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ABSTRACT

The objectives of this Department of Energy sponsored program
are (1) to improve existing nuclear techniques, and (2) to de-
velop new techniques for the analysis and solution of both medi-
cal problems and those associated with environmental pollution.
Measurement facilities developed, to date, include a unique
whole-body counter, (WBC); a total-body neutron-activation facil-
ity (TBNAA); and a partial-body activation facility (PBHAA). A
variation of the prompt-gamma neutron-activation technique for
measuring total-body nitrogen has been developed to study body
composition of cancer patients and the effect of nutritional reg-
imens on the composition. These new techniques provide data in
numerous clinical studies not previously amenable to investiga-
tion. The development and perfection of these techniques pro-
vide unique applications of radiation and radioisotopes to the
early diagnosis of certain diseases and the evaluation of thera-
peutic programs.

The PBNAA technique has been developed and calibrated for in-
vivo meaurement of metals. Development has gone forward on
prompt-gamma neutron activation for the measurement of cadmium,
x-ray fluorescence (XRF) for measurement of lead, and nuclear-
resonance scattering (MS) for measurement: of iron. Other tech-
niques are being investigated for in-vivo measurement of metals
such as silicon and beryllium. Cardinal to all toxicological
studies of Cd and other metal pollutants is an accurate and sen-
sitive noninvasive technique for measuring organ burdens.

In keeping with the mission of Brookhaven, these facilities
have been made available to qualified scientists and members of
the medical community throughout the world.

*Research carried out under the auspices of the U.S. Dept. of
Energy under contract no. DE-AC02-76CH00016.
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INTRODUCTION

Noninvasive measurement of body elements has both advanced
basic physiological understanding and contributed significantly
to the diagnosis and treatment of various conditions which af-
fect the levels of these elements in human beings. Studies of
the elemental composition of humans were made prior to neutron
activation by analysis of cadavers. Needless to say, few such
studies have been performed, and the results have been far from
satisfactory as there are formidable difficulties to surmount.

In the last sixteen years, in vivo neutron activation tech-
niques have been added to the armamentarium of medical
researchers. The tool of neutron activation will increasingly -
become available to clinicians for diagnosis and evaluation of
therapeutic regimes as technical progress is made in developing
facilities appropriately designed for medical applications and
for use in medical centers. In vivo neutron activation also •
makes possible the study of the elemental composition of the nor-
mally functioning human being. The importance of this technolog-
ical breakthrough has yet to make its full impact, as only a rel-
atively small number of elements have been intensively studied
to-date, Table 1 (2,3). The potential of these investigations
for illuminating body processes appears, however, to be consider-
able (3).

Other nuclear techniques that have been applied to the in
vivo measurement of metals and their clinical application, such
as nuclear resonance scattering and x-ray fluorescence are
described below. In addition, feasibility studies have been
performed involving other neutron irradiation techniques.

I. Total body neutron activation

A. Calcium

Clinical applications for neutron activation were first
demonstrated in the early seventies. Foremost among the early
studies were those of body Ca, designed for the investigation of
metabolic bone disorders (2,4). The study of changes in skele-
tal Ca in patients with metabolic bone disorders requires that
data be available on the relation of Ca to sex and body habitus,
and also on normal variation with age. The noninvasive nature
of the neutron activation technique and the low levels of radia-
tion dose employed have made it possible to establish the
baseline data through the study of normal subjects.

Since 99Z of body Ca is stored in skeletal tissue, Ca
studies have been valuable for a variety of conditions in which
the mineral metabolism is disturbed. Both TBNAA and PBNAA have
been employed in studies of bone mass (4). A considerable num-



ber of studies have focused on osteoporosis, and various thera-
peutic regimens for the treatment of this condition have been
evaluated.

