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ABSTRACT

We have devised a technique for measuring the total amounts of the
elements K, N, Na, Cl, P and Ca in the living human body by neutron
activation analysis. We have used it to study changes in body composition
associated with disease and are now extending it to measure total body C, H
and 0 also.

1. INTRODUCTION

This Department's pioneering work on the measurement of low activities
of gamma-emitting radionuclides in the living human body began in 1949 (1).
In 1958 The Medical Research Council set up its Environmental Radiation
Research Unit here, with Professor F.W. Spiers as Director, to continue the
work. Two sensitive whole body radiation counters were installed in a
basement laboratory in the General Infirmary, where they were accessible to
patients. From the mid nineteen-sixties onwards they were used
increasingly in clinical and physiological research.

In many investigations they were used to measure total body potassium
(TBK) by counting gamma rays from the natural radioactive component of
potassium, 40K. Potassium is an essential intracellular ion; therefore in
healthy subjects TBK is a measure of the mass of fat-free tissue in the
body (FFM). TBK was measured both in studies of disease and in
investigations of the relationships between body composition and physical
performance.

This growing interest in studies of body composition led Professor
Spiers to initiate the installation of a neutron irradiation facility which
would make it possible to measure more body elements (N, Na, Cl, P, Ca) by
in vivo neutron activation analysis. Professor Spiers retired in September
1972 and the Environmental Radiation Unit closed, but the work continued
under Professor Spiers' successor (R.E.E.).

*Died 12th September, 1981.
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2. DEVELOPMENT OF IN VIVO NEUTRON ACTIVATION ANALYSIS

2.1 Planning the installation

When designing our installation, we expected that it would first be
used clinically to measure body calcium. We examined the feasibility of
measuring calcium in the forearm only, using Ge(Li) detectors to measure
induced " C a , but concluded that such detectors would not be sufficiently
sensitive (2,3); we also considered the possibility of measuring iron in
the liver (4). We finally decided to install facilities for whole body
analysis, and in 1972 ordered a sealed tube neutron generator from Philips
of Eindhoven, The apparatus was designed to emit 10*1 neutrons per second
of energy 14 Mev, generated by the reaction 3H(2n?n)4ne. in 1973 a
shielded room for the installation was added to the building containing the
whole body counters.

Delivery of the neutron generator was delayed. Therefore we acquired
a small pulsed neutron generator tube emitting 10^ neutrons per second
(Marconi Avionics Ltd) for preliminary experiments. We showed the
feasibility of determining nitrogen by measuring either prompt gamma rays

u5|\n or inHucpri raHinactivity (14N(n,2n)1.3N) t and oxygen using(14N(n, Y ) 1 5 N ) or induced radioactivity
the reaction 150(n,p)16N (5).

2.2 Irradiation and counting facilities

A Philips neutron generator with an output of 3x1010 neutrons per
second was delivered in January 1976 and was incorporated into a clinical
irradiation facility. We had designed the room on the assumption that
standing patients would be irradiated from front to back with a horizontal
beam of neutrons. When we came to measure our first patients in the
autumn of 1976, they were so ill (sec. 3.2.1) that they had to lie supine.
It was impossible to contrive a vertical beam of neutrons and therefore we
arranged to irradiate them bilaterally. The irradiation and counting
facilities are described in the Appendix.

2.3 Clinical procedure

Out-patients are asked to change into a cotton gown; in-patients may
be too ill to change and are usually measured wearing the nightwear and
dressing gown which they wear on the ward. Body weight, height, four
skinfold thicknesses and upper arm circumference are measured, then the
patient is taken to the irradiation facility.

Lying supine on the couch, the patient is irradiated from the right
side; the couch is then rotated horizontally through 180° and the
irradiation is repeated for an equal time from the left side. Each
irradiation takes between one and five minutes, depending on the elements
to be measured (sec. 2.8). The patient is then moved to the whole body
counter, which takes about five minutes, and lies supine on the couch for
30 minutes while the induced radioactivity is measured.
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2.4 Spectrum analysis

Pulse-height spectra from the eight detectors are stored separately in
256 channels each. Any mis-settings of the energy calibration (15 kev per
channel) are corrected numerically, then the spectra are combined. In
addition to counter background, the resulting spectrum contains
contributions from 1 3 7Cs, 40K, 13N, 24Na, 3 8C1, 28A1 and 49Ca; the last
five are reaction products of N, Na, Cl, P and Ca respectively. The
spectrum is analysed by the method of least squares to give the activity of
each component and hence the mass of the parent element in the body. The
calculation uses a library of standard spectra obtained by irradiating and
counting an anthropomorphic phantom containing each element in turn, and
includes corrections to standard neutron dose-rate, irradiation time,
transfer time and counting time; further corrections are applied for
interfering reactions (sec. 2.5) and the weight of the patient (sec.
2.6).

