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This report

comprises working

Group Meeting organized
Fourteen

contributions

papers presented

at an Advisory

by the International Atomic
from

seven

countries

Energy Agency.

describe

measurement

systems, and their applications, for the in vivo study of human body
composition, mainly with respect to the elements calcium, nitrogen,
sodium, chlorine, phosphorus, cadmium and lead.
include

neutron

activation

analysis,

X-ray

The techniques used

fluorescence

analysis,

computerized axial tomography, nuclear resonance scattering and photon
absorptiometry.

Also

included

is

a

collection

of

"system

descriptions" containing information on equipment developed for such
measurements at seventeen centres in eight countries.

A limited number of copies of this report are available on
request from the International Atomic Energy Agency, Division of Life
Sciences, P.O. Box 100, A-1400 Vienna, Austria (please address
enquiries to Or. R.M. Parr).

,\

FOREWORD

Nuclear techniques for the In vivo analysis of the human body
were first developed in the 1960s, chiefly by medical physicists who
had access to whole-body counters and other existing equipment for
nuclear physics research. By the application of the in vivo neutron
activation analysis (IVNAA) techniques developed at that time, it was
shown that it is possible to determine the concentrations of major
elements such as Ca, N and Na in the whole body of living subjects or
in parts of the body such as a limb. The levels of radiation exposure
required were comparable with, or in some cases lower than, those in
established diagnostic radiographic examinations.
Since that time IVNAA has gained increasing acceptance as an
established, though somewhat specialized, measurement technique for
the study of various elements in living subjects for purposes
connected with medical research, clinical diagnosis and occupational
health.
Its use is now beginning to spread from the developed
countries, where it was originally applied, to some of the developing
countries. Worldwide, there are now at least 20 centres in eight
different countries that are actively supporting work of this kind.
In recent years, a number of other competing, or complementary, in
vivo techniques have also been developed, such as those based on the
use of X-ray fluorescence analysis, nuclear magnetic resonance,
computerized axial tomography, nuclear resonance scattering and photon
absorptiometry.
In view of these advances, the IAEA decided to convene an
Advisory Group Meeting of specialists working in this field at
Brookhaven National Laboratory, USA, in June 1981. A review article
arising out of the meeting has recently been published.*
The report which follows comprises a selection of some of the
working papers presented by participants at the Advisory Group Meeting
just mentioned. Many of these papers have been revised since the
meeting, and new material has been incorporated. Also included in
this report is a collection of "system descriptions" containing
information, in a prescribed format, on various measurement systems
that have been developed for the in vivo study of human body
composition.
It is hoped that, by reproducing these working papers and system
descriptions in the present report, they may be made available to a
wider audience.
R.M. Parr
IAEA, Vienna

* S.H. Cohn and R.M. Parr (editors), Nuclear-based techniques for the
in vivo study of human body composition, Report of an Advisory Group
Meeting of the International Atomic Energy Agency, Clin. Phys.
Physiol. Meas. J> (1985) 275-301.
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IN VIVO DETECTION OF THE TOXIC HEAVY ELEMENTS, LEAD AND CADMIUM
by
B.J. Thomas, B.W. Thomas, J.F. Davey
H. Baddeley1, V. Summers1 and P. Craswell2
Department of Physics, Queensland Institute of Technology
Box 2434, G.P.O., Brisbane, Q.4001. Australia

ABSTRACT
Portable systems for the in vivo measurement of the toxic heavy elements,
cadmium and lead are described.
The cadmium concentration in either the
liver or left kidney is determined using a technique of thermal neutron
capture gamma-ray analysis.
X-ray fluorescence analysis is used to measure
lead within the bone of the second phalanx of the index finger.
Each of
the measurements is used as an index of long term exposure to the element
and applied to screening of exposed industrial workers.
The results of
these industrial health applications are presented.
Clinical application
of the measurements to the study of the involvement of these elements in
renal disease is described in brief.
1.

INTRODUCTION

Work in the area of in vivo elemental analysis of man commenced in our
Institute in 1978.
Our principal interest in this field has been the
development and application of systems for the in vivo analysis of the toxic
heavy elements, cadmium (Cd) and lead (Pb). The systems utilize the
techniques of neutron capture gamma-ray analysis for Cd and x-ray
fluorescence analysis for Pb.
The systems are portable and permit a measurement of Cd in the liver
and/or kidneys and Pb in a small volume of the skeleton.
These
measurements are used to screen exposed industrial workers for long term
absorption/retention of the elements.
The measurements have also been
employed in studies of the possible Involvement of these elements in renal
and other diseases.
Measurement of liver/kidney uptake ratios of radiocadmium (109Cd) in
mice have been used to investigate the possibility that this ratio might
provide an alternative, readily available, method of assessing previous
exposure.

2.

IN VIVO MEASUREMENT OF TISSUE CADMIUM LEVELS

2.1

Design Features

The system measures liver/kidney concentrations of Cd by the now well
established technique of thermal neutron capture gamma-ray analysis.
The
design features and performance characteristics of the system have been
1.
2.

Department of Radiology, University of Queensland
Renal Clinic, Royal Brisbane Hospital
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reported in the literature1.
1.

The system is shown schematically in Figure

SEATED
SUBJECT
LITHIUM DOPED
PARAFFIN

,\

Figure 1.
Designed with portability as an important consideration the system is
similar to the Birmingham system2'3.
The sensitivity is adequate for
screening of industrial workers or for the measurement of elevated levels
experienced in certain disease states. However, it does not permit
measurement of levels in the normal range.
The most significant design difference between our system and similar
systems reported in the literature is the geometrical arrangement of the
source, subject and detector which results in differences in the spatial
variations in sensitivity compared with these other systems. These
variations in sp^^ial sensitivity are important contributions to the
uncertainty of measurement3.
In this respect the advantages of the geometry employed in our system
are (a) less variation in detection efficiency along the x-axis (see Figure 1
for definition of co-ordinates);
(b) that the variation in detection efficiency in the y-direction can be
readily improved should a second detector be available.
The disadvantage is the greater variation in sensitivity with depth in
tissue (z-direction).
In this direction, the positioning of the detector(s)
in the Birmingham (and Brookhaven1*) systems provides some compensation for
the decrease with depth of the thermal neutron flux.
The lower limit of detection of Cd concentration is basically
determined by the dose delivered which with a fixed neutron output involves

- 3 -

a variation in the time of measurement. We have selected a 600 s
irradiation to permit a reasonable throughput of subjects and a lower limit
of detection adequate for screening in the industrial health area. This
provides a lower limit of detection of approximately 20 p.p.m. in a
measurement of liver Cd levels.
2.2 Applications and Discussion
2.2.1
Industrial Health.
In the industrial area one important
consideration is that the screening of personnel should involve minimum
disruption to the work force. This factor suggests a minimum measurement
time commensurate with the collection of adequate information. The
measurement of both liver and kidney concentrations obviously increases the
dose as well as the time involved for each individual.
The kidney, although the target organ for damage, is a more difficult
site for measurement than the liver; errors in an individual measurement
of kidney Cd concentration rising to ± 30%. Al Haddad et al 3 have
discussed the relative merits of liver and kidney measurements and commented
on the possibility of (a) ambiguity in the interpretation of kidney concentration, and
(b) the relative ease of the liver measurement.
In considering all the factors above, we decided on the measurement of
liver concentration for screening of industrial workers. The measurement
is considered to provide an index of long term exposure. To date we have
completed the monitoring of approximately 100 exposed personnel from three
industrial sites. One of these sites was involved in the smelting and
refining of Cd while the other two sites employed welders using Cd doped
welding materials.
A summary of the results of these measurements is given in Table 1.
The results indicate that (a) relatively few (< 5%) of the exposed workers had significantly elevated
liver Cd levels (> 30 p.p.m.).
(b) the mean liver Cd levels of these exposed workers tends to be lower than
similar groups monitored in the United Kingdom and Europe. This we
believe is in part due to the more open aspect of the factories in
Australia as well as the more transient nature of the Australian work
force.
(c) in most cases (~ 80%) the levels of Cd in the individual was below
detectable limits (~ 15 p.p.m.).
The mean value of liver Cd concentration of exposed groups correlated
well with estimated exposure (nature of work and time of employment).
(See Table 1)
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Table 1:

Liver Cd concentrations in exposed workers

Site Nature of Exposure

Exposure
Category

Number of
Personnel

Number
> 30
p.p.m.

Mean
Maximum
Value Value
p.p.m. p. p.m.

1

Smelting and
refining

(a)
(b)
(c)

23
11
11

2
3

13
19
3

56
34

2

Welding materials
and electroplating

(a)
(b)
(c)

13
12
8

—

12
4
5

29

3

Welding

(a)
(b)
(c)

9
14
10

—

14
8
2

24
20

Category (a) most exposed
(b) limited exposure
(c) very little or nil exposure
This demonstrates the dual use of in vivo liver (or kidney) Cd
measurements since they can identify (a) individuals with excessive and possibly harmful exposure, and
(b) exposed groups within a work force.
2.2.2
There have been reports
Cadmium and chronic renal failure.
indicating that Cd nephropathy may be mistaken for Pb nephropathy . Cd and
Pb often occur together and both were used in the manufacture of household
paints. There is a high incidence of Pb nephropathy diagnosed in Queensland
as a result of contamination from paint used on the traditional wooden
Queensland houses.
•d

an

In vivo liver Cd estimations were performed for 40 undialysed patients
attending the Renal Clinic at the Royal Brisbane Hospital to determine
whether Cd might have played a role in the causation of their renal disease.
Twenty-one of these patients were diagnosed as suffering from Pb nephropathy.
Diagnosis for the remaining patients included analgesic abuse, chronic
pyelonephritis, polycystic kidney disease and hypertensive nephrosclerosis.
No correlation was noted between liver Cd concentration and cause of
renal failure. However, the mean liver Cd concentration of these uraemic
patients was elevated compared with that obtained for a control group. The
mean values were 16 p.p.m. and 3 p.p.m. for the uraemic patients and control
group respectively.
These results agree with a much larger, but similar
study of liver Cd concentrations obtained by x-ray fluorescence analysis of
samples taken post mortem.

V
.\

id
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3.

RADIOCADMIUM INVESTIGATIONS

The ratio of the liver/kidney concentrations of Cd is expected to
change with the degree of exposure.
This expectation suggests the
possibility that a measurement of liver/kidney uptake of a radioactive
isotope of Cd (e.g. 1 0 9 Cd) might provide a suitable index of previous
exposure.
We have performed a preliminary investigation of this possibility.
Mice and guinea pigs were chosen for the study.
The animals were
first injected subcutaneously with a solution of stable CdC£2•
Subsequently
a trace amount of 109 Cd was injected subcutaneously.
Five days later the
animals were sacrificed and the ratio liver/kidney uptake of ths
radioisotope measured.
In a series of such experiments
was varied between 0.6 Jig to 6000 ug
of the stable CdC-£.2 and radiocadmium
Animals not' previously injected with

the quantity of stable CdCE.2 injected
and the time interval between injection
varied between one week and 20 weeks.
stable CdCti were also tested.

The liver/kidney Cd ratio decreased in response to the previously
injected stable CdC^2 reflecting increased uptake by the kidney.
The
remarkable feature of the results was that the ratio tended to be constant,
that is, independent of the amount of stable CdC£.2 first injected.
The results of these experiments are given in Table 2 and Figure 2.
Table 2:

Effect of the time interval between the injection
of stable CdC£2 and radiocadmium (109Cd)

109

Stable CdC£2 injected

Ratio

Cd uptake liver/kidney

1 week earlier
5 weeks earlier
9 weeks earlier
20 weeks earlier

1.6 ± 0.8
2.7
1.8
1.8

The fact that the ratio remains constant following any level of
exposure suggests that the relationship of total liver to kidney Cd
concentrations is also constant and thus supports the ide? of using liver Cd
concentration as an index of both life long exposure and possibly an
indirect assessment of kidney Cd levels.
It is surprising that the ratio
remained constant even at the very high levels of exposure since these were
considerably in excess of levels necessary to produce renal dysfunction.
However, no assessment of renal function nor stable CdC^2 levels were made
in the course of these experiments.
A greater variability was observed in the ratio for animals not injected
with stable CiClz compared to the exposed animals.
Tin's may reflect
previous low level exposure from food and/or water.
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Cd in guinea pigs

Liver/kidney uptake of 109 Cd in (a) mice and (b) guinea
pigs following injection of stable CdC£2.
Results
indicated (x) are those for animals not first injected
with stable Cdc£2.
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4.

IN VIVO DETECTION OF BONE LEAD

4.1

Design Features

The system6 for the in vivo detection of skeletal Pb relies on
detection of characteristic x-rays excited by 122 keV photons emitted from
5 7,
Co sources.
The in vivo technique was first described by Ahlgren and
Mattsson
r
Our system uses two 740 mBq 357
'Co
sources, W collimation (with Cd
inserts) and a 13.5% Ge(Li) detector.
The geometry adopted is shown
schematically in Figure 3.
The basic design features are similar to those
reported in the literature by Ahlgren and Mattsson . The principal
difference is the use of the 13.5% Ge(Li) detector in our system in place of
the more ideal LEP detector.

I7Co SOURCE

,Cd INSERT

FINGER
OR PHANTOM
Ge(Li) DETECTOR

STEEL SHIELD
'TUNGSTEN
BLOCKS

57

5 cm

Co SOURCE

Figure 3.
Our measurement involves a 600 s irradiation of the middle phalanx of
the index finger.
The incident excitation photon beam is collimated to
0.8 cm and the detector views the irradiated volume through a 1.3 cm
aperture in a W collimator.
The concentration of bone Pb in the irradiated
region is estimated by comparison with doped finger like phantoms with a
correction made to allow for a variation in count rate with finger size.
The efficiency (counts/p.p.m. Pb) increases by approximately a factor
of two as the bone diameter increases from 8 to 12 mm.
Like Ahlgren and
Mattsson we measure both bone and soft tissue diameters using a conventional
x-radiograph.
The measured Pb concentration is then modified by a factor

19

obtained from measurement of doped finger phantoms of different diameters.
The effect of finger size still remains a significant source of error as
the cylindrical phantoms are not truly representative of the shape of the
middle phalanx.
Further difficulties in the application of the technique are associated
with (a) attenuation in tissue of both the excitation photons and characteristic
x-radiation, and
(b) background in the region of the characteristic Pb x-radiation due to
Compton scatter from the relatively bulk object.
The first two difficulties were discussed in some detail by Ahlgren and
Mattsson7.
Their second publication9 describes a system similar to ours
57
in which two Co sources are used in a bilateral irradiation of the middle
phalanx of the index finger. The use of two sources reduces the variation
in spatial sensitivity throughout the irradiated volume. This variation
could be further reduced by rotating the finger through 180° at the mid
point of the measurement although the ensuing position would be less
comfortable for the patient.
The detection limit is approximately 25 p.p.m.
result of -

The limitation is a

(a) background due to multiple scatter of the incident 122 keV photons,
(b) the relative inefficiency of fluorescence, which using 122 keV photons
is more than a factor of two less than the maximum possible, and
(c) limitations on time (and dose) associated with the measurement.
We are investigating the use of a polarized photon source which may
result in some advantages in respect to (a) and (b) above.
The 122 keV photons from the 57 Co source are first scattered through
90° using a low Z scatterer. This produces a polarised beam of 98 keV
photons. This beam is used to fluoresce the sample. The detector is
placed orthogonal to the plane defined by the primary beam and polarised
beam. With this orthogonal arrangement the polarised beam cannot be
scattered towards the detector. Total rejection of scatter is possible
only when the angle is exactly 90°. However, for an angle near 90°, the
intensity of scattered photons is still reduced using a polarised beam
compared with an unpolarised beam. Preliminary measurements show that the
ratio of fluorescent x-rays to scattered radiation is increased by about a
factor of three. One significant difficulty is that the production of the
polarised photons by scattering reduces the intensity of the beam incident
on the phantom.
Stronger sources must therefore be used to compensate
for this reduction and transmission through the collimators becomes a major
problem. We have yet to investigate the efficacy of the technique with a
source suitable for in vivo measurement.

4.2

Application of Measurements

We have recently completed in vivo Pb determination on forty-five
patients attending the Renal Clinic, Royal Brisbane. Hospital.
Fifteen of
these were diagnosed as suffering from lead nephropathy.
The remainder
were divided between two groups of fifteen.
The two groups represented
patients diagnosed as suffering from renal failure due to analgesic abuse
and other causes.
Individuals within the three groups were

matched for age and sex.

Preliminary analysis of the data indicates that a significant number of
patients with diagnosed Pb nephropathy have elevated bone Pb levels.
Mean bone Pb levels in tha diagnosed Pb nephropathy patients was
elevated at 47 p.p.m. compared with 14 p.p.m. and 18 p.p.m. respectively in
the other two groups.
The results have yet to be correlated with other
parameters measured in this study.
Of particular interest is the
result of an E.D.T.A. Pb chelation test performed on each of the Pb
nephropathy patients.
It is perhaps interesting that the bone Pb levels as measured are in
fact a dilution of the levels associated with an acute exposure occurring
some forty years previously and in childhood. The dilution results from
natural skeletal growth and biological excretion.
Measurements of bone Pb in recently exposed industrial workers have
been performed on four subjects.
The results of these measurements were
130, 120, 103 and 125 p.p.m.
Errors in these measurments are estimated
as approximately ± 15 p.p.m. (1 S.D.).
At elevated levels this uncertainty
results from inadequacies of the phantoms used for calibration while at
lower levels the statistical uncertainty in the observed counts is more
important.

5.

FUTURE WORK

We plan to continue the programme of screening industrial workers
exposed to Cd and Pb and to study other disease states in which these
elements, particulary Pb, may be involved.
A group of normal subjects
will also be studied to enable a better understanding of the significance
of levels encountered in the exposed workers.
We are attempting to increase the sensitivity of the system for the in
vivo measurement of Pb by the use of a polarized source and by replacing the
large volume Ge(Li) detector with a planar germanium low energy photon
detector (LEPD).
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IN VIVO NEUTRON ACTIVATION AT TORONTO
1967 - 1981
by
J.E. Harrison and K.G. McNeill
Department of Medicine and Physics
and Institute of Medical Science
University of Toronto
Toronto, Ontario M5S 1A8

ABSTRACT
Since the inception of work on in vivo neutron activation
analysis at Toronto in 1967, the project has grown until these procedures 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 volunteers, 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 '38p U) 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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(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 * 9 Ca
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 reliability 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 8 P u , 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 S D ) .
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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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 K 3 * 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 S D ) .
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- overweight. 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 normalization 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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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 osteopenia 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 osteoporotics 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, respectively, 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 corresponding 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 themselves 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 n c m a l 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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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 accumulation 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 f a c i l i t i e s 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 t e s t s 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 t e s t s for nitrogen performed each
year i s in excess of 600. Again for this t e s t the charged
cost is $72.50 and again, taking into account the time for
checking for background and measuring potassium, the length
of the t e s t is h hour.
Finally, Tables 1 and 2 show types of studies for which
the calcium and/or the nitrogen f a c i l i t i e s 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
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IN VIVO ANALYSIS AT THE SERVICE HOSPITALIER FREDERIC JOLIOT
(1965 - 1981)
by
B. Maziere
Service Hospitalier Frederic Joliot
CEA - Departement de Biologie
F-91406 Orsay, France
ABSTRACT
In the first chapter, historical development of In-vivo Neutron
Activation Analysis (I.V.N.A.A.) at the Service Hospitalier Fre'deric
Joliot is presented. Then after having reviewed the preliminary animal
experiments, the author explains the choice of the irradiation facilities
used for human partial I.V.N.A.A.. The clinical applications of this
technique in the field of thyroid and bone metabolisms are described.
The clinical results obtained in patients suffering from various demineralizing bone diseases (osteoporosis, renal osteodystrophy) are given in
detail.

1.

HISTORICAL DEVELOPMENT

Adventure of In-Vivo Neutron Activation Analysis (I.V.N.A.A.) at the
Service Hospitalier Frederic Joliot begins in 1965 at College StationTexas .
On the occasion of a post-meeting session following the second Conference on Modern Trends in Activation Analysis, Dr. Comar listened to
Dr. Lenihan evoking the possibilities of measuring in-vivo thyroid iodine.
Having a presentiment of the fine future of the in-vivo measurements described the previous year by Anderson et coll. (1), he decided to explore
this new field of analysis. The first experiments dealing with the estimation of animal thyroid iodine were begun immediately and two years later,
in 1967, the first results were published in Nature (2).
In the next eight years, I.V.N.A.A. was essentially directed towards
bone mineral concentration measurement, first in animal then in man, and
in 1975 the first clinical applications of this technique, dealing with
bone calcium determination, were performed.
Nowadays, serial measurements of bone calcium concentration are
routinely taken on patients suffering from various demineralizing bone
diseases to determine the course of their diseases and the response to the
therapeutic treatment.
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2.

ANIMAL EXPERIMENTS

In 1972, 14 MeV neutrons were used for animal experiments (3). To ensure an irradiation as homogeneous as possible, the anesthetized rats were
placed in an animal holder rotating along two perpendicular axes at a rate
of several times per minute. This apparatus, surrounded on all sides by a
10 cm thick paraffin construction, faced the neutron target of a CockroftWalton generator. At the end of the irradiation time (3 min) the animals
were removed from their containers and the induced radioactivity {/• Al due
to transmutation of natural phosphorus, 1 % , ^Cl, 24jja a n d 49ca) was measured with a 12,7 cm xl2,7cm Nal (Tl) crystal. The main value of such a technique is that the changes in the elemental composition of the organism during the various events of life - such as puberty, suckling, senescence can be followed in time on the same animal.
In 1973, using a filtered fission neutron beam, total potassium (4)was
measured in-vivo in small animals like mice in registring the 29.8 KeV capture
gamma-ray. (Potassium measurement by counting 40^ radioactivity is not possible with small animals because the total mass of potassium is too small).

3.

IRRADIATION FACILITIES FOR PARTIAL I.V.N.A.A.

During all these years devoted to the various developments of I.V.N.A.A.
it became evident tliat the main medical application of these techniques
would be to provide data useful for the diagnosis and management of a variety of metabolic bone disorders. However these techniques were not routinely available for clinical applications mainly due to the difficulties encountered in bringing patients to a nuclear center to perform an irradiation with fission reactor neutrons.
It then became obvious that the future developments of I.V.N.A.A. will
tend to take place directly in hospitals using in-situ produced neutrons.
The choice between the three available irradiation facilities, 14 MeV generator - cyclotron - isotopic sources, depends on severeal factors and more
particularly on the kind of technique used : partial or in toto I.V.N.A.A.
The use of local measurements taken on limited portions of the skeleton offers two advantages over in toto measurements : one is dosimetric,
the other, technical.
Dosimetrically the sensitivity of the human body to ionising radiations
varies enormously from one tissue to another and if the irradiation is focussed on a single fragment of the peripheral skeleton the dose delivered
to such radiosensitive organs as the gonads, hematopoietic system or retina
will be reduced to a minimum.
Technologically it is all the easier to obtain a homogeneous irradiation and measurement as the volume to be analysed is smaller. Under these
conditions the integrated neutron flux necessary will be relatively low,
which is a positive factor where the cost of the irradiation device and its
biological protection is concerned.

The characteristics of charged particle accelerators are such that the
neutron flux supplied is generally more suitable for whole body than for
local irradiation. Isotopic sources, are, by far, the most suitable for local activation analysis. The neutron emission of these sources ( E ^ 4 MeV)
is adequate for homogeneous irradiation of the superficial bones at low dose levels. The sources are relatively inexpensive and further, require no
maintenance.

4.

THYROID IODINE CONTENT

In 1967, the estimation of thyroid iodine was performed in sheep (2,5)
by I.V.N.A.A. using fission neutrons obtained in one of the horizontal beam
ports of the EL3 reactor in Saclay (thermal neutron flux : 3 x 10^n cm~ 2 s~l).
Problems linked to inhomogeneity of irradiation were resolved using ^ I a s
an internal standard. After it is ingested, this isotope can be detected
easily in the thyroid gland by its 28 KeV X-ray emission. The actual amount
of the isotope concentrated in the thyroid can be estimated indirectly by
deducting from the administrated known dose the measured urinary excretion.
During its exposition to a flux of thermal neutrons 129j ^ s p ar tly converted
to 1 3 0 I and 130mi which emit easily detectable Y-rays. So during I.V.N.A.A.
of the thyroid the 129j acted as a flux monitor allowing an accurate determination of che stable iodine content of the gland (through 12 ?I (n, y) 12 ^l)
and that thought the neutron flux at each point of the thyroid was not accurately known.
To be able to apply this analytical technique in humans, it was necessary to reduce the radiation dose delivered without reducing too much the
sensitivity of detection of iodine. This was done in 1973 by eliminating
the Y radiation from the reactor core which was contaminating the irradiation flux with the help of a neutron guide (6). In this device the 0.025 eV
neutrons were selected by total reflection on nickel mirrors (the flux used
was 1.25 x 10^ n cm"2 sT*). In these conditions, the dose delivered at the
surface of the neck (1.5 rem/min) became acceptable.

5.

