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ABSTRACT

In the past 20 years, in vivo analysis of body elements by neu-

tron activation has become an important tool in medical research. In

particular, it provides a much needed means to make quantitative

assessments of body composition of human beings in vivo. The data are

useful both for basic physiological understanding and for diagnosis

and management of a variety of diseases and disorders. This paper

traces the development of the in vivo neutron activation technique

from basic systems to the present state of the art facilities. A scan

of some of the numerous clinical applications that have been made with

this technique, reveals the broad potentialities of in vivo neutron

activation. The paper also considers alternative routes of future

development and raises some of the questions now faced in making the

techniques more widely available to both medical practitioners and

medical investigators.

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

diagnosis and therapy evaluation, and investigation into and modelling

of body composition. The techniques are new, but it is already clear

that considerable strides can be made in increasing accuracy and pre-

cision, increasing the number of elements susceptible to measurement,

and reducing the dose required for the measurement.



INTRODUCTION

• The development of the total body in vivo neutron activation

(TBNAA) technique has made possible the direct determination of

absolute levels of several elements. The measurement of total body

nitrogen (protein) by prompt gamma neutron activation has been

of particular importance in nutrition studies. The measurement of

total body calcium (TBCa) by delayed neutron activation yields

accurate information on the bone mineral mass, since 99% of the body

calcium resides in skeletal tissue. At the same time, total body

sodium (TBNa), chlorine (TBC1), and phosphorus (TBP) are activated and

thus can be measured by TBNAA.

Determination of body composition is one means of achieving

nutritional assessment of subjects with a variety of disorders and

dysfunctions (1-3). The analyses rest both on a data base derived

from measurements made of normal subjects, reflecting the parameters

of age and sex, and on serial measurements whldi reflect both the

ongoing processes and the effects of therapeutic programs.

In vivo neutron activation analysis provides a unique approach to

measuring changes in body composition. Elemental composition studies

made with the use of total body neutron activation analysis (TBNAA)

have shown the relationship between elements and body compartments.

The efficacy of therapeutic regimens can also be evaluated by these

techniques. Modelling of body composition, although not a new

concept, can be investigated more fully because of the considerable

advantages offered by applying in vivo nuclear techniques and

utilizing refined compartmental models.



TECHNIQUES

The neutron activation facility for the measurement of absolute

levels of total body calcium (TBCa) and total body chlorine (TBC1) has

been described (5,6)• This technique is based on delayed neutron

activation analysis, in which the subjects receive a bilateral expo-

sure to fast neutrons from 2 3 8 ^ ] ^ sources (Fig 1). The induced

activities are then measured in the Brookhaven whole body counter.

Total body nitrogen (TBN) is measured with the Brookhaven prompt

gamma neutron activation facility (Fig 2). A detailed description of

the prompt gamma neutron activation technique for the measurement of

whole body nitrogen has been presented (7). More recently, an im-

proved calibration for the measurement of TBN and TBF was developed

The 54-detector Brookhaven whole body counter is used for the ab-

solute measurement of total body potassium (TBK). The counter is

unique in having a relatively invariant response with respect both to

the size of the individual and to the internal location of the

radionuclide.

Total body water (TBW) is measured with an isotope dilution tech-

nique applied to a plasma sample obtained after oral administration of

tritiated H2O (5OjiCi). The precision of the technique for determining

TBW is <1%. The value for extracellular water (ECW) is derived from

the measurement of total body chloride (TBC1), as previously described

(9).



CLINICAL APPLICATIONS

The clinical usefulness of total body neutron activation analysis

(TBNAA) is best demonstrated by the various studies involving the

measurement of TBCa, TBN and TBK. Quantification of changes in body

composition in aging and in such varied disorders as obesity, cancer

and renal failure with TBNAA have been useful for nutritional assess-

ment. An extensive review of the various systems for partial and

total boidy in vivo neutron activation and their many clinical applica-

tions has been published (10).