2.5 Interfering reactions

Most interfering reactions affect the determination of body elements
by only a few percent. The amounts to be subtracted are calculated by
multiplying the mass of the stable element generating the interference by
an efficiency factor determined experimentally. With one exception, the
masses of the elements which contribute interferences are determined during
the analysis. The exception is oxygen, which reacts with recoil protons to
give 13N (16()(p,a)13N), increasing apparent total body nitrogen (TBN) by
about 20%. Total body oxygen is calculated by assuming that 85% of it is
in body water, which is estimated from weight and height using published
formulae. The efficiency factor is a function of body weight determined by
irradiating and counting water-filled anthropomorphic phantoms (sec. 2.6).

2.6 Correction for body weight

Correction factors were determined for nitrogen by irradiating and
measuring phantoms of various sizes assembled from polythene tanks
containing solutions of urea. A regression equation was calculated giving
the factor as a linear function of body weight, and this relationship was
assumed to hold for human subjects (6). A similar calibration was
determined for sodium (7).

This work was repeated and extended to other elements using phantoms
of more realistic design (8) filled with solutions containing the relevant
elements in physiological concentrations; phantom weights ranged from 40 to
83 kg and heights from 140 to 190 cm (9).
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2.7 Dosimetry

Neutron dose to the patient was determined initially (a) with a
neutron monitor, (b) with neutron film badges, (c) with a tissue equivalent
ion chamber and (d) by calculation from the measured neutron fluence; at a
nominal dose-equivalent of 50 mrem (0.5 mSv) (quality factor 8), the four
values had a coefficient of variation of 6% (6).

During each measurement, neutron generator output is monitored by an
air-equivalent ion chamber placed near the target; dose to the patient is
measured (a) by counting pulses from a neutron monitor placed under the
couch and (b) by a neutron film badge on the patient (6).

2.8 Precision and accuracy

A higher neutron dose will improve precision, but the dose is limited
by ethical considerations and by errors due to random summing at high
counting rates; careful investigations show that such errors are negligible
at the doses we use (10, 11).

If only TBN is to be measured a dose-equivalent of 50 mrem (0.5 mSv)
is adequate; when a phantom was irradiated and measured eight times in 24
weeks at this dose equivalent, the nitrogen values had a coefficient of
variation of 3.6% (6). A dose-equivalent of 500 mrem (5 mSv) is given to
determine all six elements; at this dose-equivalent 35 irradiations in 13
months gave coefficients of variation ranging from 1.9% for K to 3.8% for
Cl. Accuracy is more difficult to determine because true body content is
unknown, but some indications are available for TBK and TBN. In the case
of TBK, weight correction factors found using phantoms differed by no more
than 3% from factors found by comparison with a counting geometry
previously calibrated using 42K as an internal standard (6). In the case
of TBN, a detailed study (12) suggests that measured values are unlikely to
be in error by more than 6%. Results for a group of healthy subjects
measured in Leeds (13; sec. 3.1.1) have been compared with those for a
similar group measured at the Brookhaven National Laboratory, New York;
when broken down by sex and age, the greatest difference between
corresponding decade means is 20%.

2.9 Measurement of total body carbon

Our work with surgical patients (sec. 3.2.1) suggests that the
ability to measure total body carbon (TBC) would be invaluable in studies
of long-term energy balance. We have investigated the possibility and have
now made the first ever measurements of TBC in living human subjects.

The measurement is made by detecting the 4.43 MeV gamma rays which are
emitted when fast neutrons are scattered inelastically by the carbon nuclei
of the body. In the present arrangement, the gamma rays are counted by a
single sodium iodide scintillation detector placed underneath the couch on
which the subject lies supins whilst being irradiated laterally. The



- 81 -

sensitivity of the technique has been measured using phantoms filled with
solutions of sucrose, and accuracy examined using very realistic
anthropomorphic phantoms of various sizes (8) containing the bulk elements
of the body, including carbon, in physiological amounts. Six male
volunteers have been measured with a dose-equivalent of 200 mrem (2 mSv)
(14).