BONE MINERAL CONTENT

From a physiopathological point of view, it seems that in generalized
demineralizing bone diseases the variations of calcium content from one
bone segment to another are more or less comparable and that these local
variations reflect the mineral variation of the whole skeleton. Nevertheless
it is obvious that it is preferable to measure bone mineralization on the
same patient at various levels of the skeleton.
5.1. Tibia
In 1968, the curved guide of the EL3 reactor was already used to study
bone mineral metabolism in man (7). Neutron irradiation was directed against
the antero-medial surface of the tibia (irradiation time : 10 to 30 minutes
- thermal flux : 2.3 x 10? n cm"2 s~l - dose absorbed at the level of the
skin : 7 rem). Measurement with a 20 cm x 10 cm sodium iodide crystal of
the radioactivity induced allows the calculation of the ratios of bone
Ca/Na, Ca/Cl and Na/Cland of the rapidly exchangeable bone sodium.
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During this localized irradiation of the tibial region with cold or
thermal neutrons, it was possible to detect the prompt y-rays of phosphorus
(77.2 keV) and sodium (90 keV) with a Ge (Li) detector (8)(Fig.i). The sodium, thus detected by two measurements (prompt y-rays and y-ray disintegration) couldbe used as an internal standard to deduce, for the first time
in-vivo, the Ca/P mass ratio (1970).
5.2. Hand
5.2.1 Principle. In 1975 we decided to begin our clinical studies on bone
metabolism by measuring this Ca/P ratio at the level of the hand (9,10,11).
It is well known that to give rises to y emitters natural calcium can
be irradiated with thermal neutrons, but stable phosphorus has to be transmuted in Aluminium-28 by fast neutrons. Therefore the different behaviour
of P and Ca suggested the use of isotopic sources with complementary neutronic characteristics such as 252 Cf, well endowed with slow neutrons, and
238 P u _ B e (mean energy 4.5 MeV).
5.2.2. Irradiation. On the basis of these considerations, two irradiation
devices were successively designed and built (see Appendix). Two 200 ug
252
Cf sources (9.2 x 10 8 n s~l) and four 10 Ci 238 Pu-Be sources (6.8 x 107
n s~l) arranged equidistantly on a ring of diameter 12 cm were placed at the
centre of a 1 m paraffin cube. Biological protection was completed by a
1 mm cadmium casing and a 5 cm lead shielding (Dose rate equivalent at the
surface of the lead castle < 3 mrem.h-1).
In the first irradiator built in 1975 the sources were fixed and the
patient had to place his hand rapidly, in and out of the irradiation position ; this was done by grasping a handle and in pushing it, along rails,
to the center of the irradiation ring. This system needed to be improved and in
the second device built in 1980, the sourcesbecome mobile. When not in use
the sources are stored in the back of the paraffin cube. Lucite tubes serve
to guide the sources from the storage position to the exposure position.
The sources are moved by means of a single pneumatic jack and a remote
control motor allows the selection of the sources (252Cf or Pu-Be) before
their ejection.
With this new system it is easy to select the nature of the neutrons
used for irradiation. Moreover the accuracy in the irradiation time is no
longer subordinate to the cooperation or the physical abilities of the
patient. To limit irradiation to the hand bones alone, the subject's forearm is protected by a cadmium bracelet.
From measurements carried out on a phantom hand under these conditions,
the y dose rate may be estimated at 0.2 cGy min-1 (0.2 rad.min"1) and the
mean neutron dose rate at 0.28 cGy min"* (0.28 rad.min"!). For this dose
rate (n + y) of 0.48 cGy min"1 (0.48 rad.min"1) the relative biological
effectiveness of the neutrons is 5 which leads to a total dose rate of
1.6 cGy equ.min"1. Since the irradiation time is 5 min the absorbed dose
is 8 cGy equivalent (8 rads equivalent). The dose equivalent delivered to
the whole.body is then about 0.035 mSv (2.5 mrem) (12).
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5.2.3. Measurement of Induced radioactivity. One minute after the irradiation is over, the activity induced in the subject's hand is measured with
two low-background sodium iodide scintillators (12.7 cm x 12.7 cm), placed
in a 10 cm low activity lead shield. Each detector is connected to a stabilised amplification line and the total y activity spectrum is recorded
between 1.10 MeV and 3.50 MeV by a multi channel analyser linked to a computer.
5.2.4. Ca/P ratio. When both kinds of neutron sources are used simultaneously the four major elements of the bone mineral matrix are measured :
Ca (*9Ca), Na. ( 24 Na), Cl (38Cl) and P (28Ai). if the measured calcium comes
essentially from bone tissue, it is clear that the phosphorus results obtained cover not only the bone phosphorus but also that of the soft tissues
(in the hand 5 to 7 % of the total phosphorus). Allowing to this unavoidable inaccuracy, the bone Ca/P ratio so measured in vivo (mean value on 55
subjects : 1.96 ± 0.17) corresponds well to the value 2.18 recommended in
the literature (9, 10, 11).
5.2.5. Calcium. With 2 5 cf sources alone, the only elements likely to be
measured are Ca and Na (and Cl).

Nowadays, serial measurements of hand bone calcium concentration are
routinely taken on patients to determine the course of their diseases
(osteoporosis or renal diseases) and the response to the therapeutic treatment .
5.2.6. Sodium. From a clinical point of view the measurement of bone sodium content also appears to be potentially usefull, essentially through
kinetic studies. With this in mind, the 24 Na radioactivity variacions
measured on 14 subjects were plotted against time, and each curve fitted
to a function being the sum of two exponentials (19).
Two pools were identified : the first corresponding to a fast turnover,
with a half-life of about one hour appears to represent the extracellular
fluid sodium ; the other with a slower turnover process with a half-life
averaging 79 hours, if the calcium concentration of the hand bones is normal, and 35 hours if this calcium content is sub-normal. This more slowly
exchangeable sodium appears to represent the bone sodium. The mean ratio
of calcium to slowly exchangeable sodium is estimated at 47.7, and that of
quickly exchangeable sodium to slowly exchangeable sodium at 0.65. These
various parameters should be of interest in bone pathology because a decrease in bone calcium go with a parallel decrease in bone sodium and an accelerated bone sodium turnover.
5.3. Spine
Once the in vivo Ca measurement at the level of the hand became a
clinical routine examination we recently decided in 1980 to carry on our
studies on bone metabolism by measuring the mineral content at the vertebral
column which contains a large amount of trabecular bone, where metabolic
activity is known to be high and where osteoporotic damage is supposed to be
detectable earlier.

V
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As the thickness of the trunk renders bilateral irradiation not very
useful , an acceptable unilateral irradiation system was developed.
252
A 100 pg
Cf source, housed in a shielded cylinder, is transferred
pneumatically via polyethylene tubes to the operating position. The irradiation is done with a source to skin distance of 2.7 cm (2 cm of lucite as
premoderator), with no reflector or cadmium sheet. During the 10 min irradiation the patient lies face-down on a movable bed ; the absorbed dose is
12 cGy equivalent to the skin and 3 cGy equivalent to the spine (on 7 vertebrae). The induced activity is measured with a 15 cm x 15 cm Nal crystal
which is placed against the irradiated vertebrae. Before the irradiation a
thin strip of gold is stuck on the skin of the patient, along the spine,
and used as an external standard to normalize the results. The statistical
accuracy of patient measurements is 1.8 % and the reproducibility (precision) measured in vitro on a spine phantom is 2.2 %. The in vivo reproducibility is actually being established from repeated measurements on 10 patients. Preliminary results show that the precision on the determination
of spinal calcium could be better than 3 % using our external standard
technique.

Calcium results are normalized according to the hand bone volume calculated from the projected hand bone area. This area is measured by planimetry on a dorso-palmar radiographic image of the hand bones.
Measurements of calcium content in the hand bones are obtained with
satisfactory precision (< i 2 % ) , sensitivity (200 mg) and accuracy (statistical accuracy : t 1 % - accuracy on standards < i 2.7 % ) .
The first clinical study covered more than 150 reference subjects (13),
men and women, between 20 and 100 years of age (fig. 2 ) . The total measured
bone calcium varies between 4.5 and 16 g and the bone calcium concentration
between 0.095 and 0.25 g of calcium per cubic centimetre of bone. In these
controls, the average calcium concentration per decade does not change significantly between the age of 20 and 60 in women or 70 in men. The diminishing calcium concentration observed in the hand bones with advancing
age (after 60 in women and 70 in men) occurs probably through bone atrophy.
In post-menopausal women, this bone mineral loss follows an exponential
law - (Ca) = 0.34 e" 0 - 0 1 5 (years)(r = o.99) - corresponding to an annual
calcium loss of 1.3 %.
The second group studied numbered about 114 patients (73 women and
41 men), all over 40 and suffering from primitive osteoporosis confirmed
radiologically by collapse of at least one vertebra (14, 15) (Fig. 3, 4 ) .
Bone calcium concentration is found to be significantly lower than that of
the control subjects in most of men, in 93 % of osteoporotic women aged
between 50 and 59, in 66 % between 60 and 69 and only 5 % over 70.
The third group consisted of 46 uremic patients dialysed for at least
two years (16, 17, 18). All the patients with radiological signs of hyperparathyroidism have a very low hand calcium concentration. Amongst the
patients without signs of hyperparathyroidism, 25 % have, nevertheless, a
calcium concentration significantly lower than that of controls.

The correlation between the hand bone calcium mass and the radial epiphysis bone mineral content (3.M.C.) in the reference group is high
(r » 0.87 p < 0.001). This correlation is very slightly smaller
(r = 0.85 p < 0.001) in osteoporotics but significantly smaller
(r = 0.72 p < 0.001) in uremics.
Correlations between calcium mass of the hand and histomorphometric parameters measuring bone atrophy (trabecular bone volume, trabecular bone
volume minus trabecular osteroid volume) are not significant in osteoporotics and uremics. In uremics it is interesting to note a significant negative correlation with an histological index of iliac bone resorption (number of osteoclasts per mm^ of trabeculae, r = 0.495 p < 0.05).
Finally in osteoporotics weak but significant correlations have been
found between hand bone calcium concentration and metacarpal index
(r = 0.55 p < 0.01) or number of thoracic vertebral fractures (r = -0.41
p < 0.05).
As it seems very difficult to estimate the volume of bone irradiated,
this technique should be used only on longitudinal studies to follow the
spinal calcium variations in the same patient.

6.

FUTURE WORK

In the near future, we will direct our efforts towards this spinal
calcium measurement. In fact we should like to compare, on the same patient,
the evolution of the calcium mass in cortical (hand) and trabecular (vertebra) bone. These localized bone calcium measurements ought to give an accurate picture of the progress of bone mineral loss in each individual suffering from pathological disorders characterized by osteopenia and above all
to give a precise idea of the effectiveness of treatments aimed at slowing
down or eliminating these conditions.
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DEVELOPMENT OF AN IN-VIVO NEUTRON ACTIVATION ANALYSIS FACILITY FOR
MEASURING CHANGES OF CALCIUM AND PHOSPHORUS IN SECTIONS OF BONE
By
D.Glaros, J.Xatzikonstantinou, J.Leodiou and C.Rigas
Department of Medical Physics,University of Ioannina
Ioannina,Greece

ABSTRACT
A facility for partial-body in-vivo neutron activation analysis
is at its final stage of development. It is to be used for the
measurement of calcium and phosphorus in sections of the human skeleton
such as the bones of the spine. This facility utilizes a shadow-shield
whole-body counter with two 28cmX10cm Na'I detectors and an irradiation
system of two 200ug
Cf and four O.37TBq
Am-Be neutron sources.

1.

INTRODUCTION'

The Medical School of University of Ioannina was founded just a
few years ago and herein a Medical Physics Department was sstabl.ished.
From the start,a number of clinician colleagues expressed their interest
into having accessibility to a sensitive and reliable technique for
the investigation of patients suffering from metabolic bone disorders.
Therefore,in 1980,the decision was taken to develope facilities for
in-vivo neutron activation analysis (NAA) and photon absorptiometry for
measuring the status of mineralized bone,in bone disorders such as
osteoporosis,osteomalacia,renal osteodystrophy etc.

2.

PLANNING THE FACILITY
The design of a NAA system had to overcome some additional problems

to those usually experienced in other centres. These problems can be
attributed to the following factors:
a. The location of the city of Ioannina at a mountain area of northwest Greece does not allow the provision of the best technical
service and consultation from commercial representatives,which
can be usually found in large Greek civic centres 300 miles away.
b. The lack of pre-existing relevant facilities in the area,such as
nuclear reactor or other suitable neutron sources.whole body counters
etc..necessitates the construction of a whole system from scratch.
c. Limitations in the available financial resources,restricts the design
to an inexpensive system.
d.
In addition some difficulties may arise from ethics of employing
neutrons in human irradiations,despite the fact that the absorbed
dose can be only a fraction of those commonly employed in standard
x-ray,CT or nuclear medicine examinations.
Therefore,a system had to be developed which accomplishes the
following:
a. Good sensitivity for measuring phosphorus (P) and calcium (Ca) or
both,in various skeletal regions such as the hands,feet,spine etc.,
with adequate precision and acceptable low radiation doses to the
patient.
b.
Simplicity in operation and maintenance.
c. Low cost of installation and of day to day operation.
Taking into consideration the above factors it was decided to develop
a partial-body NAA facility similar to the system developed in the Scottish
Universities Research and Reactor Centre at East "ilbride.with certain
modifications. This system consists of a radioisotopic neutron sources
irradiation facility (1) and a shadow-shield whole-body counter (2). Its
performance in intrathyroidal Iodine and bone calcium measurements has .
been investigated and reported (3). The possibility of measuring phosphorus
in bone sections (3),(4) can be extended to the simultaneous determination
of calcium and Phosphorous in sections of the skeleton using Californium252 or Americiun-Derylliura neutron sources (5).
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IRRADIATION FACILITY

The irradiation area,where the two Californium-252 sources (2X200u.g)
and the four Americium-BeryTlium sources (4X0.37TBq) are to be installed,
is large enough (2mX2.2m) to accommodate a bed and also to provide
adequate working space. This area is surrounded by concrete shield of
about lm total thickness. The shield is reinforced where necessary with
paraffin wax,in a way that the dose rate in the areas adjacent to the
irradiation area is kept below lmrem-h" . In addition provision has been
taken to install all the necessary irradiation safety devices,such as
alarms,interlocks,manual drive system for the sources etc.
Each 252 Cf source will be firmly enclosed in a cylindrical steel
container which will act as a "transfer rabbit" in a pneumatic delivery
system. The flexible polyethylene tubes of the pneumatic system are
inserted in a hole 2.5m deep into the ground. This hole lined with steel
and plastic tubes is sealed at both ends in order to prevent water and
dust entering the pneumatic system. Uhen not in operation the sources
will be stored at the bottom of this well. Under these conditions the dose
rate at the surface of the well near the floor is undetectable by routine
radiation survey monitors ( 0.lmrem-h" ) (5). The whole system is automated.
The sources will move from the storage position to the irradiation position
and backwards at preselected times. Their presence at each position,being
detected by special sensors.will be indicated by appropriate light indicators.
241
The four
Am-Be sources will be stored inside a container filled with
paraffin wax. A mechanical drive system will move the sources from the
storage to the irradiation position and backwards.
4.

COUNTING SYSTEM

A high sensitivity shadow-shield whole-body counter is under
construction. It uses two Nal(Th) scintillation crystals,28cmX10cm thick,
which face each other in a way that the patient lying on a motorized bed
can pass between the two crystals. The crystals are housed in lead
shielding,constructed of 8 tons virgin lead bricks,10cm thick. By moving

- 38 the one crystal relative to the other it would be possible to select a
desired distance between the two crystals. This gives a better-flexibility
to the system for partial-body measurements,improving the sensitivity
for measuring bone minerals in selected sections of the skeleton. Provision
also has been taken that part of the lead shield can easily be removed.
This will facilitate the exact positioning of the body section under
investigation which would improve the reproducibility of counting.
The two detectors are coupled to a ND 60 multichannel analyzer
utilising 4X512 channel memory blocks. This, analyzer provides an output
to a serial printer or to a paper tape punch. The latter will be useful
when the data is to be processed by the University's CDC 171 digital
computer,a terminal of which is to be installed in our laboratory.

5.

SIMULTANEOUS Ca and P ANALYSIS IN BONES OF THE SPINE

The simultaneous determination of Ca and P in bones,using radioisotopic
neutron sources, is not so easy if the radiation dose is to be kept low.
Even if a few centimeters of premoderator is used,which is required for the
Ca study,it will further reduce the already small fraction of high energy
neutrons emitted by the source,lead ing to very poor P results. On the other
hand if no premoderator is used the Ca results are poor. A problem that
also arises when conventional irradiation from radioisotopic sources are
used for Ca determination in thick body sections is the lack of good
uniformity of activation. The results are even poorer when small source-toskin distances have to be employed and when the analyzed structure is
located near to the surface of the thick body section. This situation
arises with the vertebral column^which is remote from the central axis of
the body where(in bilateral irradiation)the thermal flux profile shows
a valley.
In order to obtain a simultaneous Ca and P activation and at the
same time achieve a fairly uniform thermal flux through and along the
spine it is intended to use a mixed field (compound) irradiation technique

- 39 (5),(3). One way is to perform the Ca and P activation in two sequential
stages,with and without the presence of premoderating materials i.e. by
removing the premoderator at about mid-irradiation time. Whereas calcium49 will be induced during both these irradiation procedures the shortlived 28Al will be induced from phosphorus primarily during the second
stage of the irradiation. If the right experimental conditions have
been chosen the thermal flux can be acceptably uniform with depth in the
body. This is possible because the ascending and descending sections of
some themal flux profiles (in unilateral irradiations) are fairly linear and
of opposite slopes. The combination of the two irradiation procedures
results in the respective ascending and descending sections being
intersected,adding to an almost constant thermal flux with dept. An
acceptable uniformity (± 15 per cent) can be obtained at depths in the
body more than the depth at which the peak of the simple thermal flux
profile occurs. Therefore,the acceptable uniformity can be extended
at depths up to about 8cm in the body,which is sufficient to accomodate
the depth of the spine.
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ABSTRACT
The X-ray fluorescence (XRF) technique has been shown to be useful
for in vivo determinations of elements of atomic number greater than 40.
The paper describes our work in analysing lead in finger bone and cadmium
in kidney cortex of occupationally exposed persons as well as iodine in the
peripheral circulation of patients after injection of iodine-containing Xray contrast agents. Different radionuclide sources (Co-57, Am-241 etc) have
been used for excitation and a Ge-detector for registration of the characteristic K X-rays from the various elements. For the cadmium determinations
the detection limit has recently been decreased considerably by using plane
polarized photons derived from an X-ray beam instead of radiation from an
Am-241 source. The XRF-technique has been shown to have important applications in occupational and environmental medicine (Pb, Cd) as well as in
diagnostic radiology (I).

1.

INTRODUCTION

The first studies of the use of X-ray fluorescence (XRF) analysis for
in vivo measurements started at our institute in 1972. The group which
inititally started to work with the problem of lead determination in vivo
consisted of Lars Ahlgren, Mike McGie, Kurt Liden and myself. Mike McGie
worked one year in Lund as a visiting scientist from Chico State College,
Chico, California, USA. During the first year, we tried to find the best radionuclide source for excitating characteristic X-rays from lead in the skeleton.
We compared Cd-109, Co-57, Tc-99m and 1-125 and looked at the possibilities
to measure both on K and L X-rays from Pb. From these measurements we decided that Pb K X-rays should be measured and that C-57 was the best radionuclide source available. After a series of model studies, measurements of
five occupationally exposed persons were carried out in 1975 (1) and
showed that it was possible to use the XRF technique for in vivo measurements of lead in their skeletons using a 57£O source to excite the K X-rays
and a Ge(Li)-detector to register them. So far as we are aware, this was
the first in vivo measurement of lead in man.
Soon after the start of this program we realised that it should also
be possible to use the XRF-technique for cadmium determination in the
kidneys and perhaps also in the liver.
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As well as measurements of lead and cadmium which are of importance
for environmental and industrial medicine, we have tried to use the XRFtechnique for quantitative measurements of the retention of iodinecontaining contrast agents after ordinary X-ray examinations in which
such media are used.
2.

BASIC PRINCIPLES OF IN VIVO APPLICATIONS OF THE X-RAY FLUORESCENCE
TECHNIQUE

In the energy range considered (approximately 20-150 keV), the interactions of photons with matter are due to:
(1) scattering by the atomic electrons with (incoherent scattering) or
without (coherent scattering) loss of energy or
(2) photoelectric absorption in which the photon transfers all its
energy in the interaction.
When a photon (primary or scattered) of energy hv penetrates soft
tissue which contains a trace element, there is a certain probability
that the photon will interact photoelectrically with an atom of the trace
element. The probability for this event is, in the concentration interval
of interest here, proportional to the concentration of the trace element
and to the cross section for photoelectric absorption which is dependent
on the energy of the photon and the atomic number of the element.
If hv is greater than the electron binding energy in the K-shell of
the element of interest, absorption in this shell is favoured. The vacancy
in the K-shell is filled by a transition from one of the outer shells. The
transition may appear as characteristic X-rays with energy hv c = B^ - B s ,
where B s denotes the binding energy or one of the outer shells. The energy
hv c is characteristic for the element.
Alternatively, the atomic reorganisation may occur without emission
of radiation, in tnis case, the energy is communicated to another electron (or electrons) of tne same atom and this latter electron is ejected
(Auger electron). The K-fluorescence yield (to^), which is the fraction of
K-vacancies, which give rise to K X-rays, increases with the atomic
number Z of the element, which favours in vivo detection of high Z-elements by means of XRF.
In in vivo applications of XRF, the characteristic photons generated
must penetrate relatively thick layers of soft tissue (approximately
5-50 mm) in order to reach the detector. This means that there is a lower
limit for the emitted energy of the characteristic photons and hence to
the atomic number of the element which is possible to measure.
To get a rough idea as to which elements are available for in vivo
measurements, the fluence of characteristic K X-rays originating from
a small volume located at a depth d following irradiation by photons
with energies just above the binding energy of the K-electrons has been
calculated (7).
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K
e"Pi

• d . o_ . M

. e ^ 2 * d = c_

where
Pi = The linear attenuation coefficient in soft tissue for incoming
radiation. The energy of this radiation is taken as that of the
binding energy of the K-electrons in element with atomic number Z.
a = The massattenuation coefficient for photoelectric absorption in
the K-shell for element Z.
u_ = The K-fluorescence yield for element Z.
uf = The linear attenuation coefficient in soft tissue for K - X-rays
from element Z.
Figure 1 shows the calculated value of C for in vivo XRF-anfllysis
of various elements and depths. (7).
The approximate lower limit of atomic number of elements to be measured in vivo is Z=40. From this, it immediately follows that fluorescence
following photoelectric absorption in soft tissue constituents does not
interfere with the external detection of characteristic photons from
the trace element.
In table 1 physical data are given for some elements of medical
interest which are suitable for X-ray fluorescence measurements.
Scattered primary photons may also reach the detector, thereby giving
rise to an interfering background distribution which reduces the
possibility of determining the amount of the trace element in question.
The probability for incoherent scattering is proportional to the
electron density of the scattering material. The electron density is alsmost
constant for most of the elements in biological matrices, about 3'102^ g"1,
and the number of incoherently scattered photons can therefore be used
to estimate the mass of the irradiated volume in which the trace element
determination is carried out. (1,4,6,11,13,14) The normal situation is
that the contribution from primary photons which have been incoherently
scattered into the detector has higher energy than the characteristic X-ray
photons.
In some situations it may, however, be possible to use an excitation
energy close to the K-edge of the trace element and to select the angle
between the incident and measured radiation so that the characteristic Xrays have higher energy than the incoherently scattered photons detected.
An example of such a situatuation is the detection of lead (Pb K , :
88.001 keV) using the 88.035 keV photons from 1 0 9 Cd. This is, however,
an exception.
In almost every situation, the scattered contribution is a major
limiting factor. It is especially troublesome in in vivo applications due
to the large scattering volumes and low concentrations of the trace elements.
The probability for coherent (Rayleigh) scattering increases with in-
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Figure 1 (from Ref. 7)
Relative number of K X-ray photons, C K , emerging from a small
volume of element Z at depth d in soft tissue irradiated with an
energy equal to the binding energy of the K-electrons as a
function of the atomic number Z.

creasing atomic number of the scattering material, and the process is
more probable for incident photons of low energy. Most of the coherently scattered photons are emitted in the forward direction. In order to
shield the detector from the primary radiation, we have to work with
scattering angles between 70° and 180° and the probability for coherent
scattering in this angle interval is much smaller than that for incoherent scattering.

The ratio between the number of coherently and incoherently scattered
photons can be used to get information about the atomic composition of
the sample, the mineral content of bone etc (3).

