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INTRODUCTION
The skeleton owes its rigidity to the very special composition of bone tissue, 

the main inorganic component of which is hydroxy apatite Ca^g(PO4)g (OH) 2 /l/. A 
knowledge of the normal physiological bone calcium and phosphorus content and its 
variations in different pathological; changes of the phospho-calcium metabolism is 
therefore extremely important. Moreover to form an objective opinion of the value 
of a particular therapy in the treatment of different forms of demineralising bone 
diseases requires a method of determination sensitive enough to measure "in vivo" 
slight changes in the bone calcium and phosphorus concentration.

Three main clinical methods are used to evaluate the mineral content of human 
bone : radiography (carried out on the spinal column), semi-quantitative histology 
performed on a biopsy from the iliac crest, and absorptiometry practiced on the fo
rearm. The poor sensitivity of radiography and the distress caused by the biopsy 
process necessarily limit the use of these techniques.

The absorption curve produced by the bone mineral analysis concerns a "total 
bone mineral" per unit length of the bone scanned but not the calcium or phosphorus 
content of this bone. On the other hand neutron activation analysis, which is non
destructive , is an ideal method for the qualitative and quantitative determination 
of bone mineral elements in live subjects.

Major centres now investigate the calcium metabolism by "in vivo" activation 
analysis using whole-body techniques /2,3,4,5,6/; cyclotron, D.T.generators, a-n 
isotopic sources provide the required neutron flux.

Such "in vivo" activation may also be carried out on a given region only. Par
tial body activation has already been used to determine calciun contents in the 
hands /7/, feet /8/, tibia /9/, trunk /10/ and spine /ll/.

The main advantage of local activation lies in the specificity of the irradia
tion, only the organ or the zone concerned being affected by thé neutron flux. Mo
reover the local irradiation procedure is relatively simple and uses compact appa
ratus, inexpensive enough to equip a non-specialised hospital service.

On the basis of these considerations a method was developed for the measure
ment of Ca and P by local activation of the hand with 2S2Cf and 238Pu-Be neutron 
sources. The present work begins by describing this method. Part two gives the re
sults obtained on a group of normal subjects, and to conclude, following a discus
sion on the validity of the method, its -application to pathological subjects is 
considered.
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Table I lists some nuclear characteris
tics of calcium and phosphorus :
-l,8Ca, one of the stable isotopes of calcium, 
is converted by thermal neutron bombardment 
into radioactive tt9Ca of half-life 8.8 min. 
-Stable phosphorus similary irradiated gives 

3?P, a pure ß emitter unsuitable for analy
sis "in vivo". Phosphorus can thus be mea
sured only after transmutation to 28Al by 
fast neutrons.

The different behaviours of P and Al 
suggested the use of isotopic sources with 
complementary neutronic characteristics,

T
min

Ey
MeV

48Ca(n,y)49Ca 8 .8 3.10

31P(n,a)28Al 2.28 1.78

Table I



Figure 1

•çh‘as californium 252 and plutonium 238-beryllium.
On ficj.l, v;hich shews 

the energy spectra of these 
two types of neutron source 
and the excitation function 
of the (n-a) reaction on 
phosphorus, the reasons for 
this choice appear clearly:2 5 9- The Cf spectrum shows 
a predominance of slow 
neutrons which will be 
thermalised on passing 
through the soft tissues 
of the hand and will hen-

j, 9ce produce Ca.
- The Pu-Be neutron spec
trum on the other hand, 
having a mean energy of 
4.5 MeV/Will be able to 
induce the 31P-28Al trans
mutation reaction which 
has a threshold around 
3 MeV.

Finally it is evident, from the large variation in the cross-section of this 
reaction as a function of neutron energy, that the energy differences due to slo
wing down of the neutrons in soft tissue thicknesses variable from one subject, to 
another will considerably complicate the'phosphorus measurement.

MATERIALS AND METHODS
1°/- Irradiation

To obtain a relatively 
homogeneous irradiation of 
the hand the neutron sour
ces were arranged equidis- 
tantly on a ring of diame
ter 12 cm. The whole irra
diation device, shown on 
fig.2 , consists of two 
200 yg 252Cf sources emit
ting 9.2xl08n s-1 and four 
10 Ci238Pu-Be sources emit
ting 6 .8xl07n s-1, giving 
a total emission of aboutQ — t10 n s . The irradiation 
unit fits into a horizon
tal perspex cyclinder pla
ced at the centre of a 1m3 
paraffin wax cube. The 
shielding is supplemented 
by a 2 mm thick cadmium 
sheath and 5 cm lead 
shielding. Under these con
ditions the dose rate at the 
surface of the lead castle is about 3 m rem/h. Inside the irradiation cy/linder 
the thermal neutron"îïux~is about 7xl0Sn cm“2s-1, varying over a distance of 10cm 
by approximately 5 % on a longitudinal axis and 3% on a transverse axis in the 
source plane.