3. BODY COMPOSITION IN HEALTH AND DISEASE

3.1 Body composition in health

We study the composition of the healthy body for three reasons; (a) to
establish standards with which to compare patients when we try to assess
changes associated with disease; (b) to quantify the changes which
accompany growth; (c) to relate body composition to physical performance.
We measure principally body weight, skinfold thicknesses, TBK and TBN.
From weight and skinfold thicknesses we estimate fat and FFM. TBK and TBN
are also measures of the FFM, TBK because K is an intracellular ion and TBN
because N is almost all contained in protein. In some studies we also
measure mineralisation of the femur by observing the attenuation of a fine
beam of 60 kev gamma rays passing through the thigh. Physical performance
is measured by our* collaborators in other departments.

3.1.1 Normal
been

adults. Many sets of measurements of normal TBK have
few of TBN. We have therefore measured TBK, TBN and

men
published, but

FFM in 91 volunteers: 18 policemen, 44 civilian men and 29 women; the
were aged between 22 and 68 years and the women between 21 and 62 years.
The policemen were on average 6.5 kg heavier (2.5 kg fat, 4.0 kg FFM) than
civilian men of the same age and height. Measured TBK and TBN in-the
civilian men and the women agree well with published values. As expected,
TBK and TBN are significantly correlated with FFM estimated from skinfold
thicknesses. We have derived equations giving TBN and TBK as functions of
age, height and weight for each sex (13). Values for elements other than
K and N are imprecise because the neutron dose-equivalent was restricted to
50 mrem (0.5 mSv) for ethical reasons.

3.1.2 Effects of an anabolic steroid drug on the body composition and
performance of athletes. We have taken part in two double blind
crossover trials of the drug "Dianabol". In the first (15), 11 athletic
students undertook controlled strength training for six weeks; half took
lOOmg per day of Dianabol and the other half a placebo. After six weeks
without training or medication, they undertook a further six weeks of
exercise with the medications interchanged. Body weight, TBK and muscle
size increased significantly only when the drug was taken; athletic
performance increased with both medications, but not significantly more
with the drug.

wm
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The results were equivocal, because the mean increase in TBK (420
mmol) was out of proportion to the weight gain (3.3 kg), considering that
skeletal muscle contains only about 90 mmol K/kg. Therefore the trial was
repeated with measurements of TBN, which we thought might be a more
reliable measure of FFM. T'4N was measured at the University of Birmingham
because our technique had not then been established.

Seven male weight lifters took part. The results (16) were closely
similar to those of the previous study. With the drug, there were
increases of muscle size, mean body weight (2.3 kg) and mean TBK (436
wnol); mean TBN also increased, by 255 g. Thus both TBK and TBN increased
out of proportion to the weight gain, because fat-free tissue, including
muscle, contains about 34 g N per kg. In this trial, athletic performance
improved significantly only with the drug. These two trials suggest that
athletes training on Dianabol do increase their muscle size, but the tissue
gained contains more K and N than normal skeletal muscle.

3.2 Body composition in disease

Onset and progress of disease are often marked by changes in body
composition. We investigate these changes either because they are believed
to be inimical in themselves, as when patients lose protein after
operation, or because they may help us to understand the disease process.

3.2-1 Body composition in surgical patients. Several reports have
shown that patients in hospital are likely to be malnourished. We
investigated 105 surgical in-patients and found a high incidence of
abnormally low weight, arm muscle circumference and plasma proteins; over
50* of patients in hospital more than one week after major surgery had two
or three abnormally low values (17). There is some evidence that such
deficiencies are detrimental to the patient, and they are frequently
treated by intravenous feeding. We have collaborated in a series of trials
designed to evaluate this therapy.

The most common treatment is a mixture of ami no acids and dextrose
given through a subclavian central venous catheter. We measured body
weight, ffit and protein (= TBN x 6.25) in 20 patients so treated for 11 to
40 days. We found that ten patients gained weight, but only two gained a
significant mass of protein; most of the weight gain was attributable to
water (18). A study in which total body Na and Cl were measured in
addition to TBN and TBK (19) suggests that water is retained in the
extracellular compartment.

The object of intravenous feeding is to increase body protein without
water retention; therefore other regimens have been tested, but none has
proved outstandingly better. A solution of amino acids alone retained
protein without excess water, but there was evidence that the patients
recovered from operation more slowly than those receiving glucose as well
(20); Insulin or an anabolic steroid drug added to the solution did not
increase body protein; giving 60% of tne non-protein energy as fat
maintained body protein without water retention (21) as did an elemental
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diet (22). It has so far proved difficult to increase body protein. A
survey of the control data for these trials (23) suggests that patients
given amino acids and dextrose alone lose less protein as nitrogen and
calorie intake increase but gain it, if at all, only at the highest
intakes (53 cal/kg/day, 0.36 grams N/kg/day).