Table 1.
Some elements available for non-invasive XRF-measurements in vivo

Main field
Element Z
of application

Nephvology
and
diagnostic
radiology

E

Ko'l

Ka

E

2

keMr

keV

'l
keVr

K62

keV

Cd

48

26.712

23. 172

22.982

26.093

26.641

Hg

80

83.106

70.821

68.894

80.258

82.526

Pb

82

88.001

74.957

72.957

84. 922

87.343

(Ge

32

11.103

9.885

9.85*

10. 985

11.100)

Pt

78

78.379

66. 820

65.111

75. 736

77.866

I

53

33.164

28. 610

28.315

32. 292

33.016

Ba

56

37.410

32.191

31.815

36. 376

37.255

Occupational
and
environmental
medicine

Oncology

E

K. abs
Kev

We have made some theoretical calculations of the possibilities of
in vivo applications of XRF by means of Monte Carlo technique. (9,10,16)
We have constructed a Monte Carlo code and found it to be a flexible and
easy handled instrument suitable for use in a micro computer (Luxor ABC 80).
A variance-reducing method known as "absorption by weight reduction"
(Los Alamos LA-7396 M) has been applied so as to reduce the statistical
uncertainty in the calculations of the incoherent scatter spectra. In
order not to waste memory space, analytical expressions have been fitted
to tabulated cross-section data, instead of storing these data as a matrix.
The program calculates 1) a quantity P, which is proportional to the
amount of K X-ray photons generated and 2) the energy distribution of
the incoherently scattered photons.
The P-value and the energy distribution of the incoherently scattered
photons make it possible to obtain a relative estimate of the detectability of a trace element.

FIG. 2

The results (9,10) should be considered as the start of a more detailed study of various parameters influencing the in vivo measurements.
The practical consequences of such theoretical studies could be development of more efficient measurement equipment for different in vivo
applications.

3.

IRRADIATION AND DETECTION ARRANGEMENTS USED FOR IN VIVO MEASUREMENTS

3.1. Lead determinations: (1,2,3,4,5,7, see also "Appendix")
The left forefinger is fixed in a perspex holder and about 1 cm of
the second phalanx is irradiated 25 minutes with two collimated " c o sources
having a total activity of 0.7 GBq (- 20 mCi). The countrate of characteristic K X-rays emitted from lead is measured with a Ge-spectrometer
(16 mm diam x 5.2 mm; energy resolution: FWHM = 750 eV at 75 keV). The
mean angle between the incident and measured radiation is 90°. The diameter of the bone measured is calculated from two X-ray pictures taken
with orthogonal projections. The bone mineral concentration in the finger
bone is estimated from the quotient of the coherent and incoherent
scattered photons and the lead concentration in the finger bone is then
derived from measurements on a finger phantom made of silica paraffin wax
and bone ash with known size and bone mineral concentration (3).
The minimum detectable concentration of lead in forefinger bone is
20 yg per g of bone tissue. The mean absorbed dose in the irradiated part
of the finger is 2.5 mGy (250 mrad) and the total energy imparted is estimated to be 0.01 mJ, which is insignificant in comparison to an ordinary
X-ray examination of the hand (compare table 2 ) .
The reproducibility of an in vivo lead determination has been estimated from a series of double measurements on the same patient to ±15 Pg/g
(S.D.) Figure 2 (18).
3.2. Cadmium determinations: (8,4,9,10,12, see also "Appendix")
The right kidney is carefully localized by ultrasound. The collimated
beam from an 11 GBq ^Am-source (300 mCi) and the collimated Ge-detector
is then directed towards the centre of the kidney as given by the ultrasonic measurement. The angle between the primary and measured radiation is
110°. The collimators are wide enough to irradiate and measure about half
the kidney. To reduce the fluence rate of the low energy photons emitted
from the source a 70 Urn Mo filter was placed in front of it.
The analytical problems in connection with the in vivo measurements
of cadmium in the kidney are considerably more difficult than these arising in the determination of lead concentration in fingers. This is
mainly due to the difficulties of controlling the irradiation and detection geometry of the kidney (8). It was found that the sensitivity and
and the detection limit were strongly dependent on the depth of the organ.
The pronounced variation of sensitivity with depth gives us however a
possibility for a selective measurement of Cd in the kidney cortex.

Measured Pb-cone.(2nd time)
• a-1
M9-9

150 -

100 -

detection
limit
0

(
detection
limit

50

100
150
Measured Pb-conc.dsttime)

Figure 2.
Results of double measurements of the lead concentration in the second
phalanx of the left forefinger of 19 occupationally exposed persons.
The second measurement was carried out 1-4 months after the first one.
(From Ref. 18).
3.2.1. Background reduction using plane polarized photons for in vivo
detection of cadmium. Several authors have demonstrated that for measurements on laboratory samples the scattering and background can be significantly decreased by polarizing the excitation photons and positioning
the detector in an appropriate geometry. The required polarized photons

- 48 can be produced by scattering a beam of unpolarized photons at a 90
angle from a target of a light element. The paths between the source,
polarizer, sample and detector must represent three mutually orthogonal vectors.
We have tried to use the technique of polarization also for in vivo
measurements of cadmium in man in order to improve the detectability of
the element.
Using a Miiller MG 300 X-ray tube and generator capable of continous
operation at 150 kV and 15 mA, a cylindrical polymetylmetakrylat target
and a zirconium filter (see "Appendix") we have achieved a considerable
reduction of the minimum detectable concentration as compared to the
system with americium-241 source. As can be seen in figure 3 the reduction
in MDC is about a factor of 2.5 (17). The first seven patients have just
been measured by this system.
The use of plane polarized photons from an X-ray tube has both decreased the detection limit considerably and given us a measurement
method which is less sensitive to the depth of the kidney than the
method using the ^^^-Am source.
As seen from table 2 the mean absorbed dose in the irradiated part
of the kidney is higher when the system with polarized photons is used
but the energy imparted is somewhat lower than when ^*^Am was used and
in both cases insignificant in comparison to common X-ray investigation
of the kidneys.
3.3. Iodine determinations: (16,4,9,10,13,14,15, see also "Appendix"
241
The same 11 GBq
Am source which is used for cadmium measurements
is used in these measurements. After injection of an X-ray contrast agent,
the iodine concentration in the forefinger tip (0.5-1 cm^) of th- patient
is studied.
In patients undergoing urography it was possible to follow iodine
concentration by in vivo measurements on the finger-tips of patients
with normal kidney function up to 6-10 hours after injection. Patients
with reduced kidney function could be followed for still longer periods.
The important point is that we have found identical retention curves by
means of in vivo measurements on the patient's fins>er-tip and by means of
serum analysis in vitro. In repeated measurements on the finger-tips,
it has shown to be valuable to use the size of the distribution of incoherently scattered photons as an internal standard to correct for
varying positions of the finger from measurement to measurement.

4.

MAIN FIELDS OF APPLICATIONS

4.1. Environmental and occupational medicine
In vivo XRF methods for determination of lead and cadmium in man have
been worked out to meet a growing demand for direct measurements of the concentration of various toxic substances in man. The method has been used in
collaboration with staff personal from the Departments of Occupational
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Figure 3.
The minimum detectable concentration (MDC) of Cd for various distances
between the skin and the kidney surface using excitation by 59.5 keV
photons from 2^^Am or by photons from an X-ray tube after polarization
in a polymethylmethacrylate target. MDC corresponds to the number of
registrations in the Cd K -peak needed to be 3 standard deviations above
background after 30 min. measuring time.
(From Ref. 17).

Medicine in Malmb and Lund. So far about 100 persons have been analyzed
for lead in their skeletons, mainly in connection with various research
programs.The main purpose of these programs is to study the relation
between lead concentrations in blood and skeleton, to study the possibility of using the lead concentration in the skeleton as a measure of the
total exposure to lead and to study the long term retention of lead in the
skeleton. The method has also been used routinely for measurements on a
number of patients with suspected acute lead poisoning. The method to
determine cadmium in the kidney cortex has hitherto been used on twelve
patients and we are planning similar measurements on some fifty new
patients who are suspected to have been heavily exposed to cadmium in
their work. The main purpose of this work is to study the relation between
cadmium concentrations in blood and kidney cortex, to study the use of
kidney cadmium concentration as an exposure-meter and to correlate
various degrees of kidney failure with cadmium concentrations in the
kidney cortex.
4.2. Applications in nephrology
Patients with suspected kidney malfunction normally undergo urography
which is an ordinary X-ray examination. For some of these patients, a
quantitative determination of kidney function must be made and this is
normally carried out in a separate study measuring the clearance from
blood of intravenously injected 51cr-EDTA or 125i_ o r 131j_ iabeiied
contrast media. We have instead followed the initial injection of the
contrast medium by in vivo XRF, omitting the injection of radioactive
material and the repeated blood-sampling. Following urography, external
X-ray fluorescence analysis of iodine in the tips of the second finger of
the left hand were made during 1-2 minutes counting periods at 10 minutes
interval from 2 to A hours after injection. Our studies have shown that it
is possible to estimate the elimination rate of X-ray contrast agents in
serum from external measurements on peripheral tissue such as a human finger
tip. The practical consequences are that external measurements on the finger
tip can be used routinely for quantitative estimation of the kidney function
on patients referred for urography. The method which we have developed is
simple to handle with no inconvenience to the patients. We have also used
the technique to study the elimination of X-ray contrast agent in rabbits.
The practical consequences are that in vivo measurements can now be used
routinely, e.g., in tests of new contrast media. The method could also be
used in animal tests of new drugs suspected to influence kidney function,
with iodine-containing contrast medium as a tracer.

5.

PLANS FOR FUTURE WORK

5.1. In vivo determinations of heavy elements such as cadmium and lead
We have started to use plane polarized photons from an X-ray tube instead of primary radiation from a ^lAm-source in order to decrease the
background under the characteristic X-ray peaks.The detectability for Cd has so
far been improved by a factor of 2.5 and we are still working further to
improve the technique using plane polarized photons for the detection of
cadmium as well as of lead.

A very important task for the future will be to construct a mobile
version of our recent cadmium detection equipment so that our most sensitive technique can be used for measurements in factories and areas where
the cadmium exposed persons work and live.
5.2. Studies of the dynamics of X-ray contrast agents
The method for kidney function measurements described above does not
separate the two kidneys but it is sometimes of importance to study the
function of the individual kidneys separately. We therefore plan to develope a method to measure directly on the kidney just after injecting the
contrast agent combined with the finger measurements in the interval
2-4 hours after injection.
At the moment we also actively work on a second version of our equipment for kidney function test in order to simplify its use and make it
cheaper.
5.3. Applications in oncology
Some modern cytostatic drugs used in oncology, e.g., "cis-platinum"
and "spiro-germanium" contain in their molecules high Z atoms, platinum
(Z = 78) and germanium (Z = 32) respectively. We have just started to use
in vivo XRF to study the uptake of "cis-platinum" in tumours and to monitor
its concentration in the kidneys which could be seriously damaged if too
much of the agent is concentrated in them.
Table 2.
The mean absorbed dose and the energy imparted in in vivo X-ray
fluorescence analysis (XRF). Data for other type of radiological
examinations are given as a comparison.

Type of investigation

Mean absorbed dose
Energy imparted
in the studied organ
^
mflv

XRF of lead in finger bones

2.5

0.01

Ordinary X-ray picture of a
hand

0.65

0.10-0.25

XRF of cadmium in a kidney
a) americium-241 source (
b) plane polarized photons

0.6
1.8

0.4
0.3

Kidney function studied by
XRF of the finger tip after
injection of contrast medium

2.3

0.003

Urography

3.3 (kidney)

240

Cr-EDTA clearance

0,8
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ABSTRACT
Techniques have been developed to measure a number of elements in-vivo.
Some have been measured by producing a radioactive isotope in the body by
neutron bombardment and subsequently counting -y-rays given off during its
decay. Measurements of calcium and sodium have been those most frequently
used; copper, iron and phosphorus have also been measured in this way.
Gamma-rays emitted 10~18s - 10~12s following neutron capture have also
been used for elemental analysis. This method, which involved detectors
being in position by the subject during the neutron irradiation, has been
widely applied to measurements of both nitrogen and cadmium.
Preliminary studies of nuclear resonance scattering have suggested that
this could be used for in-vivo elemental analysis, provided technical
difficulties in source preparation could be overcome.
Recently the use of x-ray fluorescence has been investigated for
in-vivo analyses of lead in bone; the extension of this technique to measure
mercury in the kidney is under consideration.

1.

INTRODUCTION

In describing the work performed in Birmingham on elemental analysis it
must be stressed that this represents the efforts of a substantial number of
people, many of whom are still active in the field at other centres, and, in
particular, that this group of people derived much of its impetus from the
personal energy and research interests of Professor John Fremlin as is
evidenced by the seventy or so publications on this subject during the
period of his active involvement. It is since his retirement that the task
of directing this work has fallen to other people.
Ways of analysing a substantial number of different elements have been
investigated but application to regular measurements of human subjects has
concentrated on a few of these. In the first few years most measurements
were of calcium; more recently, the majority of analyses have been of

nitrogen or cadmium. A substantial number of sodium measurements have been
made as well as a smaller quantity of analyses of copper or iron in liver.
The techniques employed have fallen into two broad categories. The
first relied on counting y-rays emitted as a result of the decay of a
radionuclide formed during neutron irradiation. Subsequently methods were
developed to count prompt y-rays following neutron capture reactions. A
number of variations of neutron source, part of body irradiated and counting
arrangement have been made to optimise conditions within these broad
categories of technique. In some cases more than one nuclear reaction has
been investigated for analysis of the same element.
More recently studies have been performed on the use of X-ray
fluorescence for in vivo elemental analyses. In this review, the principal
elements which have been analysed by nuclear techniques will be considered
in turn, followed by those which have received less attention; lastly the
X-ray fluorescence work will be described.

2.

CALCIUM
Calcium has been measured in the human body by two different reactions:
*8Ca(n,y)"9Ca

and
4

°Ca(n,a)37Ar.

The former has been applied to measurements of both whole body and spinal
calcium. Human measurements have been made using the argon—37 method, but
it has not been in regular use.

2.1

Whole body calcium

Measurements of whole body calcium were first reported from Birmingham
in 19681, Subjects were irradiated with neutrons produced in the forward
directic by bombarding a thick lithium target with 10 MeV protons from the
Nuffield cyclotron in the Physics Department. The resultant spectrum, with
a mean energy of about 3 MeV, was modified by insertion of an aluminium
scatterer designed to make the neutron flux incident on the subject more
uniform. The subject was placed in a premoderating enclosure 2.23 m from
the target. A bilateral irradiation was achieved by irradiating first with
the subject lying on one side, then, for a slightly shorter time, lying on
the other side. The mean dose delivered was 11 mSv. Subjects were then
transferred to the Whole Body Counter in the Queen Elizabeth Medical Centre,
about a mile from the cyclotron where the 3.1 MeV y-rays from the decay of
calcium-49 (th * 8.72 min) were counted for 10 - 15 min. The whole body
counter had four 12.1 x 10.5 cm Nal (Tl) crystals for the majority of these

,1
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studies, but four more similar crystals were added later. The result of the
analysis of the y-ray spectrum was normally quoted as calcium-49 counts, no
systematic attempt having been made here to measure calcium in grammes.
Some 600 - 700 2 human measurements of whole body calcium have been made
since 1968. Studies have all involved more than one measurement on a person
at 6 monthly or greater intervals. Each person's first measurement provided
his own reference value, and the interpretation of results was based on the
assessment of changes.
People suffering from coeliac disease, osteomalacla^, renal
osteodystrophy1*, osteoporosis and hyperparathyroidism5 have been studied.
Some significant rises in whole body calcium have shown clearly the effects
of treatment of people with coeliac disease with osteomalacia. However, the
response to treatment varied (figure la). The four women were of
sufficiently similar build and age to make it valid to compare their
calcium-49 counting rates directly. This showed that they had different
degrees of calcium loss at the start of the investigation and their
different responses resulted in them all having a similar post-treatment
level (Figure lb). This was interpreted as evidence for the value of
absolute measurement as compared to percentage changes. Studies of renal
osteodystrophy showed that treatment with 1-alpha-hydroxicholecalciferol
usually increased whole body calcium significantly. When decreases occurred
it was taken as evidence that treatment with this drug should be stopped.
Calcium measurements have provided valuable supporting evidence of the
effects of hyperparathyroidism and of its treatment, particularly in cases
where surgery had not been successful.
There are no immediate plans to start a new serieo jf measurements.
However, were such measurements to begin, it would be desirable to make
estimates of absolute quantities of calcium so that the clinical
significance of changes could be interpreted reliably and so that patients
with severe calcium loss could be identified at an early stage.

2.2

Spinal calcium and phosphorus

The same basic technique used for whole body calcium measurements has
been used to measure calcium in a 20 cm section of the lumbar spine6. The
source was the same (10 MeV protons on lithium) but the neutron flux was
collimated so as to be incident on an area 20 cm x 10 cm (height x width) of
the subject's back. The dose to this limited part of the body was 30 raSv.
The induced activity of calcium-49 was counted using a 15 cm x 15 cm
Nal (Tl) crystal positioned close to the subject's back. Counting
efficiency varied when the person moved slightly so a small ( 100 Bq)
caesium-137 source was taped to the middle of the irradiated region and its
count rate (suitably normalised for the effects of different yray energy
and distribution of activity) was used to correct the observed calcium-49
counts.

Aluminium-28 (y-ray energy 1.78 MeV,
reaction
31

2.25 rain) formed by the

P(n,a)28Al

was clearly visible in the patient y~ray spectra in addition to calcium-49,
thus enabling phosphorus content of the irradiated region of the body to be
monitored. However, since the interpretation of phosphorus counts was less
straightforward than in the case of calcium, interpretation of patient
results was based on changes in calcium. Direct intercomparisons of
different patients' calcium counts was not attempted because the overall
efficiency for detection of calcium probably varied considerably from one
person to another.
About 250 measurements of spinal calcium were made during a study of
people suffering from a variety of complaints affecting calcium metabolism .
In the main the pattern of changes in spinal calcium was similar to that
observed by whole body calcium, but the percentage change, with respect to
the initial value, was about twice as great in the spinal calcium
raesureraents. This was assumed to reflect the more rapid turnover of calcium
in trabecular than in cortical bone.

2.3

Argon-37

The (n,oc) reaction on calcium-40 has been used to measure calcium8, the
Argon-37 produced in this reaction being collected in the subject's exhaled
breath. The breath samples were purified to remove COj, H 2 0, 0j and N 2 and
the activity of argon-37 was then counted in a gas proportional counter.
Since the reaction required fast neutrons, the source used was a thick
beryllium target bombarded with 30 MeV helium-3.
Extensive feasibility studies have been made of this method because it
offered the possibility of measuring whole body calcium for a dose of
between 0.1 and 1 mSv and because the equipment involved need not be
particularly expensive9**0. However, difficulties were encountered both of
a technical nature, in that collection of breath samples could prove
cumbersome and the gas purification could be a lengthy and unreliable
process, and in the interpretation of results, because the shape of the
argon-37 exhalation curve could depend on the amount of activity which
remained trapped in bone and on the degree to which its elimination From the
body varied as it dissolved in fat.
The technical difficulties should not be insuperable, and it has not
yet been shown that the complications in interpreting the results are of
sufficient magnitude to prevent valuable application of this technique.
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3.

NITROGEN

The method used to measure nitrogen at Birmingham has necessitated
counting y-rays emitted promptly following neutron capture by nitrogen-14.
Initially results were expressed as nitrogen counts, then, following further
development, the observed counts from hydrogen were used, together with
nitrogen counts, to give an estimate of the weight of total body nitrogen.
Some studies have also been made of the use of the
l4

N(n,2n)13N

reaction to measure whole body nitrogen.

3.1

Analysis using prompt y-rays

A system which could measure nitrogen in the body by counting the 10.8
MeV y-rays arising from neutron capture by ^ N was reported in 1972^. A
pulsed neutron beam was produced by pulsing the proton ion source and using
a beam deflector, biased so as to prevent passage of charged particles
except in a 10 \is period during a 156 (is cycle. The neutron beam was
then spatially defined using a series of concrete, lithium-doped resin and
steel colimators. This irradiated the subject from below as he lay on a
couch which could be moved through the beam, y-rays were detected by
Nal (Tl) crystals, one of dimensions 12.5 * 12.5 cm, placed above, and two
of 15 x 15 cm, one of which was positioned either side of the person. The
counts were recorded in anticoincidence with the neutron beam pulse, so as
to discriminate against events arising from fast neutron interactions.
Patients were measured in five sections, each of 20 cm starting at the
shoulders and extending to the thighs. The dose delivered was 1 mSv; the
most reproducible of a number of systems for monitoring this dose was a
propane filled ionisation chamber, through which the neutron beam had to
pass*2. In order that the results, expressed as nitrogen counts, should be
reproducible to 2 - 3% great care was taken over patient positioning, and to
ensure that dose delivered was accurately repeatable.
Changes in body nitrogen were monitored in a number of conditions
including diabetes, renal disease, cirrhosis and rheumatism. Nitrogen loss
following surgery and the subsequent recovery was also measured*3»*\
Considerable attention was focussed on the relationship between changes in
nitrogen and whole body potassium, measured by counting potassium-40. It
was shown that measurements of the two elements correlated well, but the
equations of the regression lines indicated a component of nitrogen not
directly associated with potassium; changes in nitrogen and potassium
correlated, but changes in potassium were more marked.
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3.2

Use of hydrogen as an internal standard (see appendix)

Although measurements of nitrogen counts have been usefully applied it
became apparent that greater value would be attached to determinations of
the weight of nitrogen in the body, so that the results for different
patients could be compared with each other.

,',

The existing system was modified by using counts from the 2.2 MeV
prompt y~ray from neutron capture by hydrogen as a standard against which to
compare nitrogen counts 15 . An independent assessment of body hydrogen was
made from weight and body fat. The observed ratio of nitrogen to hydrogen
counts, for a fixed true composition, varied weakly with sample thickness,
due to the different attentuation coefficients of the 10.8 and 2.2 MeV
y-rays in tissue. This meant that the weight of nitrogen (N,kg) could be
calculated from the formula
0.103 W + 0.017 F
0.25 + (1/R)
where W was body weight (kg) and F was fat (kg) and R was the observed ratio
of nitrogen to hydrogen counts corrected according to the ratio observed in
standard phantoms, and allowing for patient size. At the same time the
detection system was modified to improve spectral quality. The existing
detectors were replaced by two new 15 cm x 15 cm Nal (Tl) crystals, from
which a fixed fraction of the charge in each pulse was collected in order to
reduce pile- up effects1^. The decrease in detection efficiency with
distance from the detectors was partly compensated by the increase in
thermal neutron flux 17 . From this time onwards patients were measured in
seven sections starting at the head and extending to mid-calf or feet.
This method of estimating the weight
been used for an extensive series of body
body potassium as well as weight, fat and
recorded. A multiple regression analysis
(N, kg) could be predicted from the other

of nitrogen in the human body has
composition studies in which whole
body size parameters were also
of this data showed that nitrogen
parameters by the formula:-

N - 0.332 K + 0.0073 ATM + 0.0071 LECM + 0.32 SKEL
where K was whole body potassium (mol), ATM was adipose tissue mass (kg)
(weight-fat, estimated from fat folds), LECM was lean extracelular mass (kg)
(weight-ATM-cell mass, estimated from potassium) and SKEL. was height x
height x shoulder width (ra^). The lack of direct proportionality between
whole body nitrogen and whole body potassium probably reflected the
existance of a pool of extracellular nitrogen.
Nitrogen measurements have also been used to study body composition
changes before and after a group of people undertook a trek in the
Himalayas18. The Birmingham facility was also used by a group based in
Leeds, who were studying the effect of anabolic steroids on athletes in
training19.

Further body composition studies are now in progress in which
potassium, weight, fat, height, shoulder width, tritium dilution and bromide
space are being measured as well as nitrogen. The effect of different
pre-operative feeding regimes is being investigated in people with gastric
and oesophageal cancers, and pre- and post-operative weight changes are
being studied in a group of patients with Crohn's disease.
The value of using the 6.1 MeV y-ray from * % as an energy calibration
peak, produced by the *9F(n,a)16N reaction has recently been assessed. It
was concluded that, in the present Birmingham system, it was not
advantageous because the necessarily high count rate from * % interfered
with patient's spectrum at other energies.
The effects of the sharp fall off in neutron flux at the surface of the
body on detection efficiency in skin and clothing and the use of graphite
reflectors to produce more uniform detection of nitrogen at or near the
surface of the body are currently being studied20.
3.3

The

reaction

Investigations into the mesurement of nitrogen by counting annihilation
radiation from nitrogen-13 showed that it was extremely difficult to ohtain
uniform activation of nitrogen throughout a trunk section of the body and
t'irit allowance has to be made for that proportion of the nitrogen-13
produced by the 16O(p,a)13N reaction 21 *".

A.

CADMIUM (see appendix)

Preliminary results, showing that it would be possible to measure
cadmium were presented when the use of neutron capture y-rays to measure
nitrogen was reported in 1972 11 . Subsequent work led to the development of
a cadmium analysis system based on the Nuffield Cyclotron23. A
transportable system for liver analyses using neutrons from a 238Pu/Be
source was produced21*, followed by systems designed to measure cadmium in
the left kidney 25 . 26 .
Analysis was based on the detection of 0.559 MeV prompt y~ ra y s arising
from neutron capture; cross section (19,910 barn) and relative abundance
(12.3%) meant that trace quantities of cadmium could be detected. Since the
Y~ray of interest, 0.559 keV, was relatively close in energy to the
annihilation quanta, 0.511 keV, high resolution Ge(Li) detectors had to be
used. It was possible to detect 2 ppm of cadmium in the liver or 2.2 rag in
the left kidney for a partial body dose of 5 mSv, using the cyclotron as a
pulsed neutron source. The transportable, 238Pu/Be based, systems yielded
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detection limits of 7 ppm in liver for a dose of 0.8 mSv and 4.8 mg in
kidney for a dose of 1.4 mSv, in each case the detection limit being for a
cadmium peak whose net area was 2 standard errors above background.

