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ABSTRACT

Since the inception of work on in vivo neutron activation
analysis at Toronto in 1967, the project has grown until these pro-
cedures are in routine diagnostic use at the Toronto General Hospital.
Approximately 300 calcium tests and 600 nitrogen tests are carried
out each year. Cadmium tests are also available.

1. INTRODUCTION

Work on in vivo neutron activation analysis started in Toronto in
1967, using Pu-Be sources and a 5" x A" Nal crystal. By 1969, 8" x 5"
crystals were being used to look at calcium in the lower limbs of volun-
teers, while by 1970 Pu-Be sources were used instead. In those early
years, all the interest was on calcium, whereas now nitrogen commands
a lot of attention, and other elements are measured or considered.

From the beginning of the calcium work at Toronto, emphasis has
been on partial body activation. This is because changes in bone calcium
in the body are not normally "across-the-board"; in osteoporosis, for
instance, the central skeleton is the part most at risk, whereas in
hyperparathyroidism manifestations of bone problems are most obvious in
the fingers. Looking at the whole body instead of just the part at risk
will tend to "dilute" the observable affect; or the effect may indeed
be washed out completely if there is a redistribution of mineral in
the body.

2. CALCIUM STUDIES

2.1. Apparatus

In the Toronto Calcium procedure, the subject is irradiated for
20 min. in a neutron chamber, with shielding walls of 18 in. concrete.
The neutrons are produced by 12 '38pU) Be sources, each with an output
of 1.2 x 10? neutrons/sec. The sources are placed symmetrically above
and below the trunk; the source-to-skin distance is fixed for any one
individual and is 12 cm in all cases (Figure 1). The subject lies on a
wooden stretcher and is positioned definitively with respect to the sources
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using the sternal notch as a reference point. The wooden board,
(4 cm thick), acts as a premoderator for the fast neutrons
from below. There is a similar wood premoderator above the
subject. Thermal flux measurements show that the area irradiated
(to a line where the thermal flux at the surface drops off to
50% of its maximum) is 60 x 30 cm. This area is constant for
all subjects. The dose equivalent received by this area of a
patient during the irradiation procedure is about 0.4 rem.

Correspondingly, the counting geometry (Figure 2) is such
that (to the 50% counting efficiency line) a similar area of
the subject is measured by the four fixed 8 x 5 in. Nal(Tl)
crystals of the whole body counter. Once again the sternal
notch is used for positioning. Thus a constant area is
irradiated and counted.

The counting procedure consists of a 20 min count
starting 3 min after the end of the irradiation. The *9Ca
3.1 MeV photopeak area is measured,- from this value are
subtracted a standard background and a small correction
determined by the magnitudes of the Na and Cl peaks at 2.75
and 2.17 MeV. This correction was determined from phanton
studies.

Emphasis has also been placed on ease of operation, with
which is coupled low cost of operation. The Pu-Be sources
are kept in the operational position at all time; the shielding
is sufficient to keep radiation levels belov: acceptable levels
anywhere outside the activation chamber, ana the patients are
put into position on a hand-pushed stretcher.

2.2. Reproducibility

We have felt that long term reproducibility and relia-
bility are of tne utmost importance, and as a result run
long backgrounds nightly, do phantom calibrations weekly, and
check energy calibration and efficiency of the detecting
apparatus before every measurement.

The long term reproducibility of the PBNAA system has
been carried out with phantoms and repeated measurements of
individuals. In order to obtain good counting rates, a KC1
phantom is used. The measurement of this phantom over years
has shown that, apart from the decay of the 2 3 8Pu, there is no
(< 0.1%/year) drift in the system in the period 1 to 2 years.
Seventy repeat measurements of healthy volunteers carried out
over short times show a reproducitility of ± 5.5% (1 SD).
The variation is largely due to the statistical accuracy
(± 4%) which derives from the relatively low neutron flux
available at Toronto, and which could be reduced with larger
sources and heavier shielding. For human subjects, variations
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may be due to errors in thickness corrections, although true
fluctuations in bone mineral cannot be excluded. As has been
shown by subsidiary experiments, positioning is not a problem,
because of the large area of bone measured.

We also are extremely conscious of the effect of body
thickness; differences in body thickness will not only affect
the self-absorption of the emergent gamma rays but will also
affect the average thermal neutron flux in the body and the
spatial distribution of that flux. By a series of measurements
we have found the correction factor required for our set-up.
A similar function is necessary for any other facility.