Therm al f lu e n c e

Figure 2



‘ Fig.3 shows the fast 
iseutron flux and efficien
cy variations, measured by 
phosphorus dosimeter acti
vation :
- on a longitudinal axis 
this variation is large, 
up to 30% over 10 cm,

- along a transverse axis 
on the contrary the va
riation is almost negli
gible.
Fig. 4 shows the hand 

in the irradiation posi
tion :
- For good reproducibili
ty of the geometrical 
irradiation conditions 
the subject grips a 
cyclindrical perspex 
handle which slides on 
rails and locks into 
the irradiation posi
tion ; the source pla
ne then coincides with 
that of the metacarpus- 
finger joints.

- Irradiation is confined 
as far as possible to 
the hand alone by pro
tecting the subject's 
forearm with a cadmium 
bracelet, the end of 
which coincides with 
the axis of the radial 
and cubital epiphysary 
styloid bones.

2°/~ Working procedure
For a given neutron 

fluence the sensitivity 
of the analysis depends 
on the irradiation time, 
which is chosen in prin
ciple according to the 
half-lives of the radio
isotopes used. In the 
case of "in vivo" analy
sis however the dose delivered
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during the examination becomes the limiting factor.

a) Dosimetry
All dosimetry measurements were carried out in a cylindrical plexiglass phan

tom :
- the total dose rate, n+y, was obtained with an ionisation chamber made of tissue 
equivalent plastic,

- the y dose rate, measured with standard lithium fluoride thermoluminescent de
tectors, amounts to 0 .2 rad/min,

- the difference between the above two measurements gives the neutron dose rate,



equal under these geometrical conditions to 0.28 rad/min.
Assuming a quality factor of 5 for the neutrons as a whole the total absorbad 
dose at the level of the hand, starting f:.om the source neutrons and y radia
tions, may be estimated at roughly 1.6 rem/min.

b) Irradiation
On the basis of the 

above dosimetry measure
ments the irradiation time 
was fixed at 5 min., which 
corresponds to an absorbed 
dose of about 8 rem at the 
level of the hand. This do
se compares favorably with 
that delivered during a 
routine radioisotopic in
vestigation such as thyroid 
uptake for example.

Furthermore, the ma
ximum dose equivalent 
acceptable on the hand 
being 60 rein per year 
(French norm for personnel 
working directly under ra
diation) , the examination 
can quite safety be repea
ted several times a year.

c) Radioactivity measurement
Fig. 5 shows the subject's hand in 

the counting position. A 45 second decay 
time elapses between the end of irradia
tion and the moment when the subject 
grips the horizontal handle fixed bet
ween the two 5"x5" Nal(Tl) scintilla
tors .

An 8-minute radioactivity recording 
is then carried out, followed immediate
ly by a second 24-minute measurement.

Fig. 6 shows recordings between 1.3 
and 3.5 MeV of the radioactivity induced 
in a hand, after smoothing and subtrac
tion of the background. The lower spec
trum represents the first 8-minute count 
and serves to calculate the induced phos
phorus activity by integration of the 
pulses forming the 28A1 1.78 MeV peak.
The upper spectrum, which is the sum of 
the recordings made, is used to determi
ne the t9Ca activity. It should be no
ted that the same spectrum can also sup
ply quite an accurate measurement of 
zl<Na owing to the 1.37 MeV peak of this 
radioisotope.

The only reaction likely to inter
fere with the measurements would be 
37Cl(n,p)37S since the 3.10 MeV gamma 
emission of sulphur 37 could perturb

Figure 5



M-9,Ca measurement.
An irradiation of an organic chlorine solution, showed that under present con- 

itions this interference is entirely negligible.

RESULTS
The statistical accuracy on the induced radioactivity measurement carried 

out on the hand of a normal subject is about 2.5% for phosphorus and 1.6% for cal
cium.

The reproducibility of the method was tested by 10 successive analyses on a 
phantom consisting of a wax covered skeleton hand. Under present experimental con
ditions the standard deviation over the series remains within 3 % for both phospho
rus and calcium.

The "in vivo" study itself 
was carried out mainly on a group 
of 55 normal subjects, men and 
women aged between 30 and 50.The 
upper part of table II gives the 
results obtained on this group 
and shows a large degree of scat
tering on the total recorded ac
tivity : 21 % for Ca and 18 % 
for P.

This means that while mea
surements obtained on a single 
subject at different times may 
be compared with one another, 
the standard deviation on a set 
of results being less than 3%, no 
inter-comparison is possible 
amongst the over-all results 
obtained on a series of normal 
subjects. The reason lies in the 
large morphological differences 
between one hand and another, even 
within a relatively homogeneous popu
lation. An attempt was therefore made 
to standardise these over-all values 
by the use of morphological parameters.
Fig. 7 illustrates the methods employed 
to measure some of these parameters such 
as the total volume of the hand, the bo
ne volume and the soft tissue volume :

Ca P

n 55 55
Counts/Hand 3946±796 3482±797

20 % 23 %

Counts/cm^/Bone 60.4±5. .4 54.6+5.9
9 % 11 %

Table II

The estimated first

B

total volume VR was 
according to Archimede's principle

- The projected area of the hand bones S. 
was then determined by surface integra 
tion of an X-ray image.