,\

The majority of measurements have been made on site at factories where
people were exposed to cadmium, so transportable, 238Pu/Be based, analysis
systems were used. Five such surveys have been conducted since 1977. In
the first survey only liver cadmium was measured and system performance was
inferior to that quoted above, which applies to one of the more recent sets
of measurements2^. Accurate kidney cadmium mesurements require that the
organ's position be determined prior to measurement, so recent cyclotron
based studies have utilised an ultrasonic scanner to perform the kidney
localisation. It has been possible to use these cadmium measurements to
estimate the maximal critical concentration of cadmium in renal cortex to be
350 - 375 28 . This figure assumed an aveiage kidney depth of 7.7 cm
(reported by workers at Brookhaven) as opposed to the 5 cm used in our
phantom measurements.
Strong evidence emerged that cadmium induced kidney dysfunction did not
occur in people with less than 30 ppm Cd in their liver, and occurred in all
those with more than 60 ppm Cd in liver^9. Finally, preliminary
measurements have shown a much shorter biological half-life of cadmium in
liver (2-4 years) in people showing signs of kidney damage than in those
with normal renal function (10-20 years) 28 .

5.

SODIUM

Measurements of whole body sodium were reported at the same time as
those of calcium30. On some occasions sodium was measured following the
same iradiation used for calcium; however, for investigations of sodium
alone, a lower dose of 3 mSv was used. Apart from the lower dose the
irradiation conditions for sodium were the same as those used for calcium.
The induced activity of sodium-24 was assessed in the Whole Body Counter by
means of the 2.75 MeV y-ray peak after 3 hours delay to allow short lived
activities to decay.
The first application of total body sodium measurements was to confirm
the existence and investigate the size of the non-exchangeable sodium pool.
This was estimated to be 17% of the total in normal .""Ejects. Subsequently
whole body sodium, and particularly the nn_ocable pool has been shown
to range to much higher values in hypertensive patients than in controls2.

6.

COPPER AND IRON IN LIVER

Both these elements have been measured in the liver3'-. Neutron
irradiations were carried out at the Nuffield cyclotron using collimators to
restrict exposure to the region of the liver. The reaction used to measure
copper was 63Cu(n,Y)6i*Cu, and the annihilation radiation from the copper-64
(t^ 12.8 hrs) was counted after the shorter livei.1 positron emitters had
decayed. The detection limit was 0.12 g copper in liver (2 standard errors
above background) for a dose of 50 mSv.

Iron was measured using the fast neutron reaction, 56Fe(n,p)
0.847 MeV y-rays from the decay of manganese-56 (t, 2.58 hours) were used to
obtain a quantitative estimate of liver iron following a period of time to
allow other activities to decay. The detection limit for iron was 2 g (2
S.E.) for a dose of 50 mSv.
In neither case were normal level of the element concerned detected.
Useful measurements were made in patients suffering from Wilson's disease,
where a fall in liver copper as a result of treatment was demonstrated, and
in primary biliary cirrhosis. One patient with a considerable iron
overload, 14 g in liver, was shown to lose much of this as she was treated.
It was considered desirable to improve the detection limit or reduce the
dose before these measurements were extensively applied.

7.

OTHER NUCLEAR TECHNIQUES

Fast neutron irradiation to measure the bulk body elements, carbon and
oxygen has received some study32. Neutrons from the bombardment of a thick
beryllium target with 30 MeV helium-3 were used, as neutron energies of 20
MeV or greater were needed to induce the two reactions 12C(n,2n)11C and
*60(n,2n)150. In both cases the activity of the product isotope was
assessed by counting annihilation radiation. Thus the elemental content had
to be deduced from a complex decay curve.
Some preliminary work has been performed on the use of the technique of
nuclear resonance scattering for elemental analysis33. The analysis of
copper was attempted using y-rays from the decay of zinc-65, the y-rays
arising from the decay of the first excited state of copper-65. The energy
difference due to nuclear recoil between the emitted y-ray and that needed
for resonance absorption by the first excited state was supplied by Coulomb
fragmentation of zinc-65 iodide in vapour phase. A similar process has been
investigated for iron measurements, for which 0.847 MeV Y~rays from the
decay of cobalt-56 were used to populate the first excited state of iron-56.
This isotope, like zinc-65, is a positron emitter, so energy broadening was
again achieved by Coulomb fragmentation. Although preliminary experiments
have been sufficiently encouraging to suggest that nuclear resonance
scattering might provide lower dose mesurements of copper and iron,
difficulties encountered in source preparation have delayed development.

8.

X-RAY FLUORESCENCE

This technique is particularly appropriate for the measurement of
elements of a high atomic number when they are found in a matrix
whose constituents have low atomic numbers as is the case in biological
material. Studies have been performed to assess the potential of x-ray
fluorescence (XRF) for in-vivo analyses of lead and mercury.

8.1

Measurements of lead in bone31* (see appendix)

In-vivo measurements of lead in bone will begin during 1982. Extensive
phantom experiments have been performed to establish these measurements in
tibia. The effects of non-uniform lead distributions and of overlying soft
tissue have been studied. A Monte-Carlo model has been devised which
predicts the spectral shape based on photon transport in the collimator and
sample being measured and the detector response function. Initial work
using the y~rays from 57Co to excite lead x-rays indicated a detection limit
of about 8 ppo for a 1 mGy dose; however preliminary studies using the 88
keV y-ray from ^09Cd suggest that a significantly lower detection limit than
this figure can be obtained.

8.2

Comparisons of XRF and NAA for mercury measurements35

Mercury measurements by XRF present a similar set of experimental
conditions to those used for lead, except that the organ in which mercury
could most easily be measured is the kidney. This will result in an
unfavourable detection limit compared to lead in bone, because of
attentuation of incident and scattered flux in the soft tissue overlying the
kidney. Preliminary experiments using a bare kidney phantom indicated a
detection limit of 5 ppra or better for a 1 mGy dose, but the practical
in-vivo detection limit would be appreciably higher than this.
Mercury could also be measured by counting prompt y~rays following
neutron capture by * 9 % g in a detection system similar to that used for
cadmium measurements. However extensive feasiblility studies and
investigations of the use of neutron sources of varying energies indicate
that a detection limit lower than 50 ppm for a 10 mSv dose is unlikely to be
achieved. Further studies of the use of XRF for in vivo mercury analyses
are therefore in progress.
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DhVELOI'MENTS OF IN VIVO NEUTRON ACTIVATION ANALYSIS AND PHOTON
ABSORPTIOMETRY IN EDINBURGH
by
P. Tothill and M. A. Smith
Department of Medical Physics and Medical Engineering.
Royal Infirmary, Edinburgh EH3 9YW
ABSTRACT
Systems for measuring calcium in the forearm and spine using sources
of 2^Cf have been developed.
Whole-body calcium is measured using
neutrons from a cyclotron.
Dual photon absorptiometry is used to
measure bone mineral in the lumbar spine.
All the systems are used in
clinical research, both absolute levels and changes being studied.

1.

INTRODUCTION

The development of in vivo neutron activation analysis in Edinburgh
began in 1974, when a californium-252 facility for part-body assays was
transferred from East Kilbride for clinical evaluation.
Dr. Keith
Boddy and his team had devised a storage and pneumatic delivery system
and carried out studies demonstrating the feasibility of activation
analysis of calcium in the limbs and iodine in the thyroid gland(l).
Michael Smith was appointed as a research physicist and set about
optimising the irradiation and detection conditions for measuring
calcium in the forearm and spine and applying the system clinically.
Subsequently whole-body activation became possible and developments
of dual photon absorptiometry of bone mineral in the lumbar spine were
undertaken.
A series of clinical research assistants has served the
project.

2.

FOREARM CALCIUM MEASUREMENTS

2.1

Instrumentation

The apparatus has been described at a number of conferences(2.3,4,5)
and in more detail in references(6 and 7 ) . At the time of transfer
there were two 2 5 2 Cf sources, each of about 50 mCi.
Large wax cylinders
are used as neutron reflectors and wax or water as moderator (see
Appendix).
Detection is by two opposed 6 in x 4 in Nal crystals in a
lead shield.
It was found possible to measure forearm calcium with a
precision of 2.6% and a dose of 1.6 rem to the bone and 6 rem to the
skin per measurement.
The second irradiation geometry, using a water
bath as partial moderator, eliminated the effect of variation in soft
tissue thickness and allowed the determination of "absolute" levels of
forearm calcium.
Measurements on subjects with no likely bone disease
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allowed normalisation for size and provided a basis for assessing calcium
levels in disease, the coefficient of variation being 12%(4).
2.2

riiniral applications of part-body calcium measurements

2.2.1 Renal osteodystrophy Patients undergoing haemodialysis for renal
failure were followed for a period of 2% yearsC4,8,9,10).
Their levels
of forearm calcium at the beginning of the study were significantly lower
than in normal controls, with an inverse correlation between calcium
content and period on dialysis.
Different concentrations of calcium
in the dialysis bath did not affect changes in forearm calcium, but
increases were promoted by treatment with 1 a-hydroxycholecalciferol.
2.2.2 Anti-convulsant therapy An attempt was made to assess the osteopenia which may result from treatment with anti-convulsant drugs.
The
initial forearm calcium of a group of 30 epileptic patients was found
to be normal and no effect of vitamin D treatment was found(4,ll). The
patient selection procedure had probably eliminated those likely to
benefit from vitamin treatment.
2.2.3 Lithium therapy 11 patients suffering from manic depressive illness
had forearm calcium determinations before and six months after commencing
treatment with lithium carbonate.
A significant loss of calcium was
demonstrated.
2.2.4 Post-gastrectomy study More than SO patients who have had stomach
operations have recently been studied in conjunction with some wholebody calcium measurements.
The data are still being analysed.
2.3

Comparison with photon absorptiometry

As far as possible determinations of bone mineral in the distal
radius have been made on patients investigated by neutron activation
analysis.
In the renal and anti-convulsant patients a highly significant
correlation was demonstrated between changes recorded by the two
techniques(12,13).

3.

SPINE

CALCIUM MEASUREMENTS

3.1

Instrumentation

The development of the apparatus is described in reference(6) .
The original 2S2^f s o u r c e s na(j decayed to only 25 mCi each, and were
replaced by two new 100 mCi sources to permit spine activation.
From
many different irradiation geometries•that were tried, the best used a
source-skin distance of 6 cm and no pre-moderator or reflector (see
Appendix).
Detection is by a whole-body counter with four 6 in x 4 in
Nal crystals.
In a pilot study on control subjects a precision of 3%
was obtained with a bone dose of 0.7 rem and a skin dose of 6 rem per
measurement.
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3.2

Osteoporosi s

The clinical indicator for osteoporosis was taken to be a fractured
neck of femur and this choice led to difficulties of measurement and a
worsening of reproducibility to about 5%.
Fewer patients than had been
hoped were suitable for investigation.
Nevertheless a statistically
significant difference was established between patients receiving a
combination of oral calcium, oestrogen and 1 or-hydroxycholecalciferol
and those receiving a placebo(14).

4.

WHOLE BODY NAA

The installation by the Medical Research Council of a cyclotron
in Edinburgh for a trial of neutron therapy offered the possibility of
whole body activation.
The programme was initiated in January 1978
with the appointment of Norman Kennedy as research physicist.
Most
attention has been paid to the measurement of total body calcium.
4.1

Instrumentation

An irradiation chamber has been designed which minimises the
variation of activation efficiency throughout the body (see Appendix).
Bilateral irradiation at 5.5 metres from the target is used.
The mean
neutron energy is 6.1 MeV.
Induced radioactivity is measured in a
scanning shadow shield whole body counter.
The transfer time is
approximately 5 minutes.
Repeated measurements on anthropomorphic
models have demonstrated a coefficient of variation of total body
calcium of !.•?% with an absorbed dose of 1.3 rem(15).
Corrections to
compensate for the effects of patient size have been developed.
4.2

Absolute measurements of total body calcium

20 women and 20 men normal volunteers between the ages of 40 and 70
have been measured and the data normalised using height or span and where
appropriate the years post-menopause.
The coefficient of variation of
normalised whole body calcium in normal women is 6.5% and in men 7.8%.
A highly significant correlation between total body calcium and years
post-menopause was found, with a loss of 1.4% per annum(15).
4.3

Clinical applications of total

body calcium measurements

4.3.1 Osteoporosis 12 women with vertebral crush fractures were studied.
Their mean calcium was 687o of that of pre-menopausal controls.
When
menopausal status was taken into account, their total body calcium was
16% below normal ( P < 0 . 0 1 ) .
Treatment with 1 a-hydroxycholecalciferol,
ethinyloestradiol and calcium led to a significant increase in 6 months
(16,17).
8 women with Colles fracture of the wrist had a mean total body
calcium 84«- of the normal pre-menopausal level, but this deficit could
be accounted for by the time since menopause.
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4.3.2 Renal osteodystrophy 15 patients with chronic renal failure had a
mean total body calcium 13% below the control group. Following renal
transplantation there was no significant continuing loss.
4.3.3 Post-gastrectomy osteomalacia The mean total body calcium of 44
patients who had undergone various forms of gastric surgery was slightly
lower than that of matched controls but no differences relating to
alternative types of operation were observed and no changes resulted
from vitamin D, treatment.
4.3.4 Rheumatoid arthritis Total body calcium was significantly reduced
by 6% (P^O.01) in 63 patients with rheumatoid arthritis, with a further
reduction (13% below normal, P<O.0O1) in 31 patients receiving corticosteroid therapy(18). Sequential studies have shown that no further loss
occurs over an 18-month period in the steroid treated group, but does in
the patients managed without steroids.
4.3.5 Miscellaneous diseases Absolute levels and changes of total body
calcium are being studied in hyperparathyroidism, thyrotoxicosis,
osteomalacia and paraplegia. Numbers of patients are at present too
small to draw conclusions.
4.4

Other elements

Values of whole body sodium and chlorine are available from the
same irradiations and the precision of determination is 2.2% and 4.3%
respectively. After normalisation using lean body mass the coefficient
of variation of total body sodium was 5.9% for men and 6.4% for women;
the corresponding figures for total body chlorine were 9.5% for men
and 10.7% for women(19).
Our irradiation conditions are unfavourable for the determination
of phosphorus, due to low neutron energy, patient transfer time and
uncertainties of irradiation timing.
5.

PHOTON ABSORPTIOMETRY

As most of our NAA applications have been concerned with calcium,
the/ need to be compared with alternative measures of bone mineral,
particularly photon absorptiometry, especially as the radiation dose
from the latter is very much lower.
5.1

Forearm absorptiometry

For many years we have measured bone mineral in the distal radius
using a rather crude home-made scanner. Early work used a source of
24lAm, but improvements have been obtained by substituting i 2 5 I . A
water bath for the arm also improved precision. Scanning is still
manual, but a data logger allows computer processing. A comparison
between forearm absorptiometry and NAA has already been mentioned in
section 2.3.
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5.2

Spine absorptiometry

As there is more interest in the mineral content of trabecular bone
and particularly that of vertebrae, we have been developing a system of
dual photon absorptiometry(20, 21). A dual-headed rectilinear scanner is
used, with off-line computer processing of data. Two pairs of photon
energies have been compared, 60 keV from 241 Am plus 660 keV from 13?Cs,
and the 44 and 100 keV radiation from ^-^SQ^^ Greater precision has been
obtained with a 200 mCi source of the latter, reproducibility of the bone
mineral content of three lumbar vertebrae in patients being 1% when the
operator was experienced, falling to 2.4% for less experienced operators(21),
Measurements on 50 normal volunteers, aged 20-61 years, demonstrated
a highly significant inverse correlation between spine bone mineral and
age in women (r = -0.56, P<0.001) but no correlation in men(21). A higher
activity (1 Ci) 24lAm source has now been installed for spine •absorptiometry
and is leading to a precision not far short of that obtained with "^Gd.

,\
6.

FUTURE PLANS

Our programme of total body calcium analysis is continuing with an
emphasis on rheumatoid arthritis and renal failure patients. The small
biological variation of normalised results encourages us to make more
use of single measurements, but longitudinal studies are also in progress.
We are particularly examining prophylactic measures designed to reduce the
bone loss associated with rheumatoid arthritis and its treatment with
corticosteroids.
We are establishing an assay for total body nitrogen, using a prompt
gamma technique with a 2 «^f source.
In the field of photon absorptiometry we plan to devote more attention
to the problem of fat, as we believe this imposes the biggest limitations
on accuracy and precision. A single-photon absorptiometry system has been
developed for measuring bone mineral in the whole hand and is being applied
to study peri-articular bone changes in rheumatic patients.
REFERENCES
1.

BODDY K, ROBERTSON I, GLAROS D: The development of a facility for
partial body in vivo activation analysis using californium-252
neutron sources. Physics in Medicine and Biology IJJ 853-861 (1974).

2.

SMITH MA, TOTHILL P, SIMPSON JD, MacPHERSON JN, MERRICK MV, STRONG JA,
BODDY K: A preliminary report on clinical experience of partial body
in vivo activation analysis using a californium-252 facility. In
"Californium-252 Radiobiology and Medical Applications" 217-224
US Department of Energy Conference - 760436 Brussels (1976).

3.

SMITH MA, MacPHERSON JN: Activation analysis by californium-252
for the estimation of the calcium content of bone. Calcified
Tissue Research 22 568-571 (1977).

- 74 -

4.

TOTIITJ.I. P, SMITH MA, SIMPSON JD, CHEW I, MacPHERSON JN, WINNEY RJ ,
STRONG JA: Clinical measurements of part-body calcium using neutron
activation analysis.
In "Nuclear Activation Techniques in the
Life Sciences 1978" 687-699.
International Atomic Energy Agency,
Vienna (197Q) .

5.

SMITH MA, TOTHILL P, STRONG JA, CHEW 1SH, McINTOSH LG, MacPHERSON
JN, SIMPSON JD, WINNEY RJ: Neutron activation analysis in vivo of
partial body calcium using californium-252.
In Proceedings of
Fourth International Conference on Bone Measurement, Toronto, 197°
367-378 NIH Publication No. 30-193* (19S0) .

6.

SMITH MA, TOTHILL P: Development of apparatus to measure calcium
changes in the forearm and spine by neutron activation analysis
using californium-252.
Physics in Medicine and Biology 2A
319-329 (1979).

7.

SMITH MA: The development and clinical application of part body
neutron activation analysis using californium-252.
Ph.D. Thesis,
University of Edinburgh (1978) .

"•. WINNEY RJ, TOTHILL P, ROBSON JS, ABBOT SR, LIDGARD GP, CAMERON
EHD, SMITH MA, MacPHERSON JN, STRONG JA: The effect of dialysate
calcium concentration and 1 a-hydroxyvitamin D~ on skeletal
calcium loss and hyperparathyroidism in haemodialysis patients.
Clinical Endocrinology 1_ 151s-158s (1977).
9.

SMITH MA, TOTHILL P, SIMPSON JD, MacPHERSON JN, WINNEY RJ, STRONG
JA: Changes in bone calcium during the treatment of renal osteodystrophy with 1 cr-hydroxycholecalciferol as measured by partbody neutron activation analysis.
Calcified Tissue International
27_ A43 (1°79) (Abstract).

10.

SMITH MA, WINNEY RJ, STRONG JA. TOTHILL P: Long term effect of
dialysate calcium and 1 a-hydroxycholecalciferol on bone calcium
in haemodialysis patients as measured by neutron activation
analysis of the forearm.
Nephron £8 213-217 (1981).

11.

EASTELL R, CHEW ISH, McINTOSH LG, KENNEDY NSJ, SIMPSON JD, SMITH
MA, STRONG JA, TOTHILL P: Changes in bone calcium during treatment of hyperthyroidism, in depression treated with lithium and
during anticonvulsant therapy of epilepsy.
Calcified Tissue
International 27 A10 (1979) (Abstract).

12.

SMITH MA, TOTHILL P, SIMPSON JD, STRONG JA: Direct comparisons
between part-body neutron activation analysis and photon absorptiometry of the forearm.
Calcified Tissue International j!7 A44
(1979) (Abstract) .

13.

SMITH MA, ELTON RA, TOTHILL P: The comparison of neutron activation analysis and photon absorptiometry at the same part-body site.
Clinical Physics and Physiological Measurement 2 1-7 (1981)

- 75 -

14.

SMITH MA, EASTELL R, KENNEDY NSJ, McINTOSH LG, SIMPSON JD, STRONG
JA, TOTHILL P: Measurement of spinal calcium by in vivo neutron
activation analysis in osteoporosis. Clinical Physics and
Physiological Measurement 2_ 45-48 (1981).

15.

KENNEDY NSJ, EASTELL R, FERRINGTON CM, SIMPSON JD, SMITH MA, STRONG
JA, TOTHILL P: Total body neutron activation analysis of calcium:
calibration and normalisation. Physics in Medicine and Biology 2_7
697-707 (1982).

16.

EASTELL R, KENNEDY NSJ, SMITH MA, SIMPSON JD, STRONG JA, TOTHILL P:
The assessment of postmenopausal osteoporosis by total body neutron
activation analysis. Metabolic Bone Disease and Related Research
j 65-67 (1983).

17. SMITH MA, EASTELL R, KENNEDY NSJ, NUKI G, REID DM, STRONG JA,
TOTHILL P: The assessment of osteoporosis by total body neutron
activation analysis. Osteoporosis, Ed. Menczel J, Rob.;n GC, Makin M,
Steinberg R. John Wiley and ons, London 109-116 (1983).

18. REID DM, KENNEDY NSJ, SMITH MA, TOTHILL P, NUKI G:

Total body calcium
in rheumatoid arthritis: effects of disease activity and cortic'osteroid
treatment. British Medical Journal 2_85 330-332 (1982).

19. KENNEDY NSJ, EASTELL R, SMITH MA, TOTHILL P: Normal levels of total
body sodium and chlorine by neutron activation analysis. Physics in
Medicine and Biology _28 215-221 (1983).

20. SMITH MA, SUTTON D, HANNAN J, TOTHILL P, WILSON J:

Dual photon
absorptiometry for the determination of bone mineral content in the
spine. Osteoporosis, Ed. Menczel J, Robin GC, Makin M, Steinberg R.
John Wiley and Sons, London 91-97 (1983).

21. TOTHILL P, SMITH MA, SUTTON D:

Dual photon absorptiometry of the
spine with a low activity of gadolinium 153. British Journal of
Radiology £6 829-835 (1933).

- 77 DEVELOPMENT AND USE OF
IN VIVO NEUTRON ACTIVATION ANALYSIS AT LEEDS
by
L. Burkinshaw, C.B. Oxby and R.E. Ellis*
Department of Medical Physics
University of Leeds
The General Infirmary
Leeds LSI 3EX
England.
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, 4 0 K . 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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2.1 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 )4n e . 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
( 14 N(n, Yu5|\n
) 1 5 N ) or
or inHucpri
induced raHinactivity
radioactivity (14N(n,2n)1.3N)t and oxygen using
the reaction 15 0(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 7 Cs, 4 0 K, 13 N, 2 4 Na, 3 8 C1, 28 A1 and 4 9 Ca; 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 13 N (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
air-equivalent ion
measured (a) by
couch and (b) by a

measurement, neutron generator output is monitored by an
chamber placed near the target; dose to the patient is
counting pulses from a neutron monitor placed under the
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 4 2 K 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
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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 adults.
Many sets of measurements of normal TBK have
been published, but few of TBN. We have therefore measured TBK, TBN and
FFM in 91 volunteers: 18 policemen, 44 civilian men and 29 women; the men
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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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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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
measuring energy balance over long periods. Because the
stored in carbon-hydrogen bonds, changes in total body
changes in the body's energy stores. Therefore we
technique for measuring body carbon (sec. 2.9).

some means of
body's energy is
carbon reflect
are developing a

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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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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Department of Physics, University College of Swansea, Wales,U.K.
ABSTRACT
Measurements were made of organ cadmium contents in hypertensive and normotensive subjects and in occupationally-exposed
workers, using a partial-body prompt gamma neutron activation
technique based on a
Cf source. A feasibility study to
measure beryllium in the lung by photonuclear reaction is in
progress. Future plans include the measurement of silicon by
neutron inelastic scattering, and the use of X-ray fluorescence
analysis for the measurement of heavy metals.
1.