Body Composition

A four compartment model for describing human body composition

generally includes skeleton, fat and lean body mass. Lean body mass

(LBM) can be separated into its muscle and nonmuscle components (see

Fig 3). From the measurements of total body potassium (TBK) and total

body nitrogen (TBN) and the ratio of these two elements, the muscle

and non muscle compartments can be assessed by compartmental analysis

(4)* The difference between the sum of the mass c the muscle, non-

muscle and bone mineral compartments and the total mass of the body

yields the fat compartment [i.e. total body fat (TBF)] with greater

accuracy than any method previously employed.

On the basis of significant advances in the nuclear technologies

for the measurement of body composition, more sophisticated models

have been developed. These models take a different view of lean body

mass, and have enabled new and more useful analyses of body composi-

tion to be achieved.

Currently, two new models of body composition, employing data

obtained by nuclear techniques, are utilized. The new models were



developed in response to the following conceptual difficulty with cur-

rent compartment models. LBM includes the nonmuscle compartment which

has a slowly metabolizing component (essentially composed of noncellular

structural elements such as cartilage, fibrous tissue and skeletal tis-

sue) along with more actively metabolizing components (muscle and

viscera). Thus, because of the heterogeneity of LBM, it is more useful

to consider LBM =• TBN + TBW + BMA. Total body nitrogen (reflecting

the protein), total body water and bone mineral ash, respectively, model

1. In model 2, LBM » BCM + ECW + ECS (body cell mass, extracellular

water and extracellular solids). It is the BCM rather than LBM which

most closely reflects the actively metabolizing tissue. Total body po-

tassium (TBK) was shown to reflect the BCM better than the LBM (11). The

new models presented above thus better reflect the changes in patients

with altered hydration states or osmolality. The closely correlated re-

sults obtained with the two models based on nuclear measurements support

the conclusion that these techniques provide reliable measurements of

total body fat (12).

Aging

The quantitative assessment of the elemental composition of the hu-

man body as a function of age is of basic physiological interest as well

as of clinical importance in the diagnosis of metabolic disorders. TBNAA

has allowed for the measurement of elemental composition of an adult

U.S. population (4,13). TBCa, TBK, and TBN decrease with increasing age

for both males and females (Fig 4). TBNa and TBCl do not decrease with

advancing age; they appear relatively constant throughout the adult life

span. Changes in the levels of major body components (muscle, nonmuscle,

fat and bone mineral) in normal males as a function of age are shown in



Fig 5. The lean body compartment (especially truscle) shows slight to

moderate decreases with advancing age, whereas body fat clearly

increases.

The change in the relationship between lean body mass and body

cell mass for young (20-49 y) and old (49-70 y) males and females is

shown in Fig 6- The marked loss in the LBM with age is due primarily

to the loss in the BCM compartment. Little change is seen in the ECW

and ECS compartments.

Diet

Another study measured the effects of caloric restriction on body

composition (14). The efficacy of two different isocaloric diets,

with and without carbohydrate supplementation, on the preservation of

lean body mass during weight reduction was evaluated with the use of

TBN, TBK, and TBW measurements. Body composition studies were per-

formed at the time of the first admission and after 12 weeks of diet-

ing. Body weight, body fat, TBW and TBK were shown to decrease sig-

nificantly when compared to the baseline values. The loss of body

elements, however, did not differ significantly in the subjects on the

two diets. The addition of carbohydrate to the diet in the amount

given did not significantly affect its protein-sparing quality.

Cancer-Nutrition

The measurement of body composition in chronic wasting diseases

is of clinical interest, both in the evaluation of the patient's sta-

tus, and in the selection of the appropriate management regimen.

TBNAA studies of patients with hematological ueoplasms, lung, gastro-

intestinal and head-neck cancers have been performed (15,16). The

objectives of these studies were to determine the relationship



between the nutritional status (body composition values) and dietary

intake, and to quantify changes in body composition in cancer patients

over a six month period.

