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IN VITRO ACTIVATION OF BONE
WITH 14 MeV NEUTRONS
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Samples of compact bone, bone marrow and spongiosa of cow femur have been irradi-
ated in vitro with 14 MeV neutrons. The CajP ratio for compact bone was found to be
2.16 + 0.24. The suitability of using 14 MeV neutrons and the ! P(n, a)?® Al reaction for
studying the bone mineral composition in vitro is discussed.

Introduction

The determination of the bone mineral content, in particular the amount of cal-
cium, is of great medical interest, as a demineralisation process is observed under
various physiological conditions such as hormonal imbalance, renal diseases and im-
mobilisation. Much work has therefore been directed to investigating different pos-
sibilities for determining the whole-body or partial-body calcium content.

Since it is difficult to observe small changes in the bone mineral content from
radiological skeletal surveys alone and since changes up to 30% may still be un-
detectable by that method, clearly new techniques for more accurate determination
of the mineral content are urgently needed.

The technical development has proceeded along two main lines. One technique
is based upon the attenuation of photons passing through the area of interest. Al-
though this method is fast and easily applied it has the drawback of not being
element selective. The other technique is that of neutron activation analysis, which
also provides a method for performing both in vivo and in vitro measurements of
the body calcium content.

Since the early work by ANDERSON et al.,' there has been a rapid develop-
ment in the technique for determining the main body elements by neutron activa-
tion. ANDERSON et al. made measurements of sodium and chlorine and also
pointed out the possibility of determining body calcium by the same technique.

Today several types of neutron sources are available. Very often in this techni-
que the neutron sources produce fast neutrons with a wide range of energies. How-
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ever, most investigations use thermal neutrons in the activation process so that the
neutrons are deliberately thermalised by a moderator or naturally in the soft tissue
surrounding the bone. In the bone, thermal neutrons give rise to the reaction
48Ca(n, y)*°Ca. The abundance of *2Ca in natural calcium is 0.19% and the half-
life of the induced *°Ca activity is T = 8.72 min. The f-decay of *°Ca is followed
by a 3084 keV gamma-ray. Although the intensity of this gamma-ray.is weak, it
can be extracted from Nal-spectra because of its high energy. Neutrons from a
cyclotron,> 14 MeV neutrons from the D, T reaction® and neutrons from (a, n)
sources®™® have been used to determine the calcium content or body elemental
composition.

It has also been suggested that the *'P(n, a)>® Al reaction can be used for deter-
mination of the calcium content.®1%1! Since the bone mineral hydroxyapatite
Ca; o(OH),(PO,4)¢ contains calcium and phosphorus, methods have been developed
to measure also the phosphorus content in bone. For example MAZIERE et al.'?
have recently reported a method using neutrons from 2°2Cf and (a, n) sources for
deterrnining the Ca/P ratio by in vivo activation: the amount of calcium was deter-
mined using the *®Ca(ny,, 7)*°Ca reaction induced by thermal neutrons; phosphorus
was determined from the 3! P(n, «)?® Al reaction, achieved with fast neutrons.

Despite the recent developments in neutron activation analysis of biological ma-
terials, 14 MeV neutrons are rarely used for activation purposes. Nor are high re-
solution gamma-ray spectrometers very common in practice. In the present work
we therefore report irradiations of bone samples in vitro with 14 MeV neuatrons.
The resulting gamma-ray spectra were measured with a high energy resolution
Ge(Li) detector. In this way we activated several elements. We further discuss the
usefulness of the 3! P(n, a)?% Al reaction for determination of the calcium content
of bone.

Methods of measurement

In this investigation 14.7 MeV neutrons were produced in a neutron' generator
through the D,T reaction. A rotating tritium target assembly was used and the
neutron production was approximately 10'° n-sec™. The neutron flux ® at the
position of the sample to be irradiated was =2 - 10® n-cm™ - se¢™!.