1. Instrumentation: Total body neutron activation
analyses were performed with neutron exposure provided by an
array of fourteen 50 Ci encapsulated 23°Pu,Be neutron sources
(6) (Fig. 1). In this technique, the subject is uniformly
exposed to a beam of partially moderated fast neutrons which in-
duces the reaction 48Ca(n,Y> 49Ca, and 31P(n,a) 28A1. The
levels of the induced ^Ca and 2^A1 (from P) are then counted in
a whole body counter. From these data, absolute levels of cal-
cium are calculated. The ̂ n vivo activation technique provides
an accuracy and precision of ±1.0Z for total body calcium and
±3.92 for total body phosphorus as measured in an
anthropomorphic phantom.

The Brookhaven whole body counter, with its on—line
computer facility, was also used to quantify the absolute levels
of total body potassium (TBK) by the measurement of *^K (Fig.
2). The accuracy and precision for measuring TBK is ±3.32 in an
anthropomorphic phantoir (5).

2. Clinical applications: Of all the elements measured
by TBNAA, calcium has been the most extensively applied in clini-
cal studies. Changes in skeletal mass (total body calcium) have
been measured in normal populations (7). The epidemiology of
osteoporosis and its relation to bone loss resulting from aging
have also been studied. Retardation of bone loss associated
with menopause and senescence by prophylactic administration of
hormones and physical therapy have been investigated (1).

In addition, numerous clinical studies have been
performed measuring calcium, phosphorus, sodium and chloride in
patients with renal osteodystrophy. These data have been useful
to the clinician monitoring the progress of renal patients on
dialysis.

B. nitrogen

1. Instrumentation: While most elements can be measured
by prompt gamma neutron activation (PGNAA), there are a few ele-
ments for which prompt gamma analysis is particularly well
suited. Chief among these elements are cadmium and nitrogen.
Within the last few years, the appropriate instrumentation and
techniques have been developed for the measurement of these two
elements by PGNAA.

Two problems were associated with the PGNAA tech-
nique. Thermal and epithermal neutrons were captured by the io-
dine in the detecting crystal (Nal(Tl)). Further, there was a



pileup of gamma rays from lower energy reactions or from the neu-
tron source. Vartsky (15) solved the problem of pileup with the
use of a fractional charge collection technique. The overall
signal-to-noise ratio was improved by a factor of 1.7. Vartsky
et al. (15) also reported an improvement in the method fox-
measuring absolute values of TBN, based on the use of total body
hydrogen as an internal standard. On capture of slow neutrons,
the hydrogen present emits a 2.23 MeV gamma ray with a yield of
100%.

The Brookhaven technique for measuring total body ni-
trogen incorporates several recent technical improvements. The
neutron source is 85 Ci 238Pu,Be, designed to provide a rectangu-
lar beam 13 x 60 cm; the body is scanned by moving the bed over
the beam (15) (Fig. 3). Lithium compounds are used to minimize
neutron capture in the shielding. The entire facility is
shielded with lead to reduce the intensity of the gamma rays
emitted from the source, as well as those produced in the neu-
tron shielding material from neutron capture and inelastic scat-
tering. Two Nal(Tl) detectors are used for a bilateral scan.
The total body dose-equivalent to the subject is 50 mrem for the
bilateral irradiation. Precision, determined from measurements
on a phantom, is ±22; reproducibility, determined by sequential
measurement of human subjects, is ±3Z.

2. Clinical applications; Total body levels of nitrogen
were measured by prompt-gamma neutron activation analysis in a
normal adult population (age range 20 to 80 years), in cancer pa-
tients and in obese subjects. In order to intercompare the
total body nitrogen (TBN) values, it was. necessary to normalize
the data for differences in body habitus. This normalization
was defined as the ratio of the absolute nitrogen level (TBN) to
a predicted nitrogen level (TBNp) derived from- the normal popula-
tion. The parameters used in the computation of expected normal
values were age, sex, height, and weight. On a group basis, the
mean TBN/TBNp value for cancer patients indicated a deficit of
a few percent. Individual patients, however, showed deviations
from the predicted value as large as 282. When normalized for
body size, the deficit of body nitrogen was correlated with the
loss of total body potassium (TBK). For obese patients, the
normalized data indicate normal to high values for TFN and TBK.

