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The development of in vivo neutron activation analysis has opened an era

of research into the elemental composition of human beings. Studies of body com-

position prior to this development were performed by means of isotope dilution,

radiography, fluoroscopy, photon absorptiometry, biopsy, and whole-body

counting. These studies yielded data on relative changes in level, but not on

absolute quantities of the element. The one exception is total body potassium,

40
which can be measured directly by means of whole-body counting of K.

Until recently, remarkably few data had been recorded on the exact amounts

of the elements of which the human body is composed. However, with the new tech-

nique of J£ vivo neutron activation analysis (IVNAA), a number of elements have

been aeasured: calcium, phosphorus, sodium, and chlorine. With a refinement of

IVNAA, levels of nitrogen and cadmium can also be determined. IVNAA has also

provided medical investigators with a very useful cool for the assessment of

therapeutic regimens designed for the treatment of a variety of diseases and

physiological dysfunctions.

Principles

Neutron activation is an analytic tool based on nuclear reactions rather

than chemical reactions. The essential physical parameters involved include the

isotopic abundance, cross-section, half-lives of the product isotopes, and

energy emission of the product.
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IVNAA systems, designed for in vivo studies, generate a moderated beam of

fast neutrons to the total body of the subject. Capture of the neutrons by

atoms of the target elements creates unstable radionuclides which revert to a

stable condition by the emission of one or more gamma rays of characteristic

energy. This energy level then identifies the element, and the level of activ-

ity indicates its abundance. Radiation from the subject is measured in a highly

shielded facility and standard gamma spectrographic analysis applied.

There ia considerable variation in the neutron activation techniques

developed at various centers with respect to sources, moderators, site of activa-

tion (various portions of the body or total body), and detection systems. For

this reason, it is not possible to do more than compare the systems in a very

general way.

The neutrons may be derived from cyclotrons, neutron generators, or

252
radioactive sources. Numerous advantages derive from the use of C£ and a,n

neutron sources over cyclotrons and neutron generators. Foremost is the reduc-

tion in dose to the patient. Significantly greater stability in neutron output

is achieved; hence, the precision of the technique is enhanced. As the opera-

tion of radioisotopic neutron sources is relatively simple, the services of a

trained operator are not required, as they are for the operation of neutron gen-
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erators and cyclotrons. Finally, it is rather easy to install Cf and a,n

facilities for medical applications in a hospital environment,, this location

offers significant advantages to the patient, as well as to the investigator.

While the new generation of neutron generators holds promise, it appears that

considerably more development must occur before they can compete successfully

with Cf and the a,n sources now widely used and readily available.



Most, but not all, techniques employ moderators along with fast neutrons

to achieve the necessary uniform flux density within the target volume. Tech-

niques have been developed for total body neutron activation analysis (TBNAA)

and partial body neutron activation analysis (PBNAA). Portions of the body

selected for PBNAA are the hand, the arm and the trunk. The choice among the

various partial body techniques and the whole body technique depends on the ob-

jective of the study and the availability of the appropriate equipment.

In vivo neutron activation analysis applied to the hand is a sensitive,

precise technique for the measurement of peripheral bone mass. Since the'

irradiated volume can be approximated, the results yield a measure of the quan-

tity of calcium contained. Activation of the hand (as well as other partial

body irradiation), is most useful for serial studies of a patient, wherein

changes with time are recorded. However, extrapolation of the results from a

small portion of the body to the total body may be inappropriate and susceptible

to error.

The technology required for activation of the hand is relatively simple,

and commercial equipment is now available. Thus, this analytic technique can be

expected to move readily from the specialized laboratory into the hospital as a

useful addition to standard diagnostic equipment.

Partial body activation may be particularly useful for patients with dis-

eases that affect various parts of the skeleton differently. However, to date,

analyses based on PBNAA and TBNAA do not appear to favor one technique over the

other for such patients.

For example, activation of the spine may be the technique of choice for

the study of osteoporosis, which is often most clearly evident in the spine. A

further advantage is that the dose to the patient is reduced in a spinal expo-



sure. Truncal irradiation, while also involving a portion of the body (with ap-

proximately 402 of the total skeleton), irradiates the radiosensitive gastroin-

testinal tract, heoatopoietic and reproductive systems, as does total body irra-

diation. It is to be noted, however, that since the induced radiation with

truncal activation is reduced from corresponding levels achieved with TBNAA

(because of the reduced volume of the Ca target), the dose for the former tech-

nique has to be increased to over twice that of the latter in order to obtain ad-

equate statistical data. While the radiation doses to the subject in both TBNAA

and PBNAA (truncal) are small, they are nevertheless not insignificant.

Another example of a disease which may be focal is Paget's disease.

Paget's disease may have a high calcium level in the affected bone, while the un-

affected bones are normal or may even be osteoporotic, as many of these individ-

uals are older persons. However, although not all portions of the skeleton are

affected in the same way, the long bones, pelvis, spine and skull may all be

involved in Paget's disease. Hence, TBNAA may be more suitable for an evalua-

tion of the progress and efficacy of treatment in certain individuals than

PBNAA.

Partial body irradiation of the hand is used for the investigation of

hyperparathyroidism. The marked loss of calcium from the hand is a good indica-

tor of the condition, and changes in time and with treatment can be followed

with this measurement that delivers a small dose to a radiore9istant volume.