INTRODUCTION

The Swansea research group evolved from a collaboration
between the Physics Department of the University College of
Swansea and the Medical Physics Department of West Glamorgan
Health Authority, based at Singleton Hospital. The original
members of the group were Professor J.Dutton and Dr. C.J.Evans
of the University and Mr. A.Sivyer and Dr. W.D.Morgan at the
Hospital.
Clinical interest was evident from the outset and has
developed to such an extent that current medical support is
enthusiastic and broad-based through Dr. D.Phillips-Miles,
Area Medical Officer, Dr. P.C.Elwood, Director of the Medical
Research Council Epidemiology Unit in Cardiff, Dr. R.R.Ghose,
Consultant Physician and Dr. A.C.Ames, Consultant Chemical
Pathologist.
The first research student, P.E.Cummins, successfully
submitted a Ph.D. thesis in 1980, and a second student, P.Ali,
commenced work at the end of that year.
Initial interest in the field of body composition studies
began in 1976, when some experimental data which had previously
been obtained by Dr. Morgan at the University of Birmingham was
reviewed. The results, which indicated that a measurement of
the oxygen: carbon ratio by fast neutron activation analysis
provided a good estimate of the fat: fat-free tissue in the
sample, and was a more sensitive indicator of body composition
than the dual-energy photon absorptiometry technique (l), were
presented at the First European Congress of Nuclear Medicine
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and later published by Biggin and Morgan (2). This particular
neutron activation method, however, was not applied to human
subjects, mainly because of the requirement for high energy
neutrons (>l6 MeV) for the (n,2n) reaction in oxygen, and also
because the dose was expected to be slightly higher than was
customary for such studies. Nevertheless, recent measurements
of total body oxygen by (n,p) reaction on
0 (3>^) and the
possibilities of analysing carbon (5) and oxygen by inelastic
scattering reactions, might encourage further work in this
direction.
2.

CADMIUM - PROJECT NAOME

Apart from this brief incursion into the field of major
body element analysis, the main thrust of the Swansea research
has been towards the partial-body measurement of minor and
toxic elements. A proposal to develop an instrument for promptgnmma analysis of cadmium and mercury (project NAOME - Neutron
Activation £_f Metallic Elements) was funded by the Welsh
Scheme for the Development of Health and Social Research in
1976, and a research student (supported by a Science Research
Council CASE Award) commenced work at the end of that year.
The clinical purposes of building this instrument were
threefold,relating (a) to the suggested role of cadmium in the
aetiology of essential hypertension, (b) to the study of a
population in a region some parts of which are heavily polluted
as a result of two centuries of metal working (6), and (c) to
the study of occupationally-exposed workers.
The primary investigation of cadmium and hypertension was
motivated by the conflicting evidence of earlier work.
Several studies had been carried out in which blood levels of
cadmium were compared between hypertensive and normotensive
subjects (7»8), while other workers had analysed post mortem
tissues in similar categories of patients (9,10). However,
blood and urine analyses are not very good indicators of
critical organ concentrations, and furthermore, care has to
be exercised in matching the two populations for age, sex and
smoking habit (11). It was decided, therefore, to undertake
an in-vivo study of renal cadmium concentrations in two
groups of carefully matched persons residing in the Swansea
area.
2.1. Instrumental design
An instrument was designed and constructed 412).. to
house a neutron source of sufficient output (>10 ns ) that
•normal1 levels of kidney cadmium could be detected within an
analysis time of about 30 min. After careful consideration,
it was decided to use a 200 /ig d.QGBq, 108mCi) "* Cf source
of output 4.6x10 ns" . Although •* Cf has a lower mean
neutron energy (2.1 MeV) than an (oc,n) source (~4.5 MeV)

and a relatively short half-life of 2.65y , 2 g ..pilot study
using 1 fig ** Cf and an 11.1 GBq (300mCi)
Am,Be source
had shown that the depth distribution of thermal neutron
fluence in a water phantom was very similar for the two
sources. This was confirmed by a recent study (13) in
which collimated beams of
Cf and
Pu,Be were compared
for partial-body prompt—gamma IVNAA. In addition, the later
study showed that a
Cf source achieved a higher thermal
fluence-to-dose ratio, was less damaging to Ge(Li) detectors,
and in many countries is subject to less stringent transport
regulations than
Pu,Be.. Moreover, the disadvantage of
the shorter half-life of
Cf may be largely overcome by
gradually reducing the source-subject distance (SSD)
provided that effective collimation and adequate shielding
of the detector(s) can be maintained. For example, in
Swansea a doubling of the Cd detection limit after 5 years'
decay of the
Cf source is reduced to only a 50% increase
in the same period by a gradual reduction in SSD (lk),
The original Swansea design was fully described by Evans
et al (12), but improvements to the shielding beneath the
detector and the calibration measurements necessary for invivo analyses were given in Cummins' thesis (15) and at the
recent Toronto conference (l(t). At present, using one 21%
efficient Ge(Li) detector, the detection limit (2 SD of the
background) is 3»2 mg of cadmium in the kidney and 2.2 /ig/g
in the liver for an organ dose of 3mSv (300 mrem) delivered
in 33 min.
2.2. Clinical studies
2.2.1. Cadmium and hypertension. This study was greatly
facilitated by the co-operation of Dr.P.C.Elwood and two
general medical practitioners in the Swansea area. They
provided 30 cases of long-standing hypertension severe enough
to require treatment, and 30 control subjects. The controls,
who were checked to ensure that their blood pressures were
within the normal range, were selected at random from an agesex register within the same practice lists and individually
matched for age, sex and cigarette consumption. Following a
full explanation of the nature of the research and the
radiation dose involved, each person who agreed to participate
was then invited to complete a questionnaire relating to
employment history, smoking habits, and a broad classification
of normal weekly diet. Blood and urine samples were taken for
routine biochemistry and also cadmium estimations by atomic
absorption spectroscopy. The left kidney was then located
using B-mode ultra-sound and finally the in-vivo measurement
was made with the patient lying supine for just over half an
hour.

The results showed that the mean cadmium level in the
hypertensive group (3.3 - 2.3 mg) was not significantly
different from that in the control group {k.k - 2.7 nig) (16).
However, since the hypertensive patients had been receiving
therapy the treatment might have removed cadmium originally
bound in the kidney. Unfortunately, only spot samples of
urine were available for cadmium analysis, so it was not
possible to state whether the hypertensive group had a
higher 2^h excretion of cadmium than the controls. Nevertheless, by assuming a total body burden equal to three times
the renal burden and a urinary excretion rate of 1.3 I/day
for normotensives and 1.6 I/day for hypertensives under
treatment (17), it was calculated that the mean biological
half-life of cadmium in the body was 17. 4 - 13.0 y in the
control group and only 10.9 - 7«7 y in the hypertensives (l8).
The control value is very close to the 15-7 years reported by
Ellis (19) but there are no data on this parameter in treated
hypertensives.
The results also showed no significant correlation
between either blood, urine, or renal cadmium, but the smokers
had significantly (p<0.05) higher blood cadmium levels than
the non-smokers and their renal cadmium contents were also
elevated (20). The increase in cadmium content of the kidney
in smokers is approximately O.O^mg per pack-year (no. of packs/
day x years smoked).
Finally, in terras of the residues of environmental contamination in the Lower Swansea Valley, it is of interest to note
that the mean cadmium levels observed in both groups are
comparable with data published by other workers for non occupationally-exposed individuals (l8).
2.2.2. Occupational exposure. In addition to the hypertension
study, the Cd burdens in several other persons have also been
measured. These included two occupationally-exposed workers
(at a Zn-smelter and a Ni-Cd battery plant), one of whom was
found to have a very high concentration of 400 ppm in the kidney
cortex and only a moderately elevated level of 8 ppm in the
liver (21). Blood (28.3 jug/l) and urine (14.4 pg/g creatinine)
cadmium were both elevated, but there was no evidence of renal
dysfunction. This case report, taken together with other
recent occupational studies, suggests that the onset of
dysfunction is not simply related to the level of cadmium in
the kidney.
2.3« Calcium and iron
2.3.1. Spinal calcium. A feasibility study was performed to
1-* 252,Cf
investigate the potential usefulness of the present
irraj
idiation facility for spinal calcium measurements using
the
Ca (n, IT )
Ca reaction (15). A set of rectangular
collimator inserts were constructed to permit the selective

- 93 irradiation of a 20cm length of lumbar spine in the supine
patient. Preliminary results indicated that the sensitivity
of the technique using a new 200 jug source and two.15.2 x 15.2
cm Nal (Tl) detectors would be 2000 counts in the
Ca photopeak for a 25 min. irradiation, 30 sec cooling period, 15 min
count and a skin dose of 50 mSv (5 r e m ) . Although the combined
activation-counting response was found to be very non—uniform
with depth, the technique may be potentially suitable for
serial measurements, provided that care is taken in accurately
reproducing the patient's position on each occasion.
2.3.2. Liver iron. The possibilities for measuring liver i£g n
by the neutron inelastic scattering reaction
Fe (njn'^P )
Fe
were also examined (15). This reaction yields a 0.847 MeV
'prompt' gamma ray with a cross-section of 1.14 barns at 3 MeV.
With very minor modifications to the present irradiation
facility, i.e. increasing the collimator diameter and detectorskin distance to 10 and 6cm respectively, it is possible to
detect (2 SD's of the background) 1.6 g of iron in a 1,1 1 liver
phantom for a skin dose of 8 raSv (800 rarem). Although this is
too insensitive to detect normal liver iron burdens, the
apparatus could be used to assess the efficacy of treatment in
persons with abnormally high levels of iron.
3.

BERYLLIUM - PROJECT GINA

In 1979 a second research proposal to examine the feasibility of measuring beryllium in-vivo was funded by the Welsh
Scheme. Project GINA (Gamma-ray Induced Neutron Activation)
aims to exploit the uniquely low Tr,n) threshold energy
(I.67 MeV) in beryllium by irradiating the subject with photons
of energy between 1.67 and 2.2 MeV (the photonuclear threshold
in deuterium) and detecting the neutron and photon products of
the reaction.
Some preliminary experiments were carried out by Ettinger
et al at Brookhaven National Laboratory in 1979/80 (22). These
results showed that with a large array of BF detectors, it
should be possible to detect 3*^ <ng of beryllium in the lungs
for a dose of 2.5 rads. With further technical innovations it
was suggested that the detection limit might be reduced to
about 1 mg.
Experimental work in Swansea is continuing with BR counters
and an
Sb source, but in the near future it is hoped to
obtain a pulsed bremsstEhlung spectrum from the University's
2 MV Van de Graaff accelerator. By counting only in the beamoff period it is hoped to detect slowed neutrons and secondary
capture gamma rays above a much-reduced background.
Unfortunately, for a variety of reasons, a research
student (again financed by an SRC CASE Studentship) was not
appointed until the end of 1980. Consequently, this work has
not progressed as quickly as one would have wished.
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CADMIUM - PROJECT TOSCA

Project TOSCA (J_oxicity and Occupational ^tudies on
CAdmium) has recently become the third research proposal to
be funded by the Welsh Scheme. This project is a direct result
of the findings in the two occupationally-exposed workers
previously discussed (21). These were that kidney dysfunction
may not be simply dependent upon the amount of Cd stored in
the renal cortex but might be related to an increase in plasma
Cd-metallothionein, which in turn may be dependent upon the
hepatic content of the complex.
The proposal is to measure the kidney and liver cadmium
levels in a local group of exposed workers and to relate these
values to biochemical and physiological indices of renal
function such as proteinuria, B -microglobulinuria and glomerular filtration rate. After the initial baseline studies,
all subjects will be followed-up at 6-monthly intervals for
repeat biochemical investigations. It is intended to repeat
the in-vivo measurements only every 2 years, or whenever signs
of renal dysfunction first occur. In this way it is hoped to
obtain a complete picture of the changes in all relevant parameters over a period of time and thereby be in a position to
better define the critical indices of cadmium nephrotoxicity.
5.

FUTURE PLANS

In the short term it is intended to take advantage of the
funding for Project TOSCA to measure the kidney cadmium burdens
in a group of newly-diagnosed hypertensive patients. These will
be retrospectively matched, where possible, with the existing
groups of treated hypertensive and control subjects to determine
the effect of anti-hypertensive therapy on the cadmium content
of the kidney.
In the medium term, new accommodation is being built for
the hospital department of Medical Physics, which will contain
purpose-built rooms for partial-body IVNAA and a shadow-shield
whole-body counter. An improved activation instrument will be
built using Poly-Cast and Poly-Pb/B shielding from Reactor
Experiments Inc., and containing a tapered collimator to take
advantage of the compact source dimensions of
Cf. It is
hoped to design a multipurpose instrument suitable for kidney
and liver cadmium and spinal calcium. By employing a scanning
geometry, it should be possible also to measure total-body
nitrogen and hydrogen as described by Vartsky et al (23).
Although using a
Cf source, recent data (13) suggest that
the uniformity of activation should be only slightly inferior
to that obtained from
Pu,Be neutrons.
Within the University Physics Department, work will be
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centred on the 2MV Van de Graaff accelerator. At present,
this accelerates electrons only, but a conversion to positive
ion mode could provide a pulsed D-D neutron source of energy
suitable for the measurement of silicon and other elements by
neutron inelastic scattering reactions (22).
Substantial funding is currently being sought for these
and other (e.g XRF analysis) in-vivo body composition studies
in Swansea.
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- 95 Addendum to the Paper on "The Development of in-vivo Body Composition
Studies at Swansea" by W.D.Morgan

Since 1981, substantial progress has been made both in the
completion of existing work and in the funding of the new projects
described in section 5«
Firstly, it is pleasing to record that Project GINA (section
3 above) reached a satisfactory conclusion with the acceptance of
a Ph.D. thesis by P.A. Ali entitled "An Evaluation of Methods for
the In-Vivo Detection of Beryllium." This work suggested that by
using a filtered source of
Sb for bilateral irradiation of the
chest, and an array of twenty BF counters, a detection limit of
O.56 mg of beryllium per lung can be achieved for a skin dose of
50 mGy. A full description of these experiments has been submitted
for publication (2^).
The cadmium work (Project TOSCA) is continuing, but as this
is a longitudinal study over 5 years of a group of Cd-exposed
workers no results are yet available for publication.
In 1982, the Swansea In-Vivo Analysis Research Group (SIVARG)
was awarded three Project Grants by the Medical Research Council.
These provided support for additional staff, namely a Senior Research
Assistant (Dr. A. Kacperek), a Research Assistant (Mr. S.J.S. Ryde),
a part-time Medical Assistant (Dr. S. Cobbold) and additional
technical staff, as well as funding for essential new equipment.
252
The first of these projects - a new •* Cf-based system for
the in-vivo determination of Cd,Ca and N - is well underway, and
a system description is included elsewhere in this report. In
addition to measuring nitrogen by prompt—gamma analysis, it is now
expected that total body calcium also may be measured by the prompt
technique (25)« A particular feature of the new system is the fully
automated pneumatic source transfer mechanism which will enable
selenium to be measured by cyclic activation analysis (26).
The second grant was awarded for the development of a system
to measure silicon and other elements by the neutron inelastic
scattering technique. Work is in progress to convert the University
Van de Graaff accelerator to provide a pulsed beam of 5 MeV neutrons,
and when this is completed a series of phantom experiments will be
undertaken using a specially-designed fast counting system.
Finally, the third g_ant has enabled the Group to become active
in the field of in-vivo X-ray fluorescence analysis. Measurements
of lead can now be made using apparatus similar to that described by
other workers; but the main objective of our research is to measure
platinum in the kidneys of patients who are undergoing cis-platinum
chemotherapy. Initial phantom studies are shortly to be published
(27) and the first patient measurements are scheduled for this
summer.

W. D. Morgan
May 1984

REFERENCES
1.

MAZESS RB, CAMERON JR, SORENSON JA: Determining body composition by
radiation absorption spectrometry. Nature 228 771-772 (1970).

2.

BIGGIN HC, MORGAN WD: The measurement of tissue composition by
neutron activation analysis. Int. J. Nucl. Med. Biol. £ 133-137
(1977).

3.

WILLIAMS ED, BODDY K: Measurement of whole-body oxygen in living
humans by neutron activation analysis. Int. J. Applied Radiat.
Isotopes 29 281-283 (1978).

4.

BURKINSHAW L, MCCARTHY ID, OXBY CB, SHARAFI A: Multielement
analysis of the living human body by neutron activation analysis.
Liquid Scintillation Counting, Vol 5 (eds. Cook MA, Johnson F)
Heydorn, London, 129-136 (1978).

5.

OXBY CB, private communication.

6.

GOODMAN GT, ROBERTS TM: Plants and soils as indicators of metals in
the air. Nature 231 287-292 (1971).

7.

GLAUSER SC, BELLO CT, GLAUSER EM: Blood cadmium levels in
normotensive and untreated hypertensive humans. Lancet i^ 717-718
(1976).

8.

BEEVERS DG, CAMPBELL BC, GOLDBERG A, MOORE MR, HAWTHORNE VM: Blood
cadmium in hypertensives and normotensives. Lancet _ii_ 1222-1224
(1976).

9.

NILSSON R: Aspects of the Toxicity of Cadmium and its Compounds.
Ecological Research Committee Bulletin No. 7. Swedish Natural
Science Research Council (1970).

10.

LENER J, BIBR B:

11.

MORGAN WD:

12.

EVANS CJ, CUMMINS P, DUTTON J, MORGAN WD, SIVYER A, GHOSE RR: A
californium-252 facility for the in vivo measurement of organ
cadmium. Nuclear Activation Techniques in the Life Sciences, IAEA,
Vienna, 719-731 (1979).

13.

MORGAN WD, VARTSKY D, ELLIS KJ, COHN SH: A comparison of 25 Cf and
238pu/Be neutron sources for partial-body in vivo activation
analysis. Phys. Med. Biol. Q 413-424 (1981).

14.

CUMMINS PE, DUTTON J, EVANS CJ, MORGAN WD SIVYER A; A sensitive
2^Cf neutron activation analysis instrument for in vivo
measurements of organ cadmium. J. Radioanal. Chem. 2 1 561-571
(1982).

15.

CUMMINS PE: Neutron activation analysis for the in-vivo
determination of renal cadmium. Ph.D. Thesis, University of Wales,
(1980).

Cadmium and hypertension.

Blood cadmium and hypertension.

Lancet i_ 970 (1971).
Lancet li 1361 (1976).

16.

CUMMINS PE, DUTTOrt Jt EVANS CJ, MORGAN WD, SIVYER A, ELWOOD PC: An
in vivo study of renal cadmium and hypertension. Eur. J. Clin.
Invest. 1£ 459-461 (1980).

17.

McKENZIE JM, KAY DL; Urinary excretion of cadmium, zinc and copper
in normotensive and hypertensive women. NZ Med. J. _7JL 68-70 (1973).

18.

MORGAN WD, EVANS CJ, CUMMINS PE, ELWOOD PC, AMES AC, THOMAS A,
CROSS D, GHOSE RR, SIVYER A, DUTTON J: In vivo measurements of
cadmium in an urban-industrial population. Proc. Int. Conf. on
Heavy Metals in the Environment, Amsterdam 15-18 Sept. 1981, CEP
Consultants Ltd., Edinburgh, 545-548 .

19.

ELLIS KJ, VARTSKY D, ZANZI I, COHN SH, YASUMURA S: Cadmium: in vivo
measurement in smokers and non-smokers. Science 205 323-325 (1979).

20.

MORGAN WD, CUMMINS PE, ELWOOD PC, EVANS CJ, DUTTON J, SIVYER A:
In vivo neutron activation analysis in a study of cadmium and
hypertension in South Wales. Proc. 4th Int. Conf. Nucl. Methods in
Environmental and Energy Research, Columbia, MO, 14-17 April,
449-458 (1980).

21.

GHOSE RR, MORGAN WD, CUMMINS PE: Renal cadmium overload without
nephrotoxicity. Br. J. Indust. Med. 3£ 185-186 (1981).

22.

ETTINGER KV, MORGAN WD, MI0LA U, VARTSKY D, ELLIS KJ, WIELOPOLSKI L,
COHN SH: A feasibility study for the in vivo measurement of silicon
and beryllium by nuclear techniques. Proc. 4th Int. Conf. Nucl.
Methods in Environmental and Energy Research, Columbia, MO., 14-17
April, 398-408 (1980).

23.

VARTSKY D, ELLIS KJ, COHf! SH: In vivo measurement of body nitrogen
by analysis of prompt gaumas from neutron capture. J. Nucl. Med. _20_
1158-1165 (1979).

24.

ALI PA, DUTTON J, EVANS CJ, MORGAN WD, SIVYER A: A feasibility
study for the in vivo measurement of beryllium. Submitted to Phys.
Med. Biol.

25.

MORGAN WD, RYDE SJS, DUTTON J, EVANS CJ, SIVYER A: In vivo
measurement of calcium by prompt gamma neutron activation analysis.
Proc. 5th Int. Conf. on Nuclear Methods in Environmental and Energy
Research, Mayaguez, 2-6 April, 1984.

26.

NICOLAOU GE, MATTHEWS IP, STEPHENS-NEWSHAM LG, SPYROU NM: The
in vivo measurement of selenium in liver using a cyclic activation
method. J. Radioanal. Chem. 71 519-531 (1982).

27.

EVANS CJ, SAMAT SB, DUTTON J, MORGAN WD, SIVYER A: Feasibility
studies of X-ray fluorescence as a method for the in vivo
determination of platinium and other heavy metals. Adv. in X-ray
Aral, to be published (1984).

- 99 PUBLICATIONS RELATING TO BODY COMPOSITION STUDIES FROM
THE SWANSEA GROUP

1.

MORGAN WD:
letter.

2.

BIGGIN HC, MORGAN WO: The measurement of tissue composition by
neutron activation analysis. Int. J. Nucl. Med. Biol. U_, 133-137
1977).

3.

EVANS CJ, CUMMINS PE, DUTTON J, MORGAN WD, SIVYER A, GHOSE RR:
californium-252 facility for the in vivo measurement of organ
cadmium. Nuclear Activation Techniques in the Life Sciences,
719-731, IAEA, Vienna, (1979).

4.

MORGAN WD: New ways of measuring cadmium in man.
673-674 (1979).

5.

CUMMINS PE; Neutron activation analysis for the in vivo
determination of renal cadmium. Ph.D. Thesis, University of Wales,
January, 1980.

6.

MORGAN WD, CUMMINS PE, ELWOOD PC, EVANS CJ, DUTTON J, SIVYER A:
In vivo neutron activation analysis in a study of cadmium and
hypertension in South Wales. Proc. 4th Int. Conf. Nuclear Methods
in Environmental and Energy Research. Columbia, MO, 14-17 April,
449-458, 1980.

7.

BIGGIN HC, MORGAN WD; The feasibility of using a novel pulsed
neutron source for in vivo prompt-gamma analysis. Proc. 4th I:it.
Conf. Nucl. Methods in Environmental and Energy Research, Columbia,
MO, 14-17 April, 286-295, 1980.

8.

CUMMINS PE, DUTTON J, EVANS CJ, MORGAN WD, SIVYER A, ELWOOD PC; An
in vivo study of renal cadmium and hypertension. Eur. J. Clin.
Invest. K ) , 459-461 (1980).

9.

GHOSE RR, MORGAN WD, CUMMINS PE: Renal cadmium overload without
nephrotoxicity. Br. J. Indust. Med. _38, 185-186 (1981).

10.

CUMMINS PE, DUTTON J, EVANS CJ, MORGAN WD, SIVYER A: A sensitive
2^cf neutron activation analysis instrument for in vivo
measurements of organ cadmium. Proc. 6th Int. Conf. on Modern
Trends in Activation Analysis. Toronto, 15-19 June, 1981. J.
Radioanal. Chem. 2i 561-571 (1982).

11.

MORGAN WD, EVANS CJ, CUMMINS PE, ELWOOD PC, AMES AC, THOMAS A,
CROSS D, GHOSE RR, SIVYER A, DUTTON J: In vivo measurements of
cadmium in an urban-industrial population. Proc. Int. Conf. on
Heavy Metals in the Environment, Amsterdam 15-18 September 1981, CEP
Consultants Ltd., Edinburgh, 545-548 (1982).

Blood-cadmium and hypertension.

Lancet ii 1361 (1976) -

A

Nature 282,

- 100 12.

MORGAN WD, DUTTON J, SIVYER A, EVANS CJ, SAMAT SB, RYDE SJS: The
role of in vivo analytical techniques in the assessment of
environmental exposure to heavy metals. Proc. Int. Conf. on Heavy
Metals in the Environment, Vol I, Heidelberg 6-9 September 1983,
CEP Consultants Ltd, Edingburgh, 210-213 (1983).

13.

MORGAN WD, RYDE SJS, DUTTON J, EVANS CJ, SIVYER A, .- In vivo
measurement of calcium by prompt gamma neutron activation analysis.
Proc. 5th Int. Conf. on Nuclear Methods in Environmental and Energy
Research, Mayaguez, 2-6 April, 1984.

14.

EVANS CJ, SAMAT SB, DUTTON J, MORGAN WD, SIVYER A: Feasibility
studies of X-ray fluorescence as a method for the in vivo
determination of platinum and other heavy metals. Adv. in X-ray
Anal, to be published (1984).

15.

ALI PA, DUTTON J, EVANS CJ, MORGAN WD, SIVYER A: A feasibility
study for the in vivo measurement of beryllium. Submitted to Phys.
Med. Biol.

detectors positioned above or
beside the patient depending
on the element/tissue region
to be measured
•canning couch

Fe neutron reflector
l

o
shielding - a composite
•tructure comprising
lead, boratad and llthlum-doped
wax, lead and boron-doped
polyethylene bricks and high

supporting frame
reinforced PVC hose
source dlverter

density concrete blocks

neutron source
storage position

vacuum/compression pump

- 103 -

RADIOGRAPHIC ANALYSIS OF BODY COMPOSITION BY COMPUTERIZED AXIAL TOMOGRAPHY
by
S.B. Heymsfield
Emory University School of Medicine
Emory Hospital, Clifton Road, Atlanta, GA 30322, USA

ABSTRACT
Radiographic methods of evaluating body composition have been
applied for over five decades. A marked improvement in this approach
occurred in the mid-nineteen-seventies with the introduction of computerized axial tomography. High image contrast, cross-sectional imaging and
rapid computerized data processing make this technique a sophisticated
clinically applicable tool.