Changes in body composition in cancer patients were
studied over a period of 6 months (8). Total body nitrogen was
measured by prompt gamma neutron activation; total body
potassium by whole body counting, and total body water with the
use of the tritium isotope. The nitrogen balance of patients
with neoplastic diseases varied from marked negative to positive
(9). Changes in body composition over a 6 week period of
hyperalimentation were analyzed in terms of lean body mass, its
protein constitutent, water, and fat. Weight loss was found to



reflect primarily the loss of fat, water, lean body mass
(potassium), and only to a minor extent the protein component of
lean body mass (nitrogen). By means of the application of the
techniques used in this study for the determination of body com-
position, it should be possible to assess regimes of
hyperalimentation for cancer patients who lose body weight.

II. Partial body neutron activation - Cadmium

Cadmium has biological properties which make it particularly
amenable to neutron activation analysis. It locates
preferentially in the liver and kidneys. The small size of the
Ge(Li) detector used is well suited to the required localization
of detection to single body organs. Cadmium also has physical
properties which make it very suitable for PGNAA. It has a high
radiative neutron capture cross section in the thermal energy
range to 0.5 eV; above this value, the radiative capture cross
section of Cd drops sharply. The capture of a slow neutron by
the nucleus of l"Cd is followed by prompt emission of a cascade
of gamma rays.

A major question for health researchers is the critical con-
centration of cadmium in the liver and kidney. A paucity of.
data on humans has resulted from the lack of an adequate tech-
nique for _in vivo measurement of Cd. With the prompt gamma neu-
tron activation facility, further human studies can be performed
to obtain data on the levels of Cd in various groups of indus-
trial workers. The potential public health problems from Cd ex-
posure will be investigated in conjunction with the above-
mentioned study of occupationally exposed workers.

A. Instrumentation: At the present time, the most sensitive
system for the measurement of internally deposited Cd in vivo is
that based on the work of Vartsky et al. (14) (Fig. 4). It orig-
inally employed a "°Pu,Be source in a highly shielded
collimator arrangement and two Ge(Li) detectors. This
Brookhaven Facility was installed in a trailer so that it could
be used in any location for field studies (10). More recently,
an improved instrument employing 252gf w a s developed for the mea-
surement of liver and kidney cadmium (13). Calibration of the
instrument was made, including accurate organ localization by ul-
trasound .

The new detection limit is 2.2 mg cadmium in the kidney
and 1.5 Pg/g (wet weight) in the liver for a local dose of 2.0
mSv. This instrument therefore combines the advantages of porta-
bility with high sensitivity of detection of cadmium. Further,
the employment of 2-"2Cf neutron sources avoids the -
difficulties involved in transporting Fu sources about the coun-
try.



B. Field study: In vivo measurements of kidney and liver
cadmium burdens were obtained for 82 industrially exposed
workers and ten control subjects. Kidney cadmium levels ranged
from 0.9 mg to 57 ing, and liver concentrations ranged from C.8
pptn to 120 ppm for the industrial group (11). Comparison values
for the control group were 0.4 mg to 11.8 mg for the kidney and
0.6 ppm to 7.9 ppm for the liver. A biphasic relationship be-
tween kidney Cd levels and liver Cd levels was observed. The
kidney and liver Cd levels increased until a concentration of ap-
proximately 40 ppm was reached in the liver. Thereafter, the
kidney levels decreased as the liver concentration continued to
increase. The kidney cadmium level at which this change
occurred was approximately 31 mg for the total kidney. Further
estimates of the critical level, based on the degree of renal
dysfunction (f^-microglobulin, proteinuria), yielded estimates
of 31 mg to 42 mg cadmium (300-400 lig/gm for the renal cortex).