While it is more difficult to obtain an absolute measurement of calcium

with activation of the forearm than with the hand, extrapolation from the re-

sults obtained to an estimation of total body calcium is more certain than that

obtained with data from the smaller volume of bone in the hand. Similarly,



activation of the torso minimizes the error introduced by extrapolation of the

small sample size of the hand, but extrapolation is still required.

Thus, one of the important advantages of TBNAA is that a direct and abso-

lute measure (via phantom calibration) is made of total body calcium; no extrapo-

lation is required, of course. TBNAA serves as a standard of reference for

PBNAA as veil as for other indirect bone mass measurement techniques. Another

advantage of TBNAA is that such systems generally yield data on total body P,

Na, Cl and K as by-products of the Ca measurement. Measurements of these other

elements also have clinical application and are a useful adjunct to the calcium

data.

Clearly, both PBNAA and TBNAA are very useful techniques, each with partic-

ular advantages and disadvantages that must be considered for each type of appli-

cation. They are non-invasive ''in vivo methods of measurement, and are highly

precise. Thus, as stated earlier, because of the differences in methods used in

the various centers which have developed neutron activation, it is most diffi-

cult to intercompare the techniques.

Clinical Application

Neutron activation studies of body calcium have provided data useful for

the diagnosis and management of a variety of metabolic bone disorders. To date,

most of the clinical applications of neutron activation analysis have been based

on the measurement of calcium. However, the measurement of sodium, chlorine and

nitrogen also appear to be useful clinically.

Absoluts and relative deficits of calcium in osteoporotic patients have

been characterized in this population in contrast to a population of normals.

TBNAA studies have delineated the effects of sex, size and body habitus, and

established baseline levels of total body calcium as a function of age. It is



essential to use sex and age-matched controls for the discrimination of

osteoporotics in the older population. InCercomparison of individuals and esti-

mations of absolute values of calcium must take into consideration the parame-

ters of age, sex and body habitus to be meaningful.

Changes in total body calcium, and in PBNAA reflecting skeletal mass, have

been useful for quantifying the efficacy of various therapies in osteoporosis.

Serial measurements over periods of years provide long-term balance data by di-

rect measurement with a higher precision (approximately ±3Z) than is possible

with the use of any other technique.

In renal osteodystrophy observed in patients with renal failure, disorders

of both calcium and phosphorus, as well as electrolyte disturbances, have been

studied. The measurement of total body and partial body levels of these ele-

ments gives the clinician useful data upon which to design dialysis therapy.

Bone changes in endocrine dysfunction have been studied, particularly in

patients with thyroid and parathyroid disorders. In parathyroidectomized

patients, the measurement of calcium, post-operatively, can indicate the degree

of bone resorption. Skeletal metabolism and body composition in patients with

acromegaly, Cushing's disease, Paget's disease, and several other disorders have

also been investigated with both partial and total body neutron activation anal-

ysis.

The more recent development of prompt gamma neutron activation has

permitted measurement to be made of levels of cadmium in liver and kidney in

vivo. Marked differences in cadmium body burdens have been found in cigarette

smokers as compared with non-smokers. No correlation, however, has been

established between cadmium body burden and hypertension or emphysema, as had



been suggested by earlier research. Dose-effect studies have been made on

industrially exposed workers.

Perhaps the most exciting development of IVNAA in recent years has been

its application in body composition studies. As mentioned earlier, nuclear

rather than chemical reactions are utilized. Thus, if one is studying nitrogen

in the body, it makes no difference in what chemical combinations the nitrogen

is found. It is thus possible to take a new view of the human body. The basis

for the interpretation is that of a series of compartments. The compartmental

concept is, of course, not a new one. However, the measurements which underlie

compartmental analysis based on in vivo neutron activation do not require the

analysis of a biopsy or a sample of blood. Thus, the compartments can be consid-

erably more abstract, conceptually. One cannot hope to separate out all body

calcium or nitrogen by dissection, but with the activation technique it is in-

deed possible to conceive of body calcium as an entity and to make meaningful

measurements thereof. Hew possibilities for modelling the human body have thus

become available with these techniques.

For example, quantitative measurement has been made of body composition in

normal subjects and in patients with various forms of neoplastic disease. Total

body nitrogen is determined with the use of the prompt gamma neutron activation

technique, while total body potassium is measured with the use of a whole body

counter. The mass and protein content of the muscle compartment and the non-

muscle lean tissue are determined by application of the technique of compart-

mental analysis. Total body water, determined simultaneously with the use of a

tritium label, provides a measure of lean body mass. Froa these data, the body

fat can be inferred. Baseline data on body composition of age and sex matched



individuals which have already been obtained in earlier studies provide a basis

for comparison and evaluation.

Summary

In vivo neutron activation has opened a new era of both clinical diagnosis

and therapy evaluation, and investigation into and modelling of body composi-

tion. The techniques are new, but it is already clear that considerable strides

can be made in increasing accuracy and precision, increasing the number of ele-

ments susceptible to measurement, enhancing uniformity, and reducing the dose

required for the measurement. The work presently underway will yield signifi-

cant data on a variety of environmental contaminants such as Cd. Compositional

studies are determining the level of vital constituents such as nitrogen and

potassium in both normal subjects and in patients with a variety of metabolic

disorders. Therapeutic programs can be assessed while in progress. It seems

likely that by the end of this century there will have been significant progress

with this research tool, and exciting insights obtained into the nature and dy-

namics of human body composition.
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