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ABSTRACT

A medical cyclotron (Model CS-15, The Cyclotron Corporation, Berkeley,
CA) with a multi-layer neutron collimator designed for partial body neutron
irradiations and a low-background patient counting facility have been estab-
lished for measurement of bone calcium and sodium; and soft tissue, ex-
changeable sodium and chlorine. The cyclotron also provides total-body
calcium by the 3'Ar method of Palmer.

1. PARTIAL BODY THERMAL NEUTRON ACTIVATION ANALYSIS IN VIVO

Comar etal. (1,2) showed that the ratio of calcium and sodium fixed in
bone, and the kinetics of labile bone sodium, and of sodium and chlorine in
soft tissues of a local region of the body, may be studied by thermal acti-
vation of this region. Since only a local region of the body was irradiated
with neutrons, the rest of the body acted as a large pool for any exchange-
able material generated in the activated region. From Jones et al. (3) it
can be seen that a single portal partial body thermal neutron radiation
procedure results in at least a 10-fold reduction in thermal neutron dose
for every 4 cm of depth in tissue. The inhomogeneity of thermal neutron
flux implied by this dose depression would make it difficult, if not im-
possible, to define the degree to which the inevitable variety of tissues
of varying electrolyte composition would be irradiated. Without this know-
ledge and without the ability to reproduce the physical irradiation geome-
try with extreme precision, changes in the electrolyte composition of any
particular body sub-region could not be observed by means of serial studies.
A well-collimated beam of fast neutrons provides a much more uniform thermal
neutron distribution, thus greatly minimizing these difficulties.

A cyclotron allows the required integrated thermal neutron flux to be
delivered within a few seconds time (1 rad per 8 sec). This makes it pos-
sible to measure sodium and chlorine biological elimination rates and the
analysis of such data by multicompartmental modeling techniques.

A low-background patient gamma-ray counting facility and a 70 cm thick
multilayered neutron collimator addition to the Sloan-Kettering Institute
cyclotron facility made possible the development of fast and thermal neutron
activation analysis diagnostic procedures for the benefit of cancer patients
(4).



We have measured the fast and thermal neutron spatial distribution pro-
duced by the neutron collimator using activation foil techniques first in a
water tank phantom and subsequently in phantoms representing a number of
anatomical regions of the body. Radiation dosimetry of this collimated
field was carried out by methods discussed in Ref. 5.

We have developed a partial body neutron activation method to measure
partial body calcium and the rate at which the sodium and chlorine contained
within selected body tissue volumes are exchanged into the remainder of the
body (4).

Results obtained from a study of the kinetics of sodium and chlorine
exchange from the head of a dog to the remainder of the dog's body show
that approximately 97% of the sodium was exchanged with a half-time of 1
min, \% with a half-time of 26 min, and 2% with a half-time of 12 hours.
Chlorine exchange can be accounted for by two exponential components. The
first component accounts for 94% of the chlorine with a half-time of 1.8
min with the remaining 6% accounted for by an 80 min half-time. These
techniques allowed us to observe the early rapid exchange components of
these electrolytes for the first time. They probably represent extra-
vascular, soft tissue exchange. The 26 and 80 min components of sodium and
chlorine may represent exchange of these electrolytes from a rapidly
turning over compartment in bone. The 12 hour component of sodium most
likely represents a slowly exchanging compartment within the bones of the
head.

2. 37Ar METHOD FOR IN VIVO CALCIUM NEUTRON ACTIVATION ANALYSIS

The 37/\r method was first suggested for measuring total-body calcium
by H.E. Palmer (6). Studies of the feasibility of the 37Ar neutron acti-
vation method for humans were initiated at the Sloan-Kettering Institute;
the first human in vivo irradiation took place on February 8, 1973 (7-10).
This study established that less than 1 mrad of fast-neutron exposure would
be sufficient to obtain an accurate measure of exhaled 37Ar activity. Our
next study was designed to determine quantitatively the ultimate fate of
37Ar produced in bone by the *°Ca (n,a)37Ar reaction (8,10,11). This study
demonstrated that exhalation in the human can be approximated by two expo-
nential components; about 80% of the total exhaled activity leaves the body
with a half-time of about 40 min, and the remainder leaves with a half-time
of about 200 min. The study also gave evidence that about 30% of the total
37Ar activity produced in bone is trapped there essentially permanently,
presumably within crystalline hydroxyapatite. Errors in the accuracy of
the 37Ar method caused by the bone trapping of 37Ar have been partially
determined by us, and some results have been presented (12,13). We have
developed an equation, based upon studies of normal human cortical bone,
for predicting the trapped fraction in this bone to within ± 2.5%. Pre-
liminary studies of normal trabecular bone show 2-3% less retention than
in cortical bone and diseased bone as much as 6% less. As a practical
matter it is desirable to collect the inert gas in a recirculating system
over a finite collection time. Such a procedure gives the 37Ar an
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opportunity to be dissolved into body fat. Clearance time for argon from
body fat is about 2 hours, is quite variable, and the fraction retained
would vary with body fat content.

The 37Ar method promises an extremely low hazard total-body calcium
measurement technique which could be repeated essentially without limit,
without undo hazard. It may even be possible to carry out the procedure
without an additional fast neutron radiation dose beyond the environmental
background levels. There are two major concerns in U s widespread appli-
cation. The first involves collection and counting of adequate breath
samples. The procedures are complex, costly and not clearly amenable to
automation. The second concern involves inaccuracies in the method which
can be expected from variations in the fraction of the total 37/\r pro-
duced within body calcium that is not exhaled. Although these variations
have been studied and shown to be rather predictable for normal cortical
and spongy bone, this appears not to be the case for diseased bone where
a much wider variation can be expected from currently existing data. The
bone crystal trapped fraction depends upon the crystal size, which has been
shown to depend upon the age of the bone (12,13). New bone formation pro-
duced by therapy is certainly new but not so clearly normal. Excessive
resorption may involve gradual reduction in bone crystal size or it may
be complete dissolution of a rather small fraction of the total bone crys-
tals at any given time. Even serial studies cannot be relied upon to give
changes proportional to total content because of our inability to know the
crystal size variations within the changing calcium stores of body. In
order to hope to answer these questions with any degree of certainty, a
considerable extention of the earlier in vitro bone studies would be needed.
It may be that appropriate correction factors for disease and recovery from
disease provided by various therapies can be discovered. A review of the
current status of the 37Ar method was prepared in 1978 (14).

The extent to which further feasibility studies are done depends upon
the importance of calcium measurements and the perception of risk associated
with the comparative neutron exposure between the 37Ar method and the thermal
neutron delayed gamma method. At the present time the accuracy obtainable
and the neutron exposure required by the delayed thermal neutron method for
the patient populations generally expected to be analyzed argues strongly
for the thermal capture method. One possible area where the 37Ar technique
may be considered for future studies is for normal and abnormal skeletal
growth measurements in babies and" children.
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