2.3. The Calcium Bone Index

From the beginning, we have regarded it as essential to
normalize for body size. Unlike the situation with body
temperature or seruzn calcium, different normal individual will
be expected to have different amounts of hydrogen, oxygen,
carbon, calcium, nitrogen and other elements in them. As
soon as we had a sufficient number of differently sized
volunteers, we established a Calcium Bone Index based on the
calcium-4 8 count a young (< 55) normal volunteer of the same
height had or would be predicted to have. The CaBI in fact
is CaBI = (Calcium count obtained under standard conditions
and efficiency corrected for body thickness)/190 K3*1 where
H is the "height" of the person in metres. K in fact is the
average of tne arm span and the lifetime measured height.
The average CaBI of the group of volunteers is of course
unity. The spread about the average value is + 12% (1 SD).

Considering only normal people, the variance might be
reduced slightly by including weight as a normalizing factor.
We have deliberately eskeved this, as we feel that it could
lead to faulty conclusions when dealing with sick persons,
who may, in addition to bone problems, be under-or- over-
weight. Two further points may be added - slightly better
variance could be obtained by having different constants for
men and women, but v/e have preferred the greater simplicity
of a single value. Secondly, the 3.1 power based on adult
data fits data on children remarkably well, with the difference
that children fall 10% below the line predicted on the basis
of adults, indicating less complete mineralization.

This effort on reproducibility, reliability and normali-
zation has been put in so that we may be able to work with
individuals, so that we may use the tool diagnostically. We
would like to stress that "good correlations", that is good
r values, between Ca and some other parameter such as size
are not good enough. All they say is that the result that,
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as a group, big people have more Ca is not one that you would
get by random chance - but the r value says nothing about the
spread of the data, about how accurately can you predict, in
a particular case, whether the individual person has osteo-
penia or not. This must be tested by a stricter test than
r value, for instance numbers of false positives or false
negatives, or the cpread of the data about the regression
line (SEE).

An old picture of results with volunteers and osteo-
porotics illustrates this point. The average value of CaBI
for osteoporotics is 0.70, a value highly significantly
different from the value, 1.0, for normal volunteers. But
nevertheless there is some overlap of the data for the two
groups, only part of which is experimental. Arbitarily
taking the line of demarcation as 0.8, one would get about
10% false positives and the same proportion of falst negatives.
At 0.7, there would be no false negatives - a clear cut
diagnosis of osteopenia can be made in cases with CaBI 0.7
below (Fig. 4).

3. NITROGEN STUDIES

3.1. Apparatus

We have taken over the idea of the neutron capture gamma
ray for nitrogen first developed at Birmingham using a
cyclotron as a neutron sources, and redeveloped it using the
cheaper and more reliable Pu-Be sources. This development
took place in the years 1973-77 during the doctoral work of
J.R. Mernagh. The technique is now in routine use at the TGH,
and is routinely funded by the hospital plan.

Just as with calcium, we have stressed
long term reproducibility and reliability,
ease of operation and maintenance,
effects of body thickness,
normalization for body size and,
in addition, great stress is laid on energy
calibration.

Currently we use two 10 Ci Pu-Be sources placed, respec-
tively, 30 cm above and below the body surface. The sources
are highly shielded, and the neutron exit ports are slits
such that an area of the body 25 cm x 60 cm is irradiated.
The patient is so positioned that this irradiated area covers
the trunk down to the mid-thighs. Two 5" x 4" Nal crystals
view this area. Both the 10.8 MeV N gamma rays (and their
escape peaks) and the 2.2 MeV H gamma rays are counted, as
well as well defined but small peaks in the background due to
capture in Fe and I. These latter peaks are used for cali-
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bration, to ensure that the same region about 10.8 MeV is
counted; the H acts as an internal standard. Use of this
internal standard reduces the affects of body thickness; in
total we have to make a correction of 1% per cm of body
thickness (compared with a phantom).

3.2. Reproducibility and Accuracy

The reproducibility of the method has been tested by
multiple measurements of phantoms and on repeat measurements
on human subjects. The repeat measurements were carried out
within 1 month; during this time there was no change in body
weight or K. The H and N content would not be expected to
change over short times. Initially the phantom measurement
gave a reproducibility for N of 2.5%, while for the humans
the corresponding figure was 4.8%. For hydrogen the corres-
ponding values were ± 3% and + 3.3%. For the humans the
variation in N/II was ± 5.7% (adding the H and N errors in
quadrature gives a predicted error of 5.8%).