1.

RADIOGRAPHY IN THE STUDY OF BODY COMPOSITION

1.1. Early workers
Pioneering workers in the early decades of the twentieth century
applied radiographic methods to the study of body composition (1,2). The
principal focus was to assess the amount of fat, muscle and bone in a
limb exposed to x-rays. The "shadow" cast by each of these three structures on the x-ray film was measured with a ruler, and converted to life
size by correcting with a magnification number. Clear demarcation between fat, muscle and bone was possible, because these three structures
differed markedly in x-ray attenuation. Discrimination of one soft
tissue from another of similar attenuation was not possible, as for example
liver from kidney or spleen.
1.2. Recent advances
Over the last several decades, electronic components and computers
have revolutionized radiology. In addition, complex mathematical functions
were solved that enabled reconstruction of images produced from a routine
x-ray beam and detector. The theory and electronics were combined in the
early nineteen-seventies, and the technique was referred to as computerized
axial tomography (CT). Cross-sectional images through the human body were
reproduced that provided high image contrast. Extensive data processing
facilities allowed analysis of vast amounts of scan data. Emory University
installed a head scanner in 1975, and a whole body scanner in 1978. Technological improvements were added on a regular basis to each scanner, and
in 1981 a second body scanner was installed. The most recent instruments
provide much sharper pictures and improve the flow of data when compared
to models built only several years ago.
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2.

APPLICATIONS OF CT TO BODY COMPOSITION ANALYSIS

2.1. The present
Very sharp cross-sectional images through a limb, trunk or abdomen
allow quantification of the following: volume of air (3), and volume or
mass of subcutaneous and mesenteric fat (3), muscle (4), liver (5),
spleen (6), kidney (5), brain (5), and bone (7). The study of bone
mineralization by CT has been the subject of numerous investigations
(e.g. 7 ) , and some workers have advocated CT in the analysis of liver
fat (8) and iron concentration (9).

2.:

The future

Improving technology will continue to expand the potential applications of CT. Analyzing the composition (e.g. H2O, protein fat) as well
as the mass of soft tissues is one feasible goal with respect to the
study of body composition.
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PHOTONUCLEAR ACTIVATION ANALYSIS

by
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ABSTRACT

Preliminary results are reported for a photon activation method
for measuring ±a_ vivo the total body content
nitrogen, and oxygen.

of the elements carbon,

^2.vltro experiments indicate that the method has

a reproducibility of 2% (C), 7% (N), and 2% (0), for an estimated peak
2
radiation dose of approximately 2 cGy in a human subject using a 4000 cm
Nal(Tl) detection volume.

The proposed method has been tested on rats

against a chemical digestion technique with excellent results for carbon
but poor results for nitrogen.

It is felt, however, that the latter is

not due to problems with the proposed method.

Technology transfer is

discussed and it is felt that bremsstrahlung x-ray sources of 25 MVp or
higher would be suitable to apply this method to human subjects at a
clinical level.
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1.

INTRODUCTION

Body elemental composition is a dynamic condition responding
in complex ways to stimuli such as age, diet, hormonal
conditions, activity patterns, and disease. It is to be
expected, therefore, that the measurement of body elemental
composition and its change with time would be a useful procedure
in both clinical medicine and physiological research. With the
exception of neutron activation analysis (NAA) existing methods
for such measurements are generally inadequate in accuracy,
reproducibility, and specificity. We propose a method of
measuring the total body content of the elements carbon,
nitrogen, and oxygen in living animals and human subjects using
the principle of photonuclear activation analysis (PAA). We will
suggest by the presentation of our preliminary results that PAA
may have practical applications in those institutions which have
medium to high energy linear accelerators or betatrons as
existing resources in their departments of radiation therapy.
Given such resources, the additional equipment which would be
required to carry out PAA would be relatively modest.
2.

PREVIOUS WORK RELATED TO PHOTONUCLEAR ACTIVATION ANALYSIS

Since Lutz (1) has reviewed the whole field of photon
activation analysis trom the analytic chemistry perspective, our
review will focus on that work which relates most directly to our
own goals of using this technique for measuring C, N, and 0 in
vivo. Cooper (2) used 25 MV bremsstrahlung x-rays to measure
concentrations of 0, C, and other elements in metals, chemical
compounds, blood, and thyroid tissue samples. Brune (3) used
bremsstrahlung x-rays generated by a 35 MeV betatron to measure N
in wheat grain. Kairento and Nikkinen-Vilkfci (4) used a 33 MeV
betatron and coincidence counting with Ge(Li) detectors to
measure trace element concentrations in tissue Seunples. These
workers also observed radioactivity from trace elements in eleven
patients undergoing radiation therapy for pulmonary and colonic
cancer with the same x-ray source. Piltingsrud (5) recently
measured reaction yields of C-ll, N-13, and 0-15 produced by
bremsstrahlung x-ray spectra of 16-30 MV at various angles from
the incident direction of the beam. Ten Haken et al (6) (from
our own institution) used a 45 MeV medical betatron to activate C
and 0 in tumors in living rats in order to measure blood flow.
Finally, Ulin ( 7 ) , Ulin et al (8,9), and Zamenhof et al (10) have
described and reported on the applications of the in vivo PAA
technique as implemented at Tufts-New England Medical Center
using a 45 MeV medical betatron. It is this work which will be
described here.
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3.

THEORETICAL CONSIDERATIONS

When nuclei are bombarded by photons high enough in energy
to overcome the binding energy of the last neutron in the
nucleus, nuclear reactions such as lk N(y ,n) 1 3 N, z Ciy ,n) C,
16
0(y»n) I 5 0, and many others may occur. Fig. 1. illustrates this
concept for the case of N. Whether this principle can be
utilized to measure the concentration of the target nuclei 0, N,
and C in. vivo depends on whether the nuclear reaction
cross-sections are sutticiently high at the photon energies
available, whether the resulting radioactivity can be adequately
separated into its individual elemental contributions, whether
the activation and counting conditions are suitable for measuring
large tissue "samples" of up to 30 cm in linear dimensions, and
finally whether a sufficiently high signal-to-noise ratio can be
achieved at radiation dose levels consistent with in vivo
diagnostic applications.
Table 1. lists the photonuclear reaction parameters for the
three elements of principal interest, namely: oxygen, nitrogen,
and carbon. The half-lives are sufficiently different to make
their separation feasible by time decay analysis and the reaction
thresholds are compatible with medium to high energy x-ray
therapy machines. Fig. 2. shows the actual cross sections for
the three reactions listed in Table 1., together with a
mathematical simulation (Schiff method) of a 45 MV bremsstrahlung
x-ray spectrum as generated by the 45 MeV Brown Boveri betatron
in our institution. The curves suggest that a reasonble fraction
of the x-rays in the 45 MV spectrum would overlap with the cross
sections for 0, N, and C. Table 2. lists the elements in
Reference Man and the half-lives of their activation products.
In terms of those elements whose half-lives are comparable with
those of 0, N, and C, potential interference effects from P , K ,
and Cl might be expected. Fig. 3. shows theoretically simulated
decay curves for P, K, and Cl, superimposed on measured data
(points) and computer fitted 0, N, and C components. Experiments
confirmed that the former three elements indeed produced a
significant perturbation on the measurement of 0, N, and C, and
appropriate correction schemes, shortly to be described, were
devised.
4.

EXPERIMENTAL RESULTS (IN VITRO)

To determine the accuracy and reproducibility with which 0,
N, and C could be measured by the PAA technique a number of
standards were made containing known concentrations of N and C.
Oxygen standards were extremely difficult to manufacture within a
tissue-like matrix of N and C, and consequently only
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reproducibility data were obtained for 0. The standards were
made by mixing gelatin of known amino acid composition with
various proportions of distilled water. The standards were
irradiated under reproducible geometry for one minute in the 45
MV x-ray beam of the NEMC betatron, allowed to "cool" for one
minute, nad then counted in a reproducible geometry using two
opposed 2" x 2" (5 cm x 5 cm) Nal(Tl) detectors. The time decay
of the annihilation gamma ray induced activity was recorded using
10 sec. time bins and a total counting period of approximately 40
minutes. Upper and lower threshold discriminators were used to
set a window over the 0.511 MeV annihilation full energy peak.
The data was dumped onto magnetic tape and analyzed on a
PDP-11/55 minicomputer. The algorithm employed was based on one
originally published by Bevington (11), and consists of a
non-linear least squares approach, in which the decay constants
of the constituent activity components are explicitely specified
and the algorithm computes the corresponding magnitudes of these
components. Realising that the noise level in ths raw data would
significantly influence the accuracy of the results, two sets of
measurements were performed: one with the natural background
count rate of 20 cps, and another with an artificially high
background of 4060 cps, produced by placing a Na-22 source close
to the detectors during the counting of the standards. The
annihilation gammas were not counted in coincidence although this
would have reduced the background count rate to almost zero. The
experiments comparing the low and high background count rates
indicated that the loss in sensitivity in using coincidence
counting would do more harm to the accuracy of the final results
than the potential gain in reducing background count rate.
Fig. 4. shows the linearity between the measured and known N
concentrations in the standards, with a background count rate of
20 cps. The error bars are calculated 1 st. dev. errors generated
by the curve fitting algorithm based on propagation of errors
theory. The normal concentration of N in Reference Man is 2.6%,
and approximately corresponds to the middle of the curve. The
standard error of 5.4% in measuring N concentration is calculated
at the 2.6% N point on the curve. Fig. 5. shows the
corresponding linearity between measured and known C
concentrations. In this case the data represents tissue highly
depleted in C, since the Reference Man concentration of C is 23%.
Figs. 6 and 7 show similar linearity data for an artificially
high background of 4060 cps; the absolute standard error in N
and C determination is only slightly increased despite the very
large increase in background count rate. Using the above results
together with scaling factors obtained by activating human body
sized water phantoms, predictions were made of the required
radiation dose for measuring 0, N, and C in human subjects with
different Nal(Tl) detector volumes and background count rates.
In determining the "prediction error", i.e., the absolute error
in measurement of the elements in question, the following schemes
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were devised to correct for interferences from K, P, and Cl.
Since none of the three interfering elements can be easily
measured by PAA, estimates of total body P were obtained using
the calcium bone index (12,13) while normal Reference Man levels
of K and Cl were assumed. Samples of P, K, and Cl were
irradiated, and their scaled contributions to the measured
amounts of 0, N, and C determined. Thus, in subsequently
performing PAA measurements on living and dead rats this scheme
was used to synthesize the interference decay curves of P, K, and
Cl, which were then subtracted from the raw data prior to
analysis. Other interfering reactions which were explicitely
corrected for are described by Ulin (7). Fig. 3. illustrates a
typical set of raw data points and the interference corrected
fitted 0, N, and C components. Table 3. shows the predicted
errors for measuring N and C in human subjects using a small (131
cm3) and large (27,000 cm 3 ) detector volume. The prediction error
includes corrections for P, K, and Cl interference, while the
reproducibility excludes these corrections. An additional set of
experiments was performed to examine the cross-talk between N and
C. Nitrogen concentrations in a gelatin standard were measured
with the addition of progressively greater amounts of carbon,
till approximately three times the Reference Man C concentration
was reached. The measured N did not vary significantly as long
as the background count rate was maintained at 320 cps or less.
Varying amounts of N, on the other hand, did not affect the
measured C under any test conditions.
The uniformity of activation and detection is an important
parameter to consider in whole body measurements if there is any
likelihood of translocation of the elements of interest between
sequential measurements, or if crosssectional population
measurements are to be compared. In the case of N and C this is
a significant concern. Activation uniformity was measured in
water phantoms of varous thicknesses using graphite (C) as the
activation detector. Bilateral activations were carried out in
all cases, with the appropriate adjustments in activation times
implemented to allow for decay. The activation uniformity was
expressed as the deviation from the mean of the maximum and
minimum activation levels. Table 4. lists the measured
activation uniformity for water thicknesses of 10-30 cm, at
source-to-surface distances (SSDs) of 110 and 510 cm. It is
clear that there is little problem with the activation uniformity
with PAA. Also, these results were obtained using no additional
material such as premoderator as is frequently necessary in
neutron activation analysis.
Detection uniformity in PAA is less favorable, however,
since for the gamma energy of 0.511 MeV a significant degree of
self-absorption results. For measurements on small animals this
effect is negligible, but for measurements in humans a high

- 112 -

degree of non-uniformity will result unless complicated counting
strategies are implemented such as rotating the detectors around
the subject, or using 4 detection geometry.
5.

EXPERIMENTAL RESULTS (IN VIVO)

In attempting to use the PAA technique on live animals an
interesting problem was encountered: measurement of N and C in
specific animals, both before and after they were sacrificed,
produced marked differences. Fig. 8. shows typical decay curves
obtained from a 250 g rat before and after sacrifice. The
difference has been attributed to the exhalation of radioactive
CO during the counting procedure (Ulin et al (14)), which
introduces a washout component to the raw data, this in turn
appears to the analysis algorithm as an additional activation
product. Since this additional isotope is not programmed into
the analysis algorithm it ends up modifying the results for N and
C by up to 300%. To circumvent this problem animals were counted
in closed plastic bags containing essentially 100% oxygen gas and
soda lime to absorb the exhaled 1r co 2 . Fig. 9. shows the counting
configuration employed for all animal measurements.
Table 5. lists the reproducibility and relative accuracy
(with corrections for P, K, and C D of 0, N, and C meaurements on
a live CD rat. It a range of +/- 50% instead of +/-12% is
assumed for total body P, the relative accuracies are modified as
shown. To obtain this data, six replicate measurements were
performed, with a radiation dose of approximately 40 cGy.
6.

COMPARISON WITH CHEMICAL DIGESTION METHOD

Nineteen nutritionally normal CD rats and five obese CD rats
were used in a comparison between the PAA technique and the
chemical digestion technique, which measures fat and protein
content. Protein and nitrogen were assumed to be related by a
constant factor of 6.25, and fat and carbon also were assumed to
be proportional.
The rats were measured alive by PAA, then sacrificed and
sent to the University of Georgia for analysis by the chemical
digestion method of Fischer(15). Fig. 10. shows the correlation
between the two methods for measuring fat and carbon. It is
noteworthy that there does not appear to be any breakdown in the
linear relationship over an extremely wide range of fat or carbon
content. Fig. 11. shows that agreement between the two
techniques for protein or nitrogen measurement is less favorable.
Presently we cannot offer an explanation for this discrepancy.
7.

TECHNOLOGY TRANSFER

The results presented for the PAA technique suggest that it
is a potentially useful diagnostic tool for non-invasive studies
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of nutritional disorders. However, the equipment necessary for
its implementation needs to be defined, since very few
institutions have access to a 45 MeV betatron, or a similarly
high energy machine. To investigate wlu.t energy accelerator
would be required to perform PAA measurements on living animals
and human subjects, a theoretical analysis of the activation
procedure was performed oy simulating bremsstrahlung spectra from
10 to 55 MeV endpoint energy and calculating the activation rates
for 0, N, and C per unit fcerma in tissue. The theoretical curves
were compared with experimental measurements on standards
obtained at 26, 31, and 45 MeV using our betatron. Fig. 12.
shows the results of these calculations and measurements. First,
it can be seen that the theoretical and experimental data are in
reasonable agreement. It can also be seen that the activation
per unit kerma at 25 MeV is approximately the same as at 45 MeV
for N, and about half as much as at 45 MeV for 0 and C. Since
the signal-to-noise ratios for 0 and C are much higher at 45 MeV
than for N (as indicated by the respective reproducibility
figures) it seems likely that useful in vivo PAA measurements
could be performed at 25 MeV or higher. Whether useful PAA
measurements could be performed at significantly less than 25 MeV
is questionable. Thus, the availability of a betatron,
microtron, or linear accelerator operating at 25 MeV or higher
should fulfill the requirements for activation. A suitable
counting facility would not require shielding since the accuracy
of the measurements has been shown to be very tolerant of quite
high background count rates. From our estimates it seems that a
4000 cm^ Nal(Tl) detection volume (very modest by prevailing
standards) would require only 2 cGy of dose to be delivered to
human subjects at 45 MeV to yield the level of relative accuracy
and reproducibility shown in Table 3.
With regard to the phent-^snon of ^^C0 2 exhalation mentioned
earlier, we do not anticipate this to be a problem in activating
human subjects. Even if it were, a simple gas collection system
with cooperation from the subject could be readily implemented.
8.

CONCLUSIONS

We have developed an in vivo photonuclear activation
analysis system for potential applications in studying animal and
human physiology and disease. The technique measures the total
body content of oxygen, nitrogen, and carbon with relative
accuracies of approximately 2%, 7%, and 2%, respectively
(coefficients or variation), at a projected radiation dose in
human subjects of 2 cGy or less, depending on the detector
sensitivity.
The technique has been tested using standards of known
composition, and an attempt has been made to compare it with the
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chemical digestion technique using rats. Whereas there was
extremely high correlation between the two methods for measuring
carbon and fat, the agreement was poor for nitrogen and protein.
This still remains to be explained.
With regard to the use 01 the PAA technique by others, we
believe that a minimum accelerator energy of about 25 MeV
(bremsstrahlung endpoint energy) is required to maintain
reasonable relative accuracy at acceptable dose levels.
Detection requirements are relatively modest, with minimal or no
shielding of detctors required and a total detection volume on
thy order of 4000 c m 3 o f Nal(Tl).
We hope that the PAA technique will be further developed and
validated and used to increase our understanding of disease and
physiology in animal and human subjects.

This work was performed in collaboration with the U.S.D.A. Human
Nutrition Research Center, Boston, MA
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FIGURE CAPTIONS
Fig. 1.

The principle of photonuclear activation using the
llf
N(Y,n)13N reaction for illustration.

Fig. 2.

Photonuclear cross-sections; for 0, N, and C vs. x-rayenergy, and a calculated (Schiff) bremsstrahlung spectrum for the NEMC 45 MeV Brown-Boveri Betatron.

Fig. 3.

Measured decay curve (point:;) following photonuclear
activation of a rat, with computer fitted 0, N, and C
components, and synthesized P, K, and Cl interfering
components for illustration, assuming Reference Man
body composition.

Fig. 4.

Comparison between measured and known N concentrations
in gelatin/water standards wi th a background countrate
of 20 cps in the 0.511 MeV full energy peak.

Fig. 5.

Comparison between measured and known C concentrations
in gelatin/water standards with a background countrate
of 20 cps in the 0.511 MeV full energy peak.

Fig. 6.

Comparison between measured and known N concentrations
in gelatin/water standards witl a background countrate
of 4060 cps in the 0.511 MeV full energy peak.

Fig. 7.

Comparison between measured and known C concentrations
in gelatin/water standards with a background countrate
of 4060 cps in the 0.511 MeV full energy peak.

Fig. 8.

Measured decay curves obtained from the same activated
rat; (a) dead, (b) alive.

Fig. 9.

Counting configuration employed for all animal measurements, showing three N a K T l ) detec ors, rat, and soda
lime to absorb exhaled 1 ] C0 2 . Rat and soda-lime are
enclosed in sealed plastic bag.

Fig. 10.

Comparison between photonuclear acti7ation and chemical
digestion techniques for measuring, -espectively,
carbon and fat in living rats. Open circles signify
grossly obese rats.

Fig. 11.

Comparison between photonuclear activation and chemical
digestion techniques for measuring, ret pectively,
nitrogen and protein in living rats. Cten circles
signify grossly obese rats.

Fig. 12.

Relative photon activation efficiency pe.• unit kerma to
muscle for 0, N, and C, using calculatior. s based on
Schiff bremsstrahlung x-ray spectra, and measurements
at 26, 31, and 45 MeV endpoint energies us. ing the NEMC
Brown Boveri clinical betatron.
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TABLE CAPTIONS
Table 1.

The photonuclear reaction parameters for 0, N, and C,
and the half-lives of the reaction products.

Table 2.

The principal elements comprising Reference Man and the
half-lives of their photonuclear reaction products.

Table 3.

The relative accuracy (prediction error) and reproducibility for measuring 0, H, and C in gelatin/water
standards using a detector volume of 131 cm^. Values
are also shown for detector volumes of 4000 and
27,000 cm 3 , based on data using the gelatin/water
standards and data obtained by activating human-sized
water phantoms. The relative accuracy includes corrections for interfering reactions while the reproducibility does not. The data were obtained from six
replicate measurements.

Table 4.

Activation uniformity at 110 and 510 cm source-tosurface-distance resulting from bilateral irradiation
of water phantoms from 10 to 30 cm in thickness, using
carbon as the activation probe. Variations are H deviations of the maximum and minimum activation levels
from the mean.

Table 5.

Relative accuracy and reproducibility of 0, N, and C in
live CD rats. Six replicate measurements were performed, at a total body dose of approximately 40 cGy
per measurement. The poorer relative accuracy for the
osteopenic rats is mainly due to the greater uncertainty in the P correction.
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Table 2

ELEMENT

PERCENT OF TOTAL
EODY WEIGHT

ISOTOPE PRODUCED
IN (Y,n) REACTION

HALF-LIFE

oxygen

61

15

2.05 min

carbon

23

11

20.4 min

hydrogen

10

nitrogen

2.6

II

10.0 min

calcium

1.4

39

0.88 min

phosphorus

1.1

30

2.50 min

sulfur

0.20

31

2.6 sec

potassium

0.20

38

7.70 min

sodium

0.14

22

2.6 yrs

chlorine

0.12

34

32.5 min

Table 3
Composition of
gelatine by wt.

Element
measured

Background

20 cps

Projected detector
volume

131 cm

4060 cps

4000 cm

27,000 cm

j

Projected whole-body
radiation dose
63 cGy

ducibilit)r

600 cps

Relative
accuracy

2 cGy

Relative
accuracy

1.3 cCy

Relative
accuracy

I
I-

oxygen

75.5%

0

±2%

carbon

10.7%

C

±2%

±2%

hydrogen

10.1%

nitrogen

3.8%

±3%

+4%

±2%

'•6.1

±2%

±5.3%
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Table 4
PHANTOM
THICKNESS(cm!

10

15

20

25

30

45 MeV PHOTONS!110 SSD)
(CAREON ACTIVATION)

0.6%

1.6%

2.7%

4.0%

7.2%

0%

0%

0.4%

0.9%

2.5%

45 MeV PHOTONS (510 SSD)
(CARBON ACTIVATION)
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Table 5
OXYGEN

NITROGEN

CAREON

1.4%

6.7%

1.5%

ACCURACY OF MEASUREMENTS
1.4%
ON NORMAL RATS<± 1 s.d.!
(P =±12%, K =±10%, Cl = ±10%)

6.9%

1.5%

10.6%

1.6%

REPRODUCIEILITYt±1 s.d.)

ACCURACY OF MEASUREMENTS
ON RATS WITH SEVERE
2.0%
OSTEOPENIAf ±1 s.d.!
!F = ± 5 0 % , K ^ ± 1 0 % , CL = ±10%)
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APPLICATIONS OF NUCLEAR TECHNIQUES
FOR IN VIVO BODY COMPOSITION STUDIES
AT BROOKHAVEN NATIONAL LABORATORY
by
S. H. Cohn, K. J. Ellis, D. Vartsky, A. N. Vaj>wani
and L. Wielopolski
Medical Research Center
.'Jrookhaven National Laboratory
Upton, New York 11973, USA
ABSTRACT
The development and clinical application of a number of nuclear techniques for studying body composition is described. These techniques include
delayed neutron activation for the analysis of calcium, phosphorus, sodium
and chlorine and prompt-gamma activation for the measurement of nitrogen and
cadmium. In addition, the measurement of _in vivo iron by nuclear resonance
scattering and lead by x-ray flourescence is described.

1.

HISTORICAL DEVELOPMENT

Brookhaven National Laboratory (BNL) has long been involved in research
on calcium metabolism. When it became apparent that it was possible to measure total body calcium, BNL actively undertook the development of such a facility.
In 1967-1968, a research program was begun with the goal of developing
an _i_n vivo total body neutron activation system. The neutron source
employed was a 14 Mev Texas Nuclear generator in use in the Physics Department. At the same time, a number of u,n sources: 238PuBe, 210PoBe, and
^* AmBe, were investigated.
It was also necessary to determine the absolute calibration for the measurement of calcium with an Alderson phantom. The uniformity of the thermal
neutron flux and the flux density were also measured in a variety of
phantoms. The effects of polyethylene moderators were studied as part of
the effort to achieve the highest possible uniformity in flux density in the
phantoms. The results of these various studies were first reported at the
Conference on Progress and Problems in Neutron Activation at SURRC in East
Kilbride, in 1969.
It took approximately a year after the completion of the phantom
studies to obtain permission from the BNL Human Studies Committee to activate the first human subject. The first paper on _iti vivo activation analysis of calcium in man at BNL was published in 1970. The results of the
studies of 14 Mev neutrons and the lower energy neutrons from "portable" u,n
sources were both reported at that time.