III. Nuclear resonance scattering - Iron

A technique for the measurement of body Iron utilizing nu-
clear resonant scattering of gamma rays has been developed and
validated (16). Photons (847 keV) emitted from a gaseous
^6MnCl2 source (prepared in the BNL Medical Reactor) are
scattered resonantly from -'"Fe present in the liver and heart
(Fig. 5 ) . The spatial uniformity of activation, the sensitivity
of the detection system, and the limits of detection have been
investigated. Measurements were made on a liver and heart of a
phantom. The resonance scattering technique permits detection
of normal levels of Fe in the liver with a radiation dose of 1
reta.

The iron content of a large number of thalassemic patients
and patients with hemosiderosis currently undergoing chelation
therapy have been measured. The question to be answered is
whether the current chelation therapy effectively stabilizes or
reduces iron stores in the heart and liver of transfusion depen-
dent iron overload patients.

IV. X-ray fluorescence - Lead

A study was conducted to assess the feasibility of measuring
bone lead concentrations non-invasively in vivo (18). Character-
istic L x-rays were induced with an external source of 125j ^n
the superficial tibial cortex of the intact legs of five adults
who had no history of occupational exposure to lead (Fig. 6).
Tibial lead concentrations in the same bones subsequently deter-
mined by flameless atomic absorption spectroscopy varied from 15
to 35 yg Fb/g wet weight. These values are within the modern
normal range. The linear correlation coefficient (r) between
the x-ray fluorescence and lead concentration was 0.92 (19).



B-'dxation doses of 10 mGy (1 rad) to 1 cm of skin, with
associated doses to the marrow of adjacent bone of about 0.6 mGy
(60 mrad), yielded net lead fluorescent signals ranging from one
to seven times the standard deviation of background.

V. Feasibility studies with other nuclear techniques

A. In vivo measurement of lithium in the brain

A method for ^n vivo measurement of lithium levels in the
human brain is being developed. Upon neutron irradiation, the
^lithium present in the brain interacts with neutrons via the
^Li (n,ct) T reaction, thus producing energetic recoiling tritium
atoms. Since the tritium in the form of BT is quite inert and
its solubility in body tissues and fluids is small, the gas is
exhaled readily. The fritiated hydrogen exhaled is isolated
from other gases in the breath and counted in a low background
proportional counter.

B. In vivo measurement of silicon in lungs by inelastic
scatter neutron reaction

In the photovoltaic industry, the inhalation of silica
dust can occur during the mining, quarrying, and refining of the
raw materials needed for preparation of metallurgical grade
silicon. Because of the potential occupational exposure, we
were asked to investigate _in vivo techniques for measuring
silicon in these operations. Cardinal to all studies relating
the biological effects of Si exposure is a means of measuring di-
rectly the location and amounts of internally deposited Si.

Preliminary experiments at BNL have demonstrated the fea-
sibility of measuring Si in vivo via inelastic scattering of
prompt neutrons froci a pulsed neutron source. Such a technique,
when completely developed, would provide a procedure with which
to determine the dose-response relationship for Si and an invalu-
able tool for identifying significantly exposed subjects.

The inelastic neutron scattering reaction ^^Si(n,n',Y)
i has an acceptable cross section and is relatively free from

phosphorus-produced interference for neutrons in the energy -
range 2 to 5 MeV. A study was made with an anthropomorphic phan-
tom containing silicon utilizing the BNL Tandem Van de Graaff to
assess the feasibility of determining the silicon level in human
lungs. Neutron energies in the range 5-8 MeV represent the best
compromise between the conflicting requirements of high energy
for good detection statistics and low energy to minimize the
dose to the subject. The sensitivity of the measurement was
enhanced by pulsing the neutron beam and counting only during
the period of bombardment. This technique effectively reduced



the background counts emanating from thermal neutron reactions
in the phantom and from the fast neutron reaction 31p(n,a) 2°si.

