cm depth was 1.40 and H Z lower than at 2 
cm {2}. 

Reference 

1. J P Slabbert, this report 

2. S Hornsey, Br. J. Radiol, (in press) 

8.3.7.2 V79 Chinese Hamster lung fibroblast cell colony assay 

L B6"hm*, G Lombard*, A Serafin*, D T L Jones and M Yudelev+ 

*Tygerberg Hospital 
"hPaure Hospital 

The permanent Installation of a flattening filter and a 2.5 cm 
polyethylene beam-hardening filter at the beginning of 1988 necessitated 
a new in vitro measurement of the RBE. In view of the experience of 
Gueulette {1}, we also decided to irradiate the two sets of cells for 
the same period of time to ensure constant repair. Assuming an RBE of 
1.6 and a neutron dose rate of 0.45 Gy.min at an SSD of 150 cm, the 
photon dose rate used was 0.71 Gy.min- at an SSD of 97 cm. Other 
irradiation conditions and methodological details were as given In 
8.3.6.2. 

Table 7 Effect of filtration on RBE 

Neutron modality n D q RBE 

Fermi — unfiltered 3 120 1.65 
Faure — unfiltered 3.8 95 1.69 
Faure — filtered 2 40 1.77 
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The survival curves indicate that the filtered neutron beam shows a much 
reduced shoulder and lower D q (figure 18). While filtration and 
removal of low-energy neutrons were expected to reduce the RBE, it was 
found that the RBE actually increased from 1.69 to 1.77. We attribute 
this to a small dose rate effect in the previous irradiations which was 
eliminated in the current measurements. 

Reference 

1. J Gueulette, Thesis (Université Catholique de Louvain, 1982) 