- 138 -

The studies were continued and broadened. Approximately one year
later, in 1971, a report was published on the measurement of total body
nitrogen, calcium, sodium, and chlorine in seventeen patients with conditions ranging from metastatic breast cancer to osteoporosis and chronic
renal failure.
The neutron generator used for all of these studies was located in the
Physics Building. Thus, it was necessary to transport the patients very
quickly by ambulance to the whole-body counter situated in the Medical Center. A police escort was required to clear the way for the ambulance used
for transport to ensure maximum road safety on the trip to the Medical Center.
The studies with neutron activation were continued with this neutron
source for approximately two years. About two hundred activations were
performed. During this period, a new 700 Ci 2™PuBe neutron activation facility was constructed in the BNL Medical Research Center. The distance of
this new facility, from the whole body counter in the BNL hospital can be
covered in approximately three minutes. The absolute calibration of the system for the measurement of total body levels of calcium, sodium, chlorine,
and phosphorus, was developed.
To date, well over 2,500 activations have been carried out on both normal subjects and patients with a wide variety of diseases, particularly
osteoporosis and renal osteodystrophy (see section 3). This was the first
Qt,n neutron activation facility designed specifically for clinical use and
constructed in a hospital environment. The radiation dose to the patient
was reduced to 270 mrem, the smallest dose delivered by an existing neutron
activation facility (1,2).
In 1977, BNL built the most sensitive and highly developed system for
the in vivo measurement of cadmium in liver and kidney (3). It employed 85
Ci of •"°PuBe in a highly shielded collimated arrangement. The collimator
was made of epoxy resin heavily doped with L12C03 and "LiF. The detection
limits (2SD) for Cd were 2.2 mg for kidney and 1.0 pg/g (wet weight) for the
liver, with a localized dose of A70 mrem. This cadmium facility was
installed in a specially designed 34-foot trailer. This transportable facility can be moved to various locations for use in epidemiological studies. It
was used in one major field study to measure Cd in the kidney and liver of
workers at a cadmium smelter. The "°Pu,Be source and shielding have boen
replaced in the facility with a " Cf source and certified IAEA shipping
cask. This alteration has achieved an improved sensitivity simultaneously
with a significant lowering of the dose to the subject. It has also
eliminated the regulatory problems of transporting plutonium through various
localities. Transportation with the
Cf source presents far fewer
problems.
BNL reported in 1971 on studies of total body nitrogen based on the
(n,2n) reaction in both normal subjects and in a variety of patients. More
recently (1978) an improved system was developed for the measurement of
total body nitrogen with the prompt-gamma neutron activation technique (4).
The body nitrogen counts are measured simultaneously with total body
hydrogen. The latter measurement is then used as an internal standard for

determination of total body nitrogen. The radiation dose delivered to the
skin for the bilateral scan geometry of the patient is less than 45 mrem.
The precision of the body nitrogen measurement in a human subject is approximately 3-4Z.
The prompt-gamma nitrogen measurement facility has been used
extensively for the past three years. Cancer patients on various types of
dietary supplementation and obese patients on protein-sparing diets have
been studied. Data on a control group of normal individuals provide the requisite baseline information.
In the last two years, the BNL program has expanded to include a number
of other nuclear technologies applied to medical problems. Iron is
currently measured by nuclear resonance scattering (NRS) in patients with
thalassemia. This technique holds promise for other elements as well. Presently, an x-ray fluorescence (XRF) technique is being developed for the measurement of L-x-rays from lead deposited in the tibiae of human subjects.

2.

TECHNICAL DEVELOPMENTS

There has been a long series of technical developments in the various
nuclear technologies at Brookhaven culminating in "state-of-the-art"
techniques. The theoretical considerations that lead to these developments
have been detailed in references (5). The factors involved in selecting the
neutron sources for total body neutron activation, the type and positioning
of the moderator and radiation dose to the subject have all been presented
(4,5). Consideration of these factors indicated that 4.0 Mev neutrons have
an overall advantage of 2 relative to 14 Mev neutrons in TBNAA. Further,
multiple (a,n) sources in a broad-beam geometry and simultaneous bilateral
exposure have an advantage of 3.6 relative to 14 Mev neutrons from a continuous beam neutron generator. Portable (a,n) sources provide ease of operation and high precision from the constant output of neutrons.
A significant technological advance was the development of a portable
(ct,n) neutron activation facility for measuring cadmium ui vivo in kidney
and liver of the non-industrially exposed population. This facility was
mounted in a 34 foot trailer. This mobile unit can easily be moved around
the country for epidemiological studies as well as industrial exposure
studies. Recently, the neutron source was changed from "°Pu,Be to
Cf
which decreased radiation dose without a loss in sensitivity but greatly
increased the ease of moving the trailer. The present mobile system exceeds
all IAEA regulation for the transportation, shielding and use of "*Cf
sources.
A technique for the measurement of body iron utilizing nuclear resonant scattering of gamma rays has been developed (6). 847 keV photons
emitted from a gaseous
MnCl source are resonantly scattered from * Fe present in the body. Measurement is made using large volume Ge(Li) detectors.
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 phantom. The resonance scattering technique permits determination of normal levels of Fe in the liver with a radiation dose of 2 rem.
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A non-invasive measure of the skeletal levels of lead was developed by
an x-ray fluorescence technique (XRF) as part of a toxicological study of
lead in man. With this technique it will be possible to relate body burdens
of lead to blood lead levels and to other indicators of biological effect
from lead. The instrument will be calibrated and validated for the measurement of absolute levels of lead in the skeleton. When fully operational the
system will be installed in an existing mobile facility designed for the
field study of internally deposited cadmium.
The most recent applications development involved a pulsed Van de
Graaff generator as a source of pulsed neutrons, for the feasibility measurement of lung silicon by inelastic scattering of fast neutrons.

3.

CLINICAL APPLICATIONS

The clinical usefulness of the BNL total body neutron activation analysis (TBNAA) program is best demonstrated by the studies involving the measurement of total-body calcium. This measurement provides data useful for
the diagnosis and management of metabolic bone disorders. It should be
emphasized, however, that while most of the applications, to date, have
involved calcium and phosphorus, the measurement of sodium, chlorine and nitrogen also appear to be useful clinically.
Total-body calcium measurements utilizing TBNAA have been used in
studies of osteoporosis to establish absolute and relative deficits of calcium in patients with this disease in comparison to a normal contrast population. Changes in total-body calcium (skeletal mass) have also been useful
for quantitating the efficacy of various therapies in osteoporosis. Serial
measurements over periods of years provide long-term balance data by direct
measurement with a higher precision (±32) than is possible by the use of any
other technique.
In the renal osteodystrophy observed in patients with renal failure,
disorders of both calcium and phosphorus, as well as electrolyte disturbances, have been studied. The measure of total-body levels of these elements has given the clinician useful data upon which to evaluate dialysis
therapy.
The measurement of bone changes in endocrine dysfunction have been studied, particularly in patients with thyroid and parathyroid disorders. In
parathyroidectomy, the measurement of total body calcium, post-operatively,
can indicate the degree of bone resorption. Changes in skeletal metabolism
and body composition in acromegaly and Cushing's disease have also been
investigated by TBNAA.
Levels of cadmium in liver and kidney have also been measured _in vivo
by prompt gamma neutron activation and associated with hypertension,
emphysema and cigarette smoking. These studies have demonstrated an
increased body burden of Cd for cigarette smokers.
Total body nitrogen and potassium measurements serve as indices of protein and muscle mass and are useful in studies of the interrelation of

I f
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cancer, diet and nutrition. An essential requirement in these studies is
the ^n vivo measurement of changes in body composition, primarily revealed
by nitrogen content. Currently, the optimal method for measurement of total
body nitrogen is prompt-gamma neutron activation.
These are some of the clinical applications involving ^n vivo neutron
activation that have been performed to date. A more detailed summary will
be found in references (1,2). Clearly, these applications have only
indicated the enormous potential of this technique. There can be little
question that ^n vivo neutron activation is a useful addition to the techniques for medical research which provides new and previously unavailable information.
The object of the studies with the nuclear resonance scattering technique is to measure body deposits of iron in clinical studies involving
chelation therapy of patients with Thalassemia major. The portable XRF system provides a rapid and accurate screening test to determine lead exposure
in any population at risk. On the basis of in vivo measurement of lead body
burdens and the above indicators of biological effect, it should be possible
to set more precise ciiteria for permissible lead exposure in the
occupationally exposed populations.

4.

RESULTS

4.1. Total-body measurement of calcium
4.1.1. Normals: For the study of changes in skeletal calcium in metabolic
bone disorders, it is first necessary to take into account the normal
changes with age. The non-invasive nature of the TBNAA technique and the
low levels of radiation dose employed have made possible the study of normal
subjects (7-9). A mathematical model for the prediction of normal totalbody calcium levels in terms of age, sex and body habitus has been developed
for use as a reference (7). It is also of physiological interest and clinical usefulness to relate skeletal mass (total calcium) to muscle mass (total
potassium) (10).
4.1.2. Osteoporosis; Total body calcium (TBCa) measurements utilizing
TBNAA have been used in studies of osteoporosis to establish absolute and
relative deficits of calcium in patients with this disease in comparison to
a normal contrast population (11-16). These studies have demonstrated that
a decrease in total bone mass is a normal concomitant of the aging process.
Further, this phenomenon is accelerated in certain individuals, particularly
postmenopausal women. A diagnosis of osteoporosis is reasonably certain
when compression fractures occur. Unfortunately, prior to the occurrence of
these fractures, it is difficult to distinguish between an osteoporotic individual and a normal person matched for sex, age and body habitus on the
basis of present criteria. Accurate quantification of bone mass is difficult to achieve with the present state of the art; small changes that occur
in the early stages of osteoporosis do not manifest themselves with present
methods of measurement.
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Clearly the assumption is made that there is a definite relation between the level of bone mass (to which the degree of osteopenia is inversely
proportional) and the occurrence of compression fractures. On this basis,
accurate measurement of bone mass is highly desirable. If there exists a
critical level of bone mass for an individual (in terms of height and
weight), it is of great value to determine this threshold value below which
the risk of structural failure is sufficiently great as to warrant therapy.
Total body neutron activation analysis (TBNAA) permits the direct ^n vivo
measurement of total calcium content of the body, e id hence skeletal mass,
to be made with as high a degree of precision as ±2% (2SD).
A number of clinical trials have been conducted with total body cslcium (TBCa), measured by TBNAA, as the end point of efficacy (17-22). For
example, Wallach (19) reported that 50% or more of osteoporotic women,
treated with porcine calcitonin (100 MRC units dose) showed clinical improvement along with a mean increase of 3-92 in TBCa.
In another recent study, the effect of therapy which utilizes growth
hormone to stimulate bone formation (20), and simultaneously inhibits bone
resorption with calcitonin, was evaluated in patients with primary
osteoporosis (21). The technique of TBNAA was again used to measure TBCa.
No significant increase in skeletal mass (TBCa) occurred during the ILV dose
human growth hormone regimen. An increase in skeletal mass, however, vas
observed in almost all patients following the high dose growth hormone regimen. Although this study must be considered to be of preliminary nature,
the magnitude of the response in calcium balance suggests that skeletal mass
can be increased in osteoporosis if combination thevapy is employed (21).
In another study, combined treatment of osteoporotic patients with
salmon calcitonin, sodium fluoride and calcium, over a period of 24-33
months, significantly increased the mean TBCa (p<0.05) (22). This increase
indicates that treatment prevented further development of osteopenia.
The efficacy of synthetic salmon calcitonin (sCT), in the treatment
of senile male osteoporotics, was also studied in terms of TBCa and bone mineral content (BMC) of the radius at six month intervals (23). Males, 50 or
more years of age, with diffuse demineralization and collapse of one or more
vertebrae, were studied. Thirty-one patients were randomly divided into
three groups: (1) a control group receiving multivitamins, (2) a calcium
supplemental group receiving 1 g Ca and multivitamins, and (3) a calcitonin
group receiving 100 MRC units sCT daily plus calcium and multivitamins. No
significant changes in TBCa were observed among the three groups during the
first year. However, the group which received sCT showed significant increases in TBCa (4-6Z) at 18 and 24 months. These increases in TBCa were
not reflected by BMC measurements.
4.1.3. Renal osteodystrophy: Renal osteodystrophy in patients with renal
failure has been studied extensively (24-29). Disorders of both calcium and
phosphorus, as well as electrolyte disturbances were reported. Total-body
levels of Ca and P give the clinician useful dat.i upon which to base therapeutic regimes. Changes in the concentration of calcium and phosphorus in
the dialysate are rapidly reflected in the total body Ca and P measurements
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of the body. The dialysate concentration can then be adjusted to reduce the
loss of calcium associated with dialysis (30).
The effect of pharmacologic doses of 25-hydroxycholecalciferol (25OHD) on TBCa and BMC of the distal radius was evaluated in renal
osteodystrophy patients on hemodialysis (31). Two groups were studied.
Group I received oral 25-OHD for 100 weeks. Group II received supplemental
oral calcium only. Both groups were hemodialyzed with a 6.5 mg percent
dialysate Ca.
The TBCa increased significantly in members of Group I; the change
in BMC was variable. No change in TBCa or BMC was observed in Group II
patients. It was concluded that the observed TBCa reflected an increase
either in bone or in soft tissue Ca, or both.
4.1.4. Paget's disease; Serial measurements of TBCa were made in twenty patients with generalized symptomatic Paget's disease while they received
long-term calcitonin therapy (32). Total body calcium had increased by an
average of 222 above predicted normal values prior to calcitonin therapy; it
decreased significantly (4%) during long-term calcitonin therapy. Totalbody phosphorus, nitrogen and sodium also decreased during therapy. These
data confirm histologic evidence of disappearance of Pagetic bone, and
radiographic evidence of a decrease in bone volume during calcitonin treatment.
4.1.5.

Endocrine dysfunction:

a. Thyroid and parathyroid disorders; Changes in skeletal mass in
patients with endocrine dysfunctions have been studied, particularly in
those patients with disorders of thyroid (33) and parathyroid (34). After
parathyroidectomy, the level of TBCa is indicative of the degree of bone resorption. On this basis, surgeons have gauged the effectiveness of the removal of the hypertrophic parathyroids.
b. Cushings's syndrome: Skeletal metabolism and body composition
were investigated in patients displaying Cushing's syndrome (35). The technique of TBNAA was utilized to measure skeletal mass (TBCa) and body composition. Eight patients with Cushing's syndrome were studied. In addition,
serum concentration of 25-hydroxycholecalciferol (25-OHD) was measured in
four of these patients, and in an additional 17 patients who were receiving
exogenous glucocorticoids.
Prior to therapy, skeletal mass (TBCa) and lean body mass (40K)
were considered to be decreased in five of seven patients. The osteopenia
was generally not corrected as determined in follow-up activations subsequent to treatment of the Cushing's syndrome. The only significant increases in total-body calcium occurred in two patients who presumably
had not completed body growth. Serum levels of 25-OHD were in the normal
range in the spontaneous Cushing's, as well as the Iatrogenic Cushing's syndrome patients.
c. Acromegaly: The effect of hyper-somatotropism on skeletal metabolism was investigated in ten acromegalic individuals (36). The jiean TBCa
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was 9% higher than the predicted normal values. The ratio of TBCa to lean
body mass (^K) was reduced in four subjects. Although this effect may be
the result of a greater increase in soft tissue mass than in skeletal mass,
only two patients had total-body Ca levels which were less than the
predicted values. These two subjects could be considered to have
osteopenia.
4.1.6. Rheumatoid arthritis; The evaluation of diffuse osteoporosis in
rheumatoid arthritis (RA) remains controversial. An important problem
associated with the disease is the role of long-term corticosteroid therapy
in the development of osteopenia. In the present study, TBCa was evaluated
in 19 women with RA, with and without corticosteroid treatment (37). The .
skeletal mass, as measured by TBNAA, was within normal limits in seven patients with no steroid treatment: it decreased in the remaining patients on
corticosteroid treatment. The decrease in TBCa was most marked in postmenopausal women. Thus age is a significant factor in the development of
osteoporosis following prolonged corticosteroid therapy.
4.1.7. Alcoholism; Total skeletal mass was measured in two groups of
chronic alcoholic subjects with and without Laennec's cirrhosis (38). No
significant loss of skeletal calcium was determined. However, there was a
marked loss of lean body mass (total body potassium) in alcoholic subjects
with cirrhosis.
4.1.8. Osteogenesis Imperfecta; Three post menopausal women with
osteogenesis imperfecta tarda (01) were treated daily with salmon calcitonin
and calcium supplements for 12 to 33 months (39). TBNAA measurements of
TBCa revealed a marked deficit in these patients, exceeding that found in severely osteoporotic women. In one patient, the rapid loss of TBCa was partially reversed after twelve months of treatment. The second patient snowed
an increased TBCa (9%) after 33 months of treatment. Inconclusive results
were obtained for a third patient who was receiving treatment with
corticosteroids for asthma. The results confirm the findings of previous
studies that supplied calcitonin to children with 01, and suggest that
calcitonin may also be of benefit to adults with 01.
4.1.9. Myotonic dystrophy; Muscular wasting and endocrine disturbance are
marked in most patients with myotonic dystrophy (MD). Six of seven MD patients studied exhibited a marked deficit in total body potassium (TBK); calcium, phosphorus and chlorine levels remained normal (40). MD appears to be
one of the few metabolic disorders studied in which the relatively constant
relationship between TBK and TBCa is altered. These data suggest that low
levels of circulating androgen in MD are not necessarily associated with a
decreased skeletal mass.
4.1.10. Thalassemia; Long-t^-m administration of calcitonin to five patients with thalassemic bone disease produced clinical improvement; however,
a net gain in TBCa occurred in only one patient (41). The total body calcium levels ranged from 357 to 665 g, 12 to 54% below the normal levels.
These patients exhibited the greatest calcium deficits seen in any of the
subjects studied.
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4.1.11. Post-Gastrectomy; The skeletal mass and serum levels of
25-hydroxy-vitamin D were s-udied in 18 post-gastrectomy patients (42). The
skeletal mass, measured by 13NAA, was decreased significantly in 3 men and
3 women, one-third of the total cases studied. In the remainder of the
patients, the TBCa values wert within normal limits. The presence of spinal
osteoporosis was suspected in <nly two of the patients on the basis of
radiological examination. The frequency of osteopenia, as evaluated by
TBCa, was higher than the 102 pieviously reported. There was no correlation
between time since gastrectomy a\ d changes in TBCa levels. In some
patients, marked lower serum 25-0TD and elevated plasma alkaline phosphatase
were observed. All patients with low TBCa had elevated alkaline phosphatase
levels. There was no correlation tstween TBCa and serum 25-OHD.
4.2.

Total-body sodium and chlorine

4.2.1. Normal adults; TBNAA was uset to determine the absolute levels of
total body sodium (TBNa) and total bod.' chlorine (TBC1) in 81 normal adults
(43). For the age span studied, (30 to 90 years), the mean values of TBNa
and TBC1 remained relatively constant for males, but decreased slightly for
females beyond sixty years of age. The iBNa and TBC1 values were normalized
for body dimensions (weight, height, body surface area) as well as age and
sex. In addition, TBNa was related to ske'etal mass (TBCa) and lean body
mass (TBK). The quantity of body sodium in excess of the chlorine space was
determined. This value, defined as sodium excess, was significantly
correlated with TBCa. The values for TBNa, .BC1 and sodium excess obtained
in the normal population study have served as baseline levels for the clinical studies.
4.2.2. Total and exchangeable sodium in hypertt nsion; The altered distribution of extracellular fluid (ECF) and intracellu ar fluid (ICF) was studied
in hypertensive uremic patients (44). Both volun? expansion and increased
vasoconstrictor activity are aHedged to influence blood pressure in
dialysis patients. TBNAA, radioimmunoassay and ra> ioisotopic techniques
were used to measure the following parameters: TBN >., TBC1, exchangeable sodium (NaE), total body water (TBW), plasma renin activity (PRA) and lean
body mass (TBK). The dialysis patients were divided into two groups,
retrospectively, based on the distribution of the tot 1 body water. The members of Group A (with normal percentage distribution c* TBW between ECF and
ICF) have minimal hypertension, while those in Group B (with an abnormal percentage distribution of TBW) have significantly more se ere hypertension.
Blood pressure was significantly elevated in patieits in Group B.
NaE/TBK and PRA were elevated above control levels in all patients, but
there was no significant difference between the elevated 1>vels of Group A
and Group B individuals. Neither volume expansion nor increased
vasoconstrictor activity appears sufficient to provide a bails for the hypertension.
4.3.

Total body nitrogen

Changes in body composition of cancer patients relative ti their dietary and nutritional status have been studied (45-47). Specifi ally, it
was desired to determine whether various nutritional regimes can either pre-
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vent or minimize loss of total body nitrogen. The importance of maintaining
positive nitrogen balance in cancer patients is obvious. Total body nitrogen (TBN) was measured with the use of the current technique of neutron activation (prompt gamma, **N(n,Y) " N reaction). Quantitative measurement of
TBN was maie in both normal subjects (for baseline data) and in cancer
patients. Measurements of the latter will be related to nutritional support
regimes and anti-neoplastic therapeutic programs. TBN and TBK have been
used as indices of protein and total cellular mass.
4.4.

Cadmium in liver and kidney

The internal deposition of cadmium is recognized as a potentially serious health problem. Significant Cd accumulations occur in the liver and
kidneys. For the general population, the major health hazard appears to be
irreversible kidney damage. Cd deposition in the kidney has been proposed
as a causative factor in human hypertension, while lung Cd has been
associated with emphysema.
Cd concentrations in kidney and liver are being measured by promptgamma neutron activation in a program currently underway (48-50). Since
prolonged industrial exposure to Cd is correlated with kidney damage a study
is being conducted to determine the dose-effect relationship between the accumulation of Cd in occupationally exposed subjects. The portable promptgamma neutron activation facility was constructed to enable these studies to
be carried out at industrial sites (50). An evaluation of the critical concentration for the kidney has demonstrated a value near 300 pg/g for the
renal cortex (50).
4.5

Iron in liver and heart

To date, five patients with Thalassemia have been measured by the nuclear resonance scattering technique. The limits of detection are adequate
to measure the level of iron in the liver. However, for the measurement of
iron in the heart greater sensitivity would be desirable. It is not possible yet to measure normal heart iron levels in normal subjects.
4.6

Lead in tibia

To assess the feasibility of measuring bone lead concentrations noninvasive ly ^n vivo, characteristic L x-rays were induced post mortem in the
superficial tibial cortex of intact legs in five adults who had no history
of occupational history to lead, using an external source of
I (51).
Tibial lead concentrations found subsequently by flameless atomic absorption
spectroscopy in the same bones varied from 15 to 35 yg Pb/g wet weight,
within the modern normal range. The linear correlation coefficient between
x-ray fluorescence signals and lead concentration was r = 0.92.
Radiation dose of 1 rem to 1 cm of skin yielded net lead peaks which
ranged from one to seven times the standard deviation of background, while
doses to the adjacent bone marrow were about 60 mrem.
Above are listed some of the many clinical applications of jln vivo neutron activation that have been carried out, or are currently underway. The
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enormous potential of the technique for medical research is clearly
demonstrated. Iji vivo neutron activation is a powerful technique for medical research, and is providing new and previously unavailable information.

5.

PLANS FOR FUTURE

The Brookhaven group will continue to develop the above nuclear
technologies for use in clinical research studies. Continued development
has improved the sensitivity of measurements along with a reduction in radiation dose.
The most recent study evaluated the feasibility of quantitating the
level of silicon in the lung by inelastic scattering of neutrons (52). This
technique employed pulsed neutrons from a Van de Graaff generator. Further
development should lead to clinical trials.
It is planned to continue the nuclear resonance studies for the measurement of iron body burdens by improving the collimation, shielding and the radiation sources. It is hoped to be able to measure normal levels of iron in
the heart. The technique will then be used in clinical centers now studying
Thalassemia Major utilizing chelation methods for reducing iron stores.
These studies have, in the past, been hampered by a lack of sufficiently sensitive quantitative measurement of the heart concentration of iron.
The XRF instrument will be further developed to improve the sensitivity
for the measurement zl lead. The system will be calibrated and finally
validated by the analysis of intact amputated legs, as described above.
When fully operational, the final' system will be installed in an already
existing mobile facility, designed for the field measurement of cadmium.
Thus, it will be possible to measure both elements in the same individual
during field studies.
The whole range
prompt, and delayed)
tors (both (D,D) and
applications. These
portable facilities.

of pulsed neutron activation techniques (in-beam,
is being re-evaluated. Compact portable neutron genera(D,T)) are being developed for potential clinical
compact devices (J* 8 cm length) are ideally suited for

New applications applying both old and new nuclear technologies to medical problems will continue to be explored.
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IN VIVO NEUTRON ACTIVATION AT THE SLOAN-KETTERING INSTITUTE
by
Rodney E. Bigler, Ph.D.
Memorial Sloan-Kettering Cancer Center
1275 York Avenue
New York, N.Y. 10021
ABSTRACT
A medical cyclotron (Model CS-15, The Cyclotron Corporation, Berkeley,
CA) with a multi-layer neutron collimator designed for partial body neutron
irradiations and a low-background patient counting facility have been established for measurement of bone calcium and sodium; and soft tissue, exchangeable sodium
and chlorine. The cyclotron also provides total-body
calcium by the 3 'Ar method of Palmer.
1.