Patients gaining weight over the six month period experienced an

increase in protein, TBW and fat. Patients experiencing weight loss

lost protein, body water and fat. The study also suggested that the

ratio of TBN/TBK may serve as the best indicator of recent or ongoing

catabolism of the neoplastic process. In general, those patients who

lost body weight had caloric and protein intakes markedly below normal

levels. There also appeared to be a direct relationship between the

protein intake and the TBK/TBW ratio in the cancer patients (16).

Nutritional support using hyperalimentation was indicated to combat

the weight loss in these patients.

In another study, the effects of combined nutritional support

(parenteral, enteral, and oral) for cancer patients were evaluated on

the basis of the new compartmental models, Fig 7, (17). Patients re-

ceiving total parenteral nutrition (TPN) showed a mean increase in

body weight equally distributed between increases in TBW and TBF. The

efficacy of the nutritional regimen;? was also examined with the use of

the TBN/TBK ratio. This value decreased and returned towards a normal

level for the patients on TPN, indicating an anabolic effect of the

supplemental feeding. For patients experiencing weight loss, this

ratio actually increased, indicating continued catabolism.

Information on the nature of the tissue gained was obtained by

comparison of body composition data with the ratio of protein (TBN):



TBW: BCM for normal tissue. Thus, use of the neutron activation tech-

niques made possible the assessment of regimens of hyperalimatation

for cancer patients losing weight.

Renal Dysfunction

Evidence for protein-caloric malnutrition (PCM) was found in

renal patients receiving both conservative and hemodialysis treat-

ment. PCM should be reflected in the long-term nitrogen balance and

body cell mass for these patients. With the use of TBNAA techniques,

both of these parameters were measured in a group of renal patients

(18). Their TBK and TBN values were slightly, but not significantly,

lower when compared with age matched controls. TBCa values were also

slightly lower than the controls. TBC1 values, on the other hand,

were higher, indicating a significant increase in the extracellular

water compartment in renal patients.

FUTURE PROSPECTS

The first human studies with neutron irradiation were carried out

with the existing equipment used for research in physics. As the re-

search effort grew, and the number of subjects increased, special fa-

cilities were constructed, designed specifically for use with human

beings. The neutron sources for irradiation were located in proximity

to the measuring equipment and frequently linked to high speed compu-

ter systems for recording the pulse height analyzer data.

The equipment used, for the most part, has been very expensive.

Since each system is specially designed, there has been no reduction

in cost deriving from the manufacture of several systems from the same

design. The outlook is for greater application of the neutron

activation technique. A critical decision is required with respect to



the direction of further development. There can be wide proliferation

of lower cost facilities or the establishment of regional centers with

the best possible equipment in terms of sensitivity, low dose, access

to computer fcilities and technical expertise.

The Brookhaven facility is such a center. It includes state-of-

the-art instrumentation designed for basic research. Suitable scaled-

down versions would be very useful in large medical centers where they

could be run on a full-time basis for assessing patients requiring

nutritional intervention (obese, anorexic, cancer and renal patients,

etc.). It would also be useful to study patients for whom information

is needed for diagnosis or evaluation of therapeutic regimens.



CAPTIONS FOR FIGURES

1. Brookhaven neutron activation facilities for total body calcium.

Patient ii positioned as shown between upper and lower guide

tubes which are used to position fourteen 50 Ci sources of

238Pu,Be.

2. Brookhaven prompt-gamma neutron activation facility for total body

nitrogen.

Patient is scanned over a collimated neutron beam from ^C±

source of 238^2^.

3. Model for body composition in standard man (74 Kg).

4. Change in total body calcium, potassium and protein (nitrogen)

with age in males and females.

5. Changes in body composition in normal males with age.

6* The relationship between lean body mass and body cell mass in

males and females with age.

7. Changes in body composition of cancer patients over 6 weeks of

hyperalimentation.
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BODY COMPOSITION OF
STANDARD MAN (74 kg)
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BODY COMPOSITION IN
NORMAL MALES
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CHANGES IN BODY COMPOSITION OF
CANCER PATIENTS OVER 6 WEEKS OF

HYPERALIMENTATION
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