With one Ge(Li) detector of 192 relative efficiency, a de-
tection limit of 0.6 g of silicon per 10 mSv was obtained. On
this basis, it is estimated that six Ge(Li) detectors of 252 ef-
ficiency each would be capable of measuring 0.15 g silicon in
the lungs, the average level found in non-occupationally exposed
adults.

SUMMARY

In vivo neutron activation and the other nuclear techniques
have opened a new era of both clinical diagnosis and therapy
evaluation, and investigation into metal toxicity. The tech-
niques are new, but ft is already clear that considerable
strides can be made in increasing accuracy and precision,
increasing the number of elements susceptible to measurement,
enhancing uniformity, and reducing the dose required for the mea-
surement. The work presently underway will yield significant
data on a variety of environmental contaminants such as Cd and
Si. Compositional studies are determining the level of vital
constituents such as nitrogen and potassium in both normal sub-
jects and in patients with a variety of metabolic disorders.
Therapeutic programs involving elements such as iron can be
assessed while in progress. It seems likely that by the end of
this century there will have been significant progress with
these research tools and exciting insights in both the under-
standing of body composition and metal toxicity.
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FIGURES

1. The Briokhaven 2j8Pu,Be total body neutron activation facil-
ity. The subject is covered with a polyethylene moderator
and is positioned on the cot between the upper and lover
guide tubes. The guide tubes are used to position the four-
teen 50-Ci 238Pu,Be sources (CN-9-89-73).

2. The Brookhaven 54-detector whole body counter. The position
of the subject for counting is illustrated (5-445-68B).

3. The Brookhaven prompt gamma neutron activation facility for
the measurement of nitrogen. A subject is shown in position
to be scanned over the neutron source in the schematic (3-
72-79).

4. The Brookhaven neutron activation facility for the measure-
ment of liver and kidney cadmium. The position of the liver
for counting is shown in the schematic. The spectrum for
1 1 4Cd is illustrated in the lower half of the figure (7-
1315-78).

5. The Brookhaven nuclear resonance scattering facility for mea-
surement of liver and heart iron (5-671-81).

6. The Brookhaven XRF facility for measurement of tibial lead.
A subject is shown in the counting position (CN7-1333-82).
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TABLE I. MEASUREMENT OF BODY ELEMENTS BY IN VIVO NEUTRON ACTIVATION ANALYSIS

Stable element

Oxygen

Hydrogen

Nitrogen

Calcium

Phosphonu

Sodium

Chlorine

Magnesium

Iodine

Cadmium

Amount in
70 kg
reference
man'
(«)

43 000

7000

1300

1000

780

100

95

19

0.1

Trace

Proportion
by weight
in 70 kg
reference
man'
(%)

61

10

2.6

1.4

1.1

0.14

0.12

0.03
*

<0.01

Trace

Induced
nuclide

"N

"N

**Ca
"A
a A l
up
MNa

»a
"s
"Mg
**Na
111,

"Vd

Neutron reaction

n,p(fast)

n,7(thermal)

n,2n(14MeV)
n,7( thermal)

n,7(thcrmal)
n,ct(14MeV)

n,a(fast)
n,7 (thermal)

n,7 (thermal)

n,7 (thermal)
n,p(fa«)

n,7 (thermal)
n,p((ast)

n,7 (thermal)

n,7 (thermal)

Gamma or X-ray emission

deUyed y ( 6 - 7 MeV)

prompt 7 (2.2 MeV)

delayed 7 (0.51 MeV)
prompt 7 (10.8 MeV)

prompt 7 (many); delayed 7 (3.10 MeV)
delayed X-ny (2.6 keV)

delayed 7 (1.78 MeV)
prompt 7 (0.08 MeV)

prompt 7 (many); delayed 7 (2.75 MeV)

prompt 7 (many); delayed 7 (1.6 and 2.2 MeV)
delayed 7 (3.10 MeV)

delayed 7 (0.84 MeV)
delayed 7 (2.75 MeV)

delayed 7 (0.45 MeV)

prompt 7 (0.559 MeV)