PARTIAL BODY THERMAL NEUTRON ACTIVATION ANALYSIS IN VIVO

Comar etal. (1,2) showed that the ratio of calcium and sodium fixed in
bone, and the kinetics of labile bone sodium, and of sodium and chlorine in
soft tissues of a local region of the body, may be studied by thermal activation of this region. Since only a local region of the body was irradiated
with neutrons, the rest of the body acted as a large pool for any exchangeable material generated in the activated region. From Jones et al. (3) it
can be seen that a single portal partial body thermal neutron radiation
procedure results in at least a 10-fold reduction in thermal neutron dose
for every 4 cm of depth in tissue. The inhomogeneity of thermal neutron
flux implied by this dose depression would make it difficult, if not impossible, to define the degree to which the inevitable variety of tissues
of varying electrolyte composition would be irradiated. Without this knowledge and without the ability to reproduce the physical irradiation geometry with extreme precision, changes in the electrolyte composition of any
particular body sub-region could not be observed by means of serial studies.
A well-collimated beam of fast neutrons provides a much more uniform thermal
neutron distribution, thus greatly minimizing these difficulties.
A cyclotron
delivered within
sible to measure
analysis of such

allows the required integrated thermal neutron flux to be
a few seconds time (1 rad per 8 sec). This makes it possodium and chlorine biological elimination rates and the
data by multicompartmental modeling techniques.

A low-background patient gamma-ray counting facility and a 70 cm thick
multilayered neutron collimator addition to the Sloan-Kettering Institute
cyclotron facility made possible the development of fast and thermal neutron
activation analysis diagnostic procedures for the benefit of cancer patients
(4).

We have measured the fast and thermal neutron spatial distribution produced by the neutron collimator using activation foil techniques first in a
water tank phantom and subsequently in phantoms representing a number of
anatomical regions of the body. Radiation dosimetry of this collimated
field was carried out by methods discussed in Ref. 5.
We have developed a partial body neutron activation method to measure
partial body calcium and the rate at which the sodium and chlorine contained
within selected body tissue volumes are exchanged into the remainder of the
body (4).
Results obtained from a study of the kinetics of sodium and chlorine
exchange from the head of a dog to the remainder of the dog's body show
that approximately 97% of the sodium was exchanged with a half-time of 1
min, \% with a half-time of 26 min, and 2% with a half-time of 12 hours.
Chlorine exchange can be accounted for by two exponential components. The
first component accounts for 94% of the chlorine with a half-time of 1.8
min with the remaining 6% accounted for by an 80 min half-time. These
techniques allowed us to observe the early rapid exchange components of
these electrolytes for the first time. They probably represent extravascular, soft tissue exchange. The 26 and 80 min components of sodium and
chlorine may represent exchange of these electrolytes from a rapidly
turning over compartment in bone. The 12 hour component of sodium most
likely represents a slowly exchanging compartment within the bones of the
head.
2.

37

Ar METHOD FOR IN VIVO CALCIUM NEUTRON ACTIVATION ANALYSIS

The 37/\r method was first suggested for measuring total-body calcium
by H.E. Palmer (6). Studies of the feasibility of the 37 Ar neutron activation method for humans were initiated at the Sloan-Kettering Institute;
the first human in vivo irradiation took place on February 8, 1973 (7-10).
This study established that less than 1 mrad of fast-neutron
exposure would
be sufficient to obtain an accurate measure of exhaled 37 Ar activity. Our
next study was designed to determine quantitatively
the ultimate fate of
37Ar produced in bone by the *°Ca (n,a)37Ar reaction (8,10,11). This study
demonstrated that exhalation in the human can be approximated by two exponential components; about 80% of the total exhaled activity leaves the body
with a half-time of about 40 min, and the remainder leaves with a half-time
of
about 200 min. The study also gave evidence that about 30% of the total
3
7Ar activity produced in bone is trapped there essentially permanently,
presumably within crystalline hydroxyapatite. Errors in the accuracy of
the 37 Ar method caused by the bone trapping of 3 7 Ar have been partially
determined by us, and some results have been presented (12,13). We have
developed an equation, based upon studies of normal human cortical bone,
for predicting the trapped fraction in this bone to within ± 2.5%. Preliminary studies of normal trabecular bone show 2-3% less retention than
in cortical bone and diseased bone as much as 6% less. As a practical
matter it is desirable to collect the inert gas in a recirculating system
over a finite collection time. Such a procedure gives the 37Ar an
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opportunity to be dissolved into body fat. Clearance time for argon from
body fat is about 2 hours, is quite variable, and the fraction retained
would vary with body fat content.
The 37Ar method promises an extremely low hazard total-body calcium
measurement technique which could be repeated essentially without limit,
without undo hazard. It may even be possible to carry out the procedure
without an additional fast neutron radiation dose beyond the environmental
background levels. There are two major concerns in U s widespread application. The first involves collection and counting of adequate breath
samples. The procedures are complex, costly and not clearly amenable to
automation. The second concern involves inaccuracies in the method which
can be expected from variations in the fraction of the total 37/\r produced within body calcium that is not exhaled. Although these variations
have been studied and shown to be rather predictable for normal cortical
and spongy bone, this appears not to be the case for diseased bone where
a much wider variation can be expected from currently existing data. The
bone crystal trapped fraction depends upon the crystal size, which has been
shown to depend upon the age of the bone (12,13). New bone formation produced by therapy is certainly new but not so clearly normal. Excessive
resorption may involve gradual reduction in bone crystal size or it may
be complete dissolution of a rather small fraction of the total bone crystals at any given time. Even serial studies cannot be relied upon to give
changes proportional to total content because of our inability to know the
crystal size variations within the changing calcium stores of body. In
order to hope to answer these questions with any degree of certainty, a
considerable extention of the earlier in vitro bone studies would be needed.
It may be that appropriate correction factors for disease and recovery from
disease provided by various
therapies can be discovered. A review of the
current status of the 37 Ar method was prepared in 1978 (14).
The extent to which further feasibility studies are done depends upon
the importance of calcium measurements and the perception of risk associated
with the comparative neutron exposure between the 37Ar method and the thermal
neutron delayed gamma method. At the present time the accuracy obtainable
and the neutron exposure required by the delayed thermal neutron method for
the patient populations generally expected to be analyzed argues
strongly
for the thermal capture method. One possible area where the 37 Ar technique
may be considered for future studies is for normal and abnormal skeletal
growth measurements in babies and" children.
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TOTAL BODY COMPOSITION MEASUREMENTS USING
IN VIVO NEUTRON ACTIVATION AT THE UNIVERSITY OF WASHINGTON
by
T.L. Lewellen
University of Washington
Seattle, Washington, U.S.A.

ABSTRACT
The University of Washington Division of Nuclear Medicine has been
using in vivo irradiation to study whole body calcium since 1969. Over
350 patients have been studied and currently five patients per week are
being measured in support of research programs on bone wasting disease.

1.

INTRODUCTION

In the late 1960's the University of Washington and the Battelle
Northwest Laboratories began work on establishing a total body neutron
activation facility at the University of Washington. The principal
element studied has been total body calcium, although studies have also
been carried out on non-exchangeable sodium, phosphorus, and nitrogen.
The original developers of the system included H.E. Palmer (Battelle
Northwest), W.B. Nelp, R.B. Murano, G.M. Hinn, J.L. Williams, T.G. Rudd,
and J.D. Denney (University of Washington). The application of the invivo calcium measurement system to clinical studies of bone disease has
been carried out under the direction of C.H. Chesnut and W.B. Nelp. In
1972, T.K. Lewellen joined the group to study the use of ^Ax for calcium
measurements as well as assist in the operation and development of the
existing neutron activation system based on '"Ca.
This paper will briefly summarize the University of Washington's
program. Due to the large number of studies which have been carried out
on the system, many of the details of the system operation and clinical
results will only be referenced.

2.

49Ca ACTIVATION SYSTEM

2.1. General system description
The ^9Ca system is based on the activation of 4 8 Ca by slow neutrons
to produce ^ C a . The 49ca is measured in-vivo utilizing a whole body detection system. Neutrons are produced by bombarding beryllium with 22MeV
neutrons from the University of Washington 152 cm cyclotron. The average
neutron energy is 8 MeV in the forward direction. The position for patient
irradiation is 6 m in front of the beryllium target where the neutron flux
is uniform within plus or minus 7 % over an area 2 m high by .9 m wide.
Since activation of 48ca occurs primarily at energies below 0.04 eV,
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uniform calcium activation in the skeleton can be achieved by
moderating certain parts of the body. The University of Washington
system utilizes moderating devices for the head and extremities. A
1.9 cm thick lucite helmet covers the head and neck to moderate
neutrons prior to the entry into the bone of the outer skull and
cervical spine. Each arm is inserted to the level of axillia into an
11.4 cm diameter lucite cylinder and the subject stands in a lucite
boot, 15.2 cm thick and 76.2 cm high. The arm and leg fixtures are
filled with water to provide additional hydrogenous material over the
bones in the hands, forearm and lower leg. The system also utilizes
bilateral irradiation, rotating the patient half way through the
activation procedure. With this procedure, uniformitv of activation
as measured in a series of cadavers was plus or minus 5.6%.
The time for irradiation is typically 1.5 minutes. The patient
exposure is 200 millirads. Accumulative dose is measured both by a
tissue equivalent ion chamber and a scintillator system. The cyclotron
beam and the patient rotation system are both controlled automatically.
Immediately following irradiation, the patient is counted on a
whole body detector system and the net 1*9Ca counts induced in the
subject are compared to those induced in a simultaneously irradiated
fixed calcium comparative standard. The calcium comparative
standard consists of four lexan containers containing 12.4 litres of
3.32 MCa (N03)2.4H20. Each standard contains 1600 grams of calcium
and are positioned around the patient during the irradiation procedure.
The standards contain iron string bars which are covered with teflon.
Following irradiation, the standards are stirred for 10 minutes by an
automatic stirrer and then counted by the same detector system used
on the whole body counter.
Counting begins within four minutes post irradiation. The
patient lies supine in a 3 mm thick alluminum trough while an annular
array of Nal (Tl) crystals (10 cm thick, 24- cm in diameter) pass over
the patient from head to foot. A multichannel analyzer records the
gamma spectra from each crystal from 1.825 MeV. The total body count
lasts 12.5 minutes, and at 20 minutes after irradiation, a 10 minute
count of the calcium comparator standards begin.
Prior to irradiation a background count of the patient is
performed in the same detector system and for the same counting time.
An hour after irradiation, a second post irradiation count is taken.
The data is then analyzed by an Apple Computer System, and the results
in terms of absolute counts, counts relative to the calcium standards,
and an estimate of the total body calcium is printed out.
The precision of the system has been established as 2.0% (plus
or minus one standard deviation). The accuracy of this system, as
determinated by measuring cadavers, has been established as 5.2% (plus
or minus one standard deviation).
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2.2

Total Body Calcium Clinical Studies

The system is used primarily for drug efficacy studies in the
treatment of osteoporosis. All the clinical studies to date involve
only measurements of total body calcium. We have studied over 350
patients, and are currently studying patients at the rate of five per
week. Discussions of the clinical results can be found in the
literature, and the references summarize a great deal of the clinical
experience at the University of Washington.

2.3

Other Body Composition Studies.

.There has been interest at the University of Washington in
applying neutron activation procedures for studying sodium,
phosphorus, and nitrogen in-vivo. There has been preliminary
feasibility and clinical investigations of measurements of nonexchangeable sodium in normal man and feasibility studies of
measuring phosphorus and nitrogen in-vivo. However, the clinical
demand within the University of Washington has been primarily
for total body calcium, thus our current facilities have been
optimized for measurements of calcium, and at this point in time no
other elements are routinely measured for clinical purposes. We do
routinely analyze the patient's spectra for the presence of other
elements, in particular sodium, but at this point in time the results
are not being utilized.
2.4

Quality Assurance Procedures.

A major concern in the use of a total body calcium system for
serial study, is the stability of this system with time. Many other
potential problems in terms of the operation of the total body counter
are kept under control by making a relative measurement. The data is
always reported out as the patient's counts versus the counts in the
comparator standard. During the activation process, a strip chart
recorder is used to record the neutron flux density versus time. In
that matter, any rapid changes in neutron flux, which could affect
the ultimate result of the study, can be measured and appropriate
corrections made in the data. Routine quality insurance of the
system is primarily based on the activation of the three lexan tubes
filled calcium nitrate, which are suspended within the patient
enclosure inside larger, tubes filled with water. The lexan tubes are
5 cm in diameter and 183 cm long. The outer PVC tubes are 15 cm in
diameter and 183 cm long. These tubes are activated using the
standard patient activation protocol, including the bilateral
irradiation and automatic control. These tubes are then counted in
the whole body counter along with the comparator standards. The total
counts in these phantoms versus the calcium standard counts per unit
dose provide us with a quality insurance check of the whole body
counting system: the motor control for the scanning detector (which
slows down with the half life of calcium) as well as the detector
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dose gives us a quality assurance check of the quality of the neutron
beam being delivered from the cyclotron. These phantoms are
measured once a week, and the results are compared week to week as
well as to the average results accumulated over the course of years
the system has been in operation. Over the past ten years, the
phanton counts to standard counts has been constant to witL + 1.5%.
Overall, the system has provided a high degree of reproducibility,
within the plus or minus 2% as established in the early phase of the
project.

3.

ARGON SYSTEM

3.1

General Description.

Use of 3 7 Ar, produced by a fast neutron reaction on lf0Ca was
originally suggested as a possible method to measure total body
calcium in vivo by H.E. Palmer at the Battelle Northwest Laboratory.
Initial results in rats looked extremely encouraging. A system to
investigate the feasibility of this technique in humans was
established at the University of Washington. Since the reaction
required fast neutrons, a facility using a 14 MeV DT neutron
generator was constructed. The neutron generator was placed inside
a shield constructed of concrete blocks, and a patient enclosure
was positioned 503 cm away from the generator target. The patient
enclosure consisted of an alluminum tank with an adjustable platform
inside so that the patient could be immresed in water to the level of
his shoulders. Irradiation was carried out bilaterally, and took
5 minutes. Dose was measured with a tissue equivalent ion chamber
and a scintillator detector. The control of the generator was done
automatically on preset dose delivered to the patient. Since the
technique was based on the collection of 37 Ar exhaled by the patient,
the patient was connected to a closed circuit breathing system during
the entire irradiation procedure and up to six hours post irradiation.
Exhaled gas was collected from the patient, and collected on
molecular sieve material cooled with liquid nitrogen. The gas samples
are then purified using selective absorption, and the small amount of
argon recovered was placed inside a 15 cc proportional detector which
was counted from one to three days.
Because of the high abundance of ^"Ca and the ability to count
the exhaled gas samples for long periods of time, it was possible to
place the patient enclosure far enough away from the neutron generator
to achieve good neutron field uniformity. A neutron flux at the
patient site was ± 2% throughout the irradiation field. The in-vivo
uniformity was estimated by irradiating a series of vials filled with
a calcium nitrate solution suspended within the water filled patient
enclosure. These vials were subsequently broken in a gas tight
container and analyzed for the 37 Ar produced by the neutron
irradiation. With bilateral irradiation, data taken both at the
University of Washington and Battelle Northwest Laboratories
indicated that an in-vivo uniformity of + 2.7% could be achieved.

,\
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3.2

Patient Studies.

A limited number of patients were studied in order to determine
the precision of measurement obtainable with the 37 Ar system and to
correlate the 37 Ar results with total body calcium measurements using
I|9
Ca system. The precision of measurement in a group of six patients
was in the order of 3.3% for a collection period of 1 hour and 2.4-%
for a collection period of 3 hours. The correlation with the 1*9Ca
system was also very good for 0 - 1 , 0 - 3 , and 0 - 5 hour breath
collection intervals. There were several excretion half-lives noted
during these studies, an indication that there was a long term
retention of some fraction of the total body argon produced. Based
on calculations of measured argon yield from calcium nitrate and
irradiated bone samples in conjunction with total body calcium as
determined by the 49 Ca system, the amount of argon which should have
been collected versus the amount of argon actually collected in
patients was estimated. In a group of 10 patients, the average amount
of argon recovered after 3 hours blood collection was 85%.
3.3

Quality Assurance.

The argon technique requires strigent quality assurance procedures
primarily due to the handling of small amounts of radioactive gas.
A major concern was the ability to produce a gas tight seal between
the patient and the face mask as well as maintaining system integrity
throughout the collection and processing apparatus. Our routine
technique was to produce large amounts of ^ A r by irradiating a
calcium nitrate solution, and introduce this gas into the closed
circuit rebreathing system with the face mask replaced by a closed
loop. The 1*1Ar present in the calcium nitrate container was counted
prior to introducing the gas into the rebreathing system. The amount
of 37 Ar eventually introduced into the proportional detector was also
determined. By comparing the ratio of these two isotopes it was
possible to check the system for loss of argon. Each procedure was
carried out once a week throughout the course of our development of
the 3 Ar system. We experienced frequent gas leaks, and great care
had to be exercised to perform proper system preventive maintenance
procedures.
3.4

Discussion.

While the data we obtained regarding 37 Ar indicated that it would
be possible to develop a total body calcium and perhaps a regional
calcium system based on the technique, further development of 37 Ar
at the University of Washington has been suspended. The technique
is not being pursued primarily because of the cost involved and
because of the several questions re~aining about long term retention
of the argon gas in-vivo, the reabsorption of argon when utilizing
the close circuit breathing system, and potential problems of
in-vivo gas transport with various kinds of disease states. The cost
of operation on the argon system is high because of the large amount
of preventive maintenance required and the rather complex gas
handling, requiring a considerable amount of technician time for
study.
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4.

OTHER COMPOSITION STUDIES

4.1 We have Viot implemented measurement of nitrogen as a standard
clinical procedure primarily due to a lack of clinical interest within
the University of Washington. We have done preliminary work for
measuring total body nitrogen and phosphorus. These studies were
performed in conjunction with H.E. Palmer of Battelle Northwest
Laboratories, and indicated that such measurements would indeed be
feasible. However at this point in time the University of Washington
is not pursuing such studies.
4.2

Non Exchangeable Sodium.

A small number of patients were involved in a study of nonexchangeable sodium in the University of Washington. They have been
reported in the literature and no further clinical use has been made
of the basic technique. Sodium numbers are routinely analyzed from
our total body calcium activations for patients. However, these
numbers are currently not being used clinically.
4.3

Total Body Nitrogen.

Animal studies were conducted at Battelle Northwest by H.E.
Palmer in order to assess the feasibility of measuring total body
nitrogen in-vivo with neturon irradiation and the formation of carbon
by a fast neutron reaction on nitrogen-14. The studies looked very
promising in animals. However, when a series of three patients were
studied at the University of Washington, the exhalation proved to
be nine times larger than observed in animals. Due to the short -life
of the carbon isotope, it was decided this was not likely to be a
viable clinical tool and further human experimentation was suspended.
5.0

General Discussion.

The University of Washington has been involved with in-vivo
neutron activation since the late 1960's. Our primary thrust has been
in the area of measuring total body calcium due to the larger clinical
interests in osteoporosis and bone physiology within ovr School of
Medicine, for the forseeablp future, we will continue restricting
our use of neutron activation analysis to measurements of total body
calcium.
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SYSTEM DESCRIPTIONS

INTRODUCTION

This section of the report comprises descriptions of some of the
systems which have been developed for in vivo measurements by neutron
activation analysis, X-ray fluorescence analysis and nuclear resonance
scattering of gamma rays.

A standardized format is used in order to

facilitate comparison of the various systems.

The descriptions are

presented in two parts: (A) systems for in vivo neutron activation
analysis, and (h) systems for in vivo analysis by X-ray fluorescence
and

nuclear

identified

resonance

by a

scattering

5-character

code

of

gamma

comprising

rays.

Each

system

2 characters

for

is
the

country, 2 for the city, and a numerical digit.

Most of the system descriptions were provided by participants in
the Advisory Group Meeting.

Information on other systems is included

in cases where it was available.

The reader may wish to compare some of these descriptions with
the

overview presented

in Table

subject, which was published
Meeting.*

in

1 of

the review

the report

on

article

on this

the Advisory

Group

The table on the following page identifies the system code

numbers corresponding to the different types of measurements.

* S.H. Cohn and R.M. Parr (editors), Nuclear-based techniques for the
in vivo study of human body composition, Report of an Advisory Group
Meeting of

the

International

Physiol. Meas. ± (1985) 275-301.

Atomic

Energy

Agency,

Clin.

Phys.
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OVERVIEW OF IN VIVO NEUTRON ACTIVATION ANALYSIS SYSTEMS
PRESENTLY IN USE OR PLANNED

Calcium

A.
B.
C.
D.

Aberdeen, UK
Auckland, NZ
Baghdad, IRQ
Birmingham, UK

E. Brisbane, AUL
F. Brookhaven, USA

*
ukbi5
ukbi6
ukbi9

-

usbrl
G. East Kilbride, UK ukekl
ukek2
ukek5

H. Edinburgh, UK
I. Guiidford, UK
J. Houston, USA
K. Ioannina, GRE
L. Leeds, UK

ukedl
uked2
uked3
*
griol
grio2
ukle2

-

M. London, UK

uklol

N. Lyon, FRA

*

0. New York, USA

usnyl
usny2
uknel
ukne2
frorl
fror2
ussel
uksw2
catol

P. Newcastle, UK

Q. Orsay, FRA
R. Seattle, USA
S. Swansea, UK

T. Toronto, CAN

Nitrogen

Cadmium

nzaul

ukbi4

usbrl
usbr2
ukek5
ukek6
uked3

ukle2

ukne2
uksw2
cato2

*
ukbil
ukbi2
ukbi3
aubrl
usbr3
usbr4

*
ukswl
uksw2

Sodium
Chlorine

Phosphorus

Other

-

ukbi7(Cu)
ukbi8(Fe)

-

-

usbrl
ukek5

usbrl
ukekS

-

-

ukb!5
ukbi6

uked3

griol
grio2
ukle2

grio2

-

-

utclol
usny2

ukne2
fror2

ussel

catol

- system description not available for this report

ukle2
uklol

ukne2
-

usbrl(K)
ukek2(I)
ukek3(I)
ukek4(I)
ukek5(0)
-'
uklel(C)
ukle2(K)
uklo2(K)
uksw2(Se)
-
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A.
SYSTEMS FOR IN VIVO NEUTRON ACTIVATION ANALYSIS
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DESCRIPTION OF SYSTEM FOR IN VIVO NEUTRON ACTIVATION ANALYSIS

Institute address

Department of Physics
Queensland Institute of Technology
Box 2434, G.P.O.
Brisbane, Q. 4001
Australia

Name of person(s) to contact
for more information
B.J. Thomas
B.W. Thomas
H. Baddeley

Overall system performance
Element(s) measured: Cd
Organ of interest: liver
Sadiation dose: skin: (9 cm diameter) 0.05 mGy; liver:
Reproducibility of measurement*: n.a.**
No. of measurements possible per day (8 h): 30
In operation since: 1978

0.01 mGy

Irradiation device
No. and type of source: 1 x 238 Pu/Be
Total activity/output at source: 2 x 10 7 n.s-1
Geometry: partial body (10 cm diameter), liver
Incident neutron flux density in body: 1.1 x 10 3 n.cm^.s" 1
Exposure time: 10-20 min
Uniformity of irradiation for element & organ of interest:
+ 50%
Special features: a constant volume is irradiated; therefore uniformity throughout organ, although desirable,
is not considered essential

Counting device
No. and type of detector: 1 x 13% Ge(Li)
Geometry: seated
Shielding: local boron doped/paraffin shielding of source
Measurement time: 10-20 min
Data evaluation: manual
Special features: on line (i.e. during irradiation) collection of
data

Cost (approximate, for replacement in 1984 in us t)
Irradiation device:
$ 10,000
Detector device:
$ 17,000
Electronics and data processing: $ 13,000

Standard deviation, for repeated measurements on a living subject

** Not available
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Schematic of System
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DESCRIPTION OF SYSTEM FOE IN VIVO NEUTRON ACTIVATION ANALYSIS

Institute address

Department of Medicine
Medical Science Building, Room 7326
University of Toronto
Toronto, Ontario
Canada MSS 1A8

Name of perion(s) to contact
for more information
J.E. Harrison
K.G. McNeil!

Overall system performance
Element(s) measured: Ca (Cl, Na)
Organ of interest: spine and upper thighs
Radiation dose: skin: 0.5 mGy; organ of interest: 0.3 mGy
Reproducibility of measurement*: 5%
No. of measurements possible per day (8 h ) : 6
In operation since: 1971

Irradiation Device
No. and type of source: 12 x 5 Ci Pu/Be
Total activity/output at source: 1.2 x 10 7 n.s"1 per 5 Ci Pu/Be
Geometry: partial body, trunk (60 x 30 cm)
Incident neutron flux density in body: 10 4 n.cm"2.s"1
Exposure time: 20 min
Uniformity of irradiation for element & organ of interest: + 10%
Special features: none

Counting device
No. and type of detector: 4 x Nal(Tl), 40 x 10 cm extended crystals
Geometry: 