
We have recently developed a low-dose method
that uses neutron activation to measure total-body
calcium (TBCa) in humans. The principle of the
method was first described by Palmer (1 ) ; it uses
14-MeV neutrons to produce argon-37 in bone by
the 40Ca(n,a)37Ar reaction, and the resulting argon
is then recovered from the exhaled breath (1).
Argon-37 radioactivity is measured in a small low
background gas proportional detector.

Under the appropriate conditions of irradiation,
the amount of Ar-37 produced is proportional to
the amount of calcium present. Since 98â€”99% of
the body's calcium is contained in the skeleton in
constant proportion, measurement of TBCa is in
effect a measure of bone mass.

Single as well as serial measurements of TBCa
(in effect calcium balance) are extremely valuable
for the study of a variety of metabolic bone abnor
malities. In our laboratory bone-wasting diseases
such as osteoporosis are under detailed study to
elucidate the natural history of the disease and to
evaluate the effect of drugs that inhibit loss of bone
mass. The neutron activation analysis (NAA) tech
nique is ideally suited to this type of drug evaluation.

Measuring TBCa by in vivo total-body NAA is
not new, but has been limited to the 48Ca(n,-y)49Ca
thermal neutron reaction. In this case the gamma
emitting, 8.8-mm Ca-49 is measured by whole-body
counting immediately following activation (4).

The Ar-37 method has a major advantage of re
ducing the total-body dose to 10 mrads or less per
measurement, as opposed to the 60â€”200mrads re
quired for Ca-49 studies. Thus, selected population
studies of TBCa will be quite acceptable, as well

as long-range repetitive studies in various disease
groups.

The purpose of this paper is to report the first
quantitative measurements of total-body calcium in
ten human subjects using the new Ar-37 TBCa sys
tem, and to indicate accuracy and basic design fea
tures of the method.

METHODS

Fast neutrons ( 14 MeV) are produced by a neu
tron generator* placed 5 m in front of a patient
irradiation enclosure. The enclosure is an aluminum
water tank, 213 cm high, 61 cm wide, and 30.5 cm
thick, mounted on a turntable. Uniformity of acti
vation was Â±2.7% for a bilateral irradiation (front
and back) , as determined by measuring the yield of
Ar-37 from small vials containing known amounts
of Ca-40 in solution at 45 positions within the water
filled tank.
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Measurements of exhaled Ar-37 produced by total-body neutron irradia
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subjects. There was a good correlation between the Ar-37 yield and total-body
calcium determined by measurement of Ca-49.
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Identifica
tion No.Age (years)Weight (kg)Height (cm)SexTBCa* (kg)Ar-37

yield
0â€”1hrf(pCi/kg

TBCa p
0â€”3hrter

10 mrad)
0â€”5hrj0-14576.8183M1.0997.49.611.1G-22677.3166F0.8207.19.5110G-34988.7171M1.1386.99.110.6G-47960.9155F0.5946.98.4N.A.G-575101.5177M1.005â€”8.8â€”0-66681.6178M1.1476.38.3â€”G-76058.6168F0.7677.18.8â€”G-86780.5171M1.1676.68.59.3G-95579.9175M1.1167.59.310.2G-105955.5161F03126.48.0

Mean
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For the TBCa measurement, the patient is placed
within the tank with shoulders level with the top.

The tank is filled with water and a face mask is
fitted to the patient. The mask is connected to a

closed-circuit breathing system containing 30% oxy
gen and 70% helium.f An equally timed bilateral
(front-and-back) irradiation is then performed for

the desired whole-body dose (10 mrad for the stud
ies presented in this report) . The dose is standardized

from one irradiation to another by the activation of
four aluminum disks placed near the patient during
irradiation. After a counting period of 1,000 sec,
50,000 counts can be obtained from the Na-24 pro

duced, limiting the random counting error to 0.5%.
The Na-24 is detected by placing the disks between
two 9-in.-diam by 4-in.-thick NaI(Tl) detectors.
The irradiation time is no more than 3 mm. After
irradiation the patient relaxes on a reclining chair
until the end of the breath collection period.

During breath collection, variably timed samples
of breath can be removed without disturbing the in
tegnity of the closed system. When a sample is to
be withdrawn, the system is flushed with O@â€”Heand
all gases (except helium) are trapped on type 5-A
molecular sieve material in a steel sampling cylinder
cooled to liquid nitrogen temperature. The cylinder
is then stored until it is processed for counting by a
system recently described (2).

This initial study was designed primarily to ex
plore the accuracy of the argon-37 method. To de
termine accuracy, ten volunteer subjects were irradi
ated with 14-MeV neutrons and Ar-37 was collected
from their exhaled breath for periods of 0â€”ihr, 1â€”3
hr, and 3â€”5hr following the irradiation. The same
subjects were also measured with the Ca-49 total
body activation and counting system at the University

of Washington cyclotron. That system was calibrated
by chemical analysis of the ash of five cadavers and,
thus, gives an absolute value for total-body calcium
after corrections for height and weight, as has been
discussed in a previous publication (4).

The total dose for the Ar-37 procedure was 10
mrad, as measured by a tissue-equivalent ion cham
ben. While the dose includes a small contribution
(c@ 1 0% ) from gamma photons, for radiation safety

purposes we assume that the dose is delivered by
neutrons only.