Such studies would be greatly facilitated if we had some means of
measuring energy balance over long periods. Because the body's energy is
stored in carbon-hydrogen bonds, changes in total body carbon reflect
changes in the body's energy stores. Therefore we are developing a
technique for measuring body carbon (sec. 2.9).

3.2.2 Body composition in heart disease. In 1975 we set out to test
the widely held belief that patients with heart disease were likely to lose
20-30% of their potassium when treated with diuretics. We measured TBK in
151 patients and compared the results with expected normal values. We
found a deficit of no more than 5% (140 mmol) in those taking diuretics
(24) and showed that TBK did not increase when patients were given extra
potassium or potassium sparing diuretics (25).

We then reanalysed published data on 345 healthy controls and 333
patients. We showed that controls and patients had often been badly
matched, and that when this was corrected the apparent deficit was similar
whether or not the patients took diuretics; the deficit could be explained
as a loss of muscle tissue (26). We have since measured TBK in 32
patients admitted for open heart surgery (27) and TBK and TBN in 27
patients with severe chronic heart disease (28). All the results are
consistent with the hypothesis that the patients have lost muscle, but that
their remaining tissues have normal potassium content.

3.2.3 Body composition in obesity. Patients treated for gross obesity
may lose not only fat, but protein and water as well. We have begun to use
in vivo neutron activation analysis to measure the amount of nitrogen, and
hence protein, lost by patients during four weeks of therapeutic
starvation. Because the patients are very large (some weigh over 200 kg^ <s
had to rearrange the detectors of the whole-body counter to acr^sr.odate
them, and determine the sensitivity of the new arrangement- io do this,
phantoms were built to represent each patient at the begirding and end of
treatment. The thickness of the patient's subcut?r-ous adipose tissue was
measured at several sites by computerised ax*i"; tomography. A matching
phantom containing known amounts of th> major body elements was then made
from simulated lean, adipose and r-.sietal tissue and measured in the same
way as the patient. The result gave a correction factor for each element
for that patient. Ferulae were derived from the data which enable
correction factors for other patients to be estimated from body weight
(29).

3.2.4 Effects of an anabolic steroid drug on bone mineral content and
fat-free tissue mass in post-menopausal women with chronic rheumatoid
arthritisT This trial was designed to test the efficacy of the
anabolic steroid drug Deca Ourabolin as a means of arresting or reversing
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bone mineral loss in these patients. Thirty-four patients were studied.
Half were treated with Deca Durabolin and the remainder acted as controls.
Five measurements of TBCa, TBN, TBK and femoral bone density were made on
each patient over a two-year period. The results have not yet been fully
analysed.

3.2.5 Total body calcium in bone disease. A survey of TBCa if patients
with bone disease has begun. Bone mineral loss will be estimated by
comparing the measured values with those found in patients >.;z\\ no evidence
of bone loss. The relationships between TBCa and 1 oril measures of bone
mineralisation in the femur, forearm and hand have L;een examined with a
view to assessing the relative merits of the various measures. In 12 men
and 30 women, TBCa correlated best with fenv. ii bone density (r=0.9) (30).

4. FUTURE DEVELOPMENTS

We intend to develop our technique so that in a single measurement we
can determine not only -.otal body K, N, Na, Cl, P and Ca, as at present,
but also total body C, r; and 0. To do this we shall install detectors
around the couch jn which the patient is irradiated to count inelastic
scatter gamma-"^ys from carbon, neutron capture gamma rays from hydrogen
and gamma rays from the decay of 1<>N (half-life 7.14 sec.) created by the
reactic^ ^ ( n . p J ^ N (5); prompt gamma-rays from nitrogen will also be

d

The most important of the additional elements is carbon. We have
already measured TBC in six volunteers (sec. 2.9) and intend to use the
method as soon as possible to study long-term energy balance in patients
(sec. 3.2.1).

There is at present no obvious clinical application for the
measurement of total body oxygen (TBO), but the result will enable us to
correct our measurement of TBN more accurately for the 13fj created from
oxygen (sec. 2.5).

The prompt gamma rays from nitrogen can be counted to give a second
estimate of TBN. The efficiency of the system depends on body size, but
others have shown that it can be determined for each patient by counting
neutron capture gamma-rays from hydrogen and relating the observed counting
rate to body hydrogen estimated from the known composition of body tissues.
We shall be able to measure TBN in this way and compare the results with
the values obtained for the same patients by our present technique.
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