- The projected area/volume ratio was caL 
culated on a number of finger and meta
carpus bones from various anatomical 
specimens.

This ratio, which is constant for
anatomically comparable bone structures,
nevertheless varies from 0.65 to 0.80 as
the bone volume increases from 40 to 953cmJ.

b o n e

- Applying the appropriate ratio to SB it figure 7



 ̂--«as possible to calculate the bone volume of the hand Vg and, by difference with 
Vy, the soft tissue volume Vg.

The results obtained, listed 
on table III, show large differen
ces in these morphological parame
ters : 19.1 % for V , 12 % for V 
and 21 % for Vg. B

These same results shows that 
the bone occupies about 17 % of the 
total hand volume, whereas for the 
whole body this percentage is only 
8 %.

This soft tissue/bone tissue ra
tio difference is another argument in 
favour of the hand as the focal 
point of the analysis.

The lower part of table II 
gives the value obtained by divi
ding the total activity by the 
bone volume. By such normalisa
tion of the results, now expressed 
in counts per cm^ of bone, the 
standard deviation observed on 
the series of 55 subjects is reduced from 20 % to 9 % for the calcium 49 activity 
and from 23 %'to 11 % for the’phosphorus-aluminium 28 activity.

To convert these recorded activities correctly into masses of calcium and 
phosphorus it is necessary to use standards in every way comparable to the hands 
examined : Ca and P localised in a core surrounded by a hydrogenated moderator.

For this purpose skeleton hands, 
of elementary composition determined 
non-destructively by in-pile neutron 
activation, were covered with wax.

Fig. 8 shows the induced activity 
variations in such a standard plotted 
against the mass of wax added : therma
lisation of the neutrons increases the 
number of counts recorded per gram of 
Ca, whereas the fast neutron energy 
loss causes a sharp drop in the recor
ded activity per gram of P. The same 
figure also justifies the use of Pu-Be 
sources for the phosphorus measurement: 
for a less than 10 % increase in the 
total number of neutrons, i.e. for a 
dose similar to that delivered by Z52Cf 
sources alone, the induced activity per 
gram of stable phosphorus is practical
ly doubled.

In order to obtain standards com
parable to the hands examined, the spe
cimen population was divided into five 
statistically different groups selected 
according to bone volume.

Using skeleton hands of similar 
volume (between 40 and 100 cm^) arran
ged around a perspex handle and covered 
with paraffin wax, five standards were

Hand Bone Soft
Tissue

H B S

'Volume cm^ 403.9 69.2 334.7

ö % 19.1 12 21

VR£ _JL
VH
n = 0.174

a = 10. 6 %

Table III



tepared. The quantities of wax used were calculated on the basis of the average 
loft tissue volume in the group concerned, corrected for the hydrogen content dif
ference between the wax and soft tissues. 
j Using the appropriate stan
dard for each subjects, the pre- 
/vious results, expressed in counts 
/per unit volume, were converted to 
I grams per unit volume. In this way 
J the calcium concentration in nor
mal subjects was found to be about 
18 g per 100 cnr and the phospho
rus concentration about 9 g per 
100 cm3 of bone (Table IV).

Finally the value 1.96±9% 
was calculated for the mass ratio 
Ca/P "in vivo".

CONCLUSION
1/- Validity of the results

The calcium masses thus determi
ned "in vivo" agree well with pu
blished values obtained on anato
mical specimens and are probably correct.
In the case of phosphorus it is clear that the results obtained cover not only

the bone phosphorus proper but also that of the soft tissues, which represents 
about 5 to 7% of the total phosphorus present in the hand.

Allowing for this unavoidable inaccuracy the bone Ca/P ratio measured "in vivo" 
corresponds well to the value 2.18 recommended in the literature.

2/- Advantages of the method
The masses of Ca and P contained in the hand may be correctly estimated by

this analytical method on condition that standards absolutely representative of
the hands examined are available.

Since the irradiated bone volume can be determined accurately these results 
may _>e normalised and expressed in calcium and phosphorus concentration per unit 
bone volume.

3/- Possibilities of the method
To illustrate the possibilities 

of the method described, some results 
obtained on osteoporosis or hyperpara
thyroid patients are listed in table 
V. The low calcium and phosphorus con
centrations observed in these patients 
(20 to 30% lower than normal) show that 
"in vivo" activation analysis of the 
han is an ideal method of investiga
tion in generalised demineralising bone 
diseases.

Finally the method can be used to 
measure bone sodium. Three or four 
hours after the end of irradiation the 
sodium activity no longer seems to 
change, which means that measurements 
carried out afterwards concern only 
the non-exchangeable bone sodium pool.

Ca 
g/cm3

P
g/cm3

Normal 0.181 0.092
±0.015 ±0,009

Osteoporosis 0. 145 0.068

Hyperparathyroid. 0. 120 0.068

Table V

Ca P

n

g/Hand

g/cm^bone

55

11,7
18.5%

0.18110.015
8.9%

55

6 .0
15.9%

0-092±0,009
9.8%

Ca/P 1.96 ± 0,17 
(mass) 8. 9 %
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