RESULTS

The results of the argon-37 TBCa measurements
in the volunteers are given in Table 1 and Fig. 1.
The data are shown for each breath-collection inter
val and are expressed as picocuries of Ar-37 excreted
per kg total-body calcium for 10-mrad dose.

During the first hour following irradiation, nine
subjects excreted 6.9 Â± 0.4 (mean Â± s.d.) pCi of
Ar-37 per kg of TBCa per 10 mrad. For 0â€”3and 0â€”5
hr intervals this value increased to 8.8 Â± 0.5 (ten
subjects) and 10.4 Â± 0.3 (four subjects). The rela

tive standard deviation of these measurements was
5.8 % for 0â€”1hr, 5.7 % for 0â€”3hr, and 6.8% for
the 0â€”5hr interval, and was comparable with that
of the Ca-49 measurement, i.e., Â±5.3% (3). Based
on the summation of errors present in this type of
comparative analysis, these data indicate that the
Ar-37 method will have an accuracy at least as good
as the Ca-49 method with which it was compared.

COMMENT

These studies show very consistent excretion of
Ar-37 in the subjects as a function of their TBCa.
In particular, the data indicate that a single 1-hr

TABLE 1. RESULTSOF ARGON-37 NEUTRON-ACTIVATION ANALYSIS FOR TOTAL-BODY CALCIUM
IN NORMAL SUBJECTS

6.9
Â±0.4

8.8
Â±0.5

10.4
Â±0.7s.d.

. As determined by the Ca-49 method.

t Breath collection interval after irradiation.
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low 20% to a high of 30% over eight decades, but
was the same for all types of bone in any individual
(8,9).

Our data (Table 1) also suggest a slight decrease
with advancing age for the Ar-37 released from bone
in vivo. A linear regression analysis yields a rate
of change with age essentially the same as that de
rived from the data of Bigler et al. Thus, the data
suggest that the small variability of long-term Ar-37
retention with age will have a minimal effect on
predicting the TBCa from the Ar-37 excreted. This
is to say that representative quantitative sampling of
the total-body calcium is observed.

At this time we are planning continuing measure
ments in a large number of patients whose TBCa has
also been determined independently by the Ca-49

@ cyclotron method, in order to establish more pre

0- 5 cisely the accuracy of the Ar-37 method. In addition,
the reproducibility (precision) of the argon-derived

4 TBCa in any one individual will be established
by repeated measurements in the same individ
ual. Good precision is essential to the measure
ment of serial changes (calcium balance) in the
same patient. We have measured TBCa argon in two
subjects on three separate occasions and have ob
tamed a coefficient of variation of Â±2%.

The total-body neutron dose for these experiments
was 10 mrad, but this level can be lowered by simply
lengthening the counting time for Ar-37. For exam
ple, the dose could be lowered to 1 mrad if the
counting time were increased from I 0 hr (this study)
to 2Â½days.
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FOOTNOTES

C Kaman Nuclear Model 711.

t This mixture eliminates nitrogen from the system, since
it would interfere with the processing of the Ar-37 (2). The
gas used is of ultra-high purity, containing less than 0.001%
argon by volume.
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FIG. 1. Argon-37yield after total-bodyirradiation(14-Mev
facility). Mean yield of Ar-37 per kg total-body calcium, as mdc
pendently measured by Ca-49 technique, is shown for three breath
collection intervals. For each data group vertical bar indicates
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cretion rates of Ar-37 following neutron activation
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excretion t112 of 27 mm and a second component
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be collected during the first hour following irradia
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The data derived from this study also provide in
formation about the possible long-term in vivo re
tention of Ar-37 in bone. The total amount of Ar-37
that would be excreted from a patient out to infinite
time after irradiation can be estimated by using the
mean yields of Ar-37 from Table 1 (for both 0â€”i
and 0â€”3hr) and the formula for the total excretion
rate curve presented in Ref. 2. This result, 9.7 pCi/
kg TBCa for a i0-mrad dose can then be compared
with the observed yield of 12. 1 pCi of Ar-37 per kg
calcium per 10 mrad dose, which was obtained from
solutions of calcium nitrate exposed to the same
activation uniformity and fluence as the patients.
The values suggest that approximately 20% of the
Ar-37 produced in vivo may be retained. Recent
investigations by others of irradiated dead bone also
suggest that approximately 20% of the Ar-37 pro
duced may be retained in the bone crystal. The per
cent retained also varied linearly with age from a
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REFRESHER COURSE

To supplement the events of the 2nd Annual Western Regional Meeting of the Society of
Nuclear Medicine, a 4-hour AMA approved refresher course will be available for participants.
Chairman of the course, Dennis Patton of the University of Arizona, wishes to announce that
the topics and specialists selected to be present are the following: Pediatric Nuclear Medicine,
Hersh Handmaker, MD; Emergency Nuclear Medicine, Nancy Telfer, MD; CT Scans and
Nuclear Medicine, Michael Lawson, MD; Bone Studies, Philip Matin; Imaging Studies of
Tumors and Abscesses, James Woolfenden, MD; Studies of Cardio-Vascular System, Wil
ham Ashburn, MD; Ultrasound, Ronald Antoine, MD.

For additional information contact: Jean Lynch, Administrative Coordinator, P.O. Box
40279, San Francisco, CA 94140, (415) 647-5909.