The samples were irradiated in polystyrene containers, but for the measuring
procedure the sample material was transferred to non-activated containers. The
gamma-ray spectra were measured with a 110 cm® coaxial Ge(Li) semiconductor
detector on line with a PDP 9 computer. In this way it was possible to measure
and store up to seven consecutive 4096 channel spectra, which were then analysed

with the VIPUNEN program'® in the Burroughs 6700 computer. For the energy
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and intensity calibration of the detector set-up IAEA standard sources were used
as well as the well known sources of $6Co and '®2Eu.!*"'% After the analysis of
the spectra, the gamma-rays were assigned to their reactions on the basis of peak-
energies and half-life determinations.

The number of observed counts, Ngps, in a spectral peak corresponds to the
well known formula for neutron activation anaiyses

0y, PNy m, Oef,

Nobs = (1 _ e—)\ti) (e “Ato __ e—}\tf)
M, A
where o0, — reaction cross-section for nuclide A;
P — neutron flux at the neutron energy 14 MeV;
N, — Avogadro’s number;
m, — mass of element A;
(¢S] — abundance of the nuclide A in the eilement;
M A — atomic weight of element A;
A — decay constant of induced activity;
€ — detector efficiency for detecting the gamma-radiation;
f, — gamma fraction in the decay;
t; ~ irradiation time;

to — waiting time;
waiting time plus measuring time.

=
|

In Table 1 we present some physical properties for the elements and reactions
observed in the activation procedures, including prominent gamma-ray energies, in-
tensities and half-lives.'®'7 The cross-section values for the reactions are taken
from the measurements and compilations by HOLMBERG, HYVONEN and TAR-
VAINEN.!®

The in vitro measurements of the bone mineral composition have been carried
out using fresh cow femurs. Samples of compact bone, bone marrow and spongiosa
have been irradiated. The samples were small, with masses varying from 60 mg to
2 g. During some of the irradiations aluminium foils were used as standards, in
which case the samples were sandwiched between two aluminium foils.

The irradiation times varied from 1 min to 30 min and the gamma-ray spectra
were recorded after waiting times ranging from 1 min to 24 hrs, depending on the
half-life of the activity to be determined. Usually four consecutive spectra were
recorded, the time of measurement-varying from 5 min to 6 hrs.
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Table 1
Some phisical properties of the reactions involved in the present work

Reaction Cross—s:ctlon, Half-life Energy (intensity), keV
m

44Ca(n, p)**K 42 22.15m | 1024.7 (0.06) 1126.2 (0.07)
1157.0 (0.58) 1499.1 (0.08)
2151.3 (0.23) 2519.3 (0.08)

44Ca(n, @)*' Ar 27 1.83h 1293.6 (0.99)
“2Ca(n, p)**K 173 12.36 h | 1524.7 (0.18)
43Ca(n, p)**K 111 222 h 372.9(1.00) 617.6 (0.92)
4%Ca(n, 2n)*"Ca 616 4.55d 1297.1 (0.76)
31P(n, )2 Al 132 2.24m | 1778.9 (1.00)

Results and discussion

In Fig. 1 we show three spectra measured after 14 MeV neutron irradiation of
compact bone and one spectrum from bone marrow, and in Fig. 2 we indicate
from which part of the cow femur the samples are taken. The first spectrum (A)
of compact bone was obtained by irradiating the sample for 10 min. The measure-
ment was started 21 min after the end of the irradiation and lasted for 20 min.

In this spectrum the **Ca(n, p)**K reaction is clearly observed. Even the 1778.9 keV
gamma-ray line following the ®!P(n, @)?8 Al reaction can still be seen, despite of

the relatively long waiting time. As the 3!P(n, &)*® Al reaction is very sensitive,

small samples and short waiting times can be used if one is interested in the phos-
phorus reaction only. Strontium in compact bone gives rise to the reaction

88S1(n, 2n)® "™8r, which is manifested by the 388.4 keV gamma-ray peak.