These reproducibility errors can largely be charged to
"fitting" of the spectrum, and recently have been reciuced to
3.5% using better resolution which has made possible more
accurate fitting. Nuclear statistical errors are smaller.

The accuracy of a single measurement of nitrogen content
depends not only on the nitrogen and hydrogen counts them-
selves but also on the estimate of hydrogen mass in the body,
that is on the estimate of percentage of hydrogen therein.
This percentage depends slightly on fat content of the body
(at the most by 5%) and also on the protein concentration in
lean body mass (or degree of hydration) which we again
estimate will not cause error of > 5%.

Accuracy of the activation procedure has been checked Ly
measurement of two pigs which were subsequently analysed
chemically, and was found to be +5%. Of importance is the
fact that although, following our ncmal procedure, ve only
activated the middle section of each pig, by the chemical
method the percentages of nitrogen (by weight) were found out
to be different in any of the three thirds of the animals.
Of equal importance is the fact that, by the neutron method,
the measured nitrogen was not changed when the animal was
homogenized and restested.

The radiation dose to the subject was calculated from the
results obtained using fission track detectors and a tissue
equivalent neutron monitor. These results were applied
previously in our calcium work. In the present work the
neutron sources are fewer in number and further from the
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subject than in the calcium set-up. The dose to the subject,
in the area of the irradiation for nitrogen, is 5 mrads for
a lQ-min irradiation. Using a Quality Factor of 10 for
neutrons the dose equiva'.ent is 50 mrem. This 50 mreir about
the same as the dose equivalent given in a chest x-ray, and
may be compared to the 5000 mren/year allowed to a radiation
worker.

3.3. A Nitrogen Index

The percentage by weight of nitrogen in the bodies of
normal males is 2.5%, suggesting that in a standard 70 kg man
the mass of nitrogen is 1.75 kg.

The percentage nitrogen values (Fig. 3) for normal men
and women are not significantly different (although, because
of the differences in bcdy size, the total nitrogen values are
different). Nor are the mean percentage of nitrogen in normal
males and male hospital controls significantly different. In
malnourished male patients the percentage of nitrogen is
significantly lower (p < 0.001) but there is great overlap
between the data for the controls and for the malnourished
subjects. This presumably reflects the facts that in subjects
who are very thin the percentage of nitrogen will be high, but
that in edematous subjects the percentage by weight wili Le
low. It may be noted that the male ascitic subjects have the
lowest percentage of nitrogen of all subjects.

With more volunteer data, we now are able to normalize
for body size, and produce a Nitrogen Index, and on this
basis a group of malnourished patients had an index of 0.75,
that is only 3/4 of. the nitrogen expected for a person of
that frame size. This normalization we find is a function of
height cubed. Further refinement may follow further accumu-
lation of volunteer data.

The original N facility was built for $25,000. Our
newest version, with a much better mechanical system, and
double the number of detectors, cost about $50,000.
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4. USAGE

Both the nitrogen and calcium facilities are used as
routine diagnostic tools at the Toronto General Hospital.
The whole facility employs 2 technicians and a part-time
secretary, and has as i t s head Dr. Joan Harrison with
K.G. MclJeill as a consultant.

At the present time, just over 300 CaEI tests are rrade
each year. They take just over 1 hour each. The charge for
CabI is $72.50 and for this sane inclusive figure are obtained
K, Cl and Ua values.

The total number of tests for nitrogen performed each
year is in excess of 600. Again for this test the charged
cost is $72.50 and again, taking into account the time for
checking for background and measuring potassium, the length
of the test is h hour.

Finally, Tables 1 and 2 show types of studies for which
the calcium and/or the nitrogen facilities are being used.
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Table 1. Uses of Ca Facility

Diagnosis of Osteopenia

Postmenopausal
Idiopathic
liyperthyroic
Diabetes
Cushings
Ilypergonadisrr,
Steroid-inducec

Treatment for the Above Conditions

Osteonalacia

Vitamin D Deficiency
Fairilial Eypophosphatemic Rickets
Renal Tubular Acidcsis
Anticonvulsive Therapy

Primary r.yperparathyroidism

Renal Osteociystrophy

Bone Disease Secondary to TPN

Malignant Kyperthermia
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Table 2. Uses of M Facility

Protein Ilalnutrition (and effect of TPN)

Cirrhosis with Ascites (and effect of Leveen Shunt)

Major ALdoir.inal Surgery (and effect of TPN)

Cancer Therapy (and effect of TPN)

Continuous Ambulatory Peritoneal Dialysis

Weight Reduction Prograir.

Hype rthyroidi sn