The spectrum in part B of Fig. 1 was obtained when the waiting time was 60 min.
For this case the gamma-ray peaks from the decays of 2% Al and 4*K are unob-
served or weak, but the longlived activities due to the *?Ca(n, p)*?K (T = 12.36 h),
the #3Ca(n, p)*3K (T=122.2h) and 2*Mg(n, p)**Na (T = 15.0h) reactions are
clearly seen. In this spectrum the two strong gamma-transitions following the decay
of #Na appear. The sodium activity originates mainly from the 2*Mg(n, p)**Na
reaction, but the possibility of an interfering 23Na(n, 7)>*Na reaction cannot be
rejected even though the sizes of the samples were small.

For still longer waiting times (to = 6 hrs) we obtained the spectrum C, in which
the peaks arising from the *®Ca(n, 2n)*Ca reaction are observed. The peak at
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Fig. 1. Gamma-ray spectra measured after 14 MeV neutron irradiation of compact bone and
bone marrow of cow femur. Main reactions and gamma-Tay energies are indicated in
the figures. Asterisks indicate background peaks. A constant of 50 pulses is added to
each channel

E, =1297.1 keV is due totally to the (n, 2n) reaction, as the interfering activity
from the **Ca(n, @)** Ar reaction (T = 1.83 h, E, = 1293.6 keV) present in spectra
A and B has now fully decayed.
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Fig. 2. Cross-section of the cow femur showing the parts from which the samples were taken.
Samples: 1, 2 —~ compact bone, wet mass: 700 mg — 4.5 g; 3 — bone marrow, wet
mass: 320 mg — 3.8 g; 4, 5, 6 — spongiosa, wet mass: 67—510 mg

The last spectrum (D) of Fig. 1 shows the activities that arise in a sample of
bone marrow after a 5 min irradiation. This spectrum differs drastically from that
from compact bone and shows only the peak at E, = 1778.9 keV due to the
31P(n, a)?8 Al reaction.

From several measurements the Ca/P ratio in compact bone was deduced and
was found to be 2.16 £ 0.24, which is consistent with the chemical formula for
hydroxyapatite and with earlier measurements.!2:19:20

Also samples from the spongiosa of the femur were irradiated (Fig. 2). The measure-
ments indicate that the amount of phosphorus and calcium decreases, as well as
the amount of other minerals found in the femur, as the central part of the
spongiosa is approached. In these samples from the spongiosa part phosphorus is
easily activated, although the amount of phosphorus is lower than that of com-
pact bone. The amount of calcium in samples 3—6 was too small for an accurate
determination of the ratio Ca/P.

For an accurate determination of phosphorus from the gamma-ray energy peak
at 1778.9 keV the interfering gamma-ray peak at 1775.5 keV from the **Ca(n, p)**K
reaction should be taken into account. The intensity of this interfering gamma-ray
line is weak, and moreover depends on the irradiation and measuring times. For
short irradiation and waiting times and with small samples the influence is minimal
and may be neglected, but in other .cases a cofrection has to be made. This cor-
rection may be made through the 1752.9 keV gamma-ray. transition which also
follows the decay of **K, since the intensity ratio for the 1775.5 keV and
1752.9 keV gamma-rays is known to be 0.49.'° The use of the 1752.9 keV gamma-
ray transition as a reference line in favour of other strong lines also present in

the decay of **K is dictated by the very small change in detector efficiency in
this narrow energy interval.
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In the present work we have demonstrated that 14 MeV neutrons can be used
for the determination of calcium and phosphorus in bone with the aid of the
44Ca(n, p)**K and *'P(n, @)?® Al reactions, respectively. As the Ca/P ratio for
compact bone is known, the calcium content can be deduced indirectly from a
determination of the phosphorus. This method has the advantage of not requiring
moderator materials, as in the case when the *3Ca(n, v)*? Ca reaction is employed.
Also the half-ife of the 28 Al activity is short (T = 2.243 m) so that only short
irradiation times are necessary.

A further advantage is that since the phosphorus reaction is easily observed,
even with small samples, the 14 MeV neutron activation method may be of value
when only small biopsy samples are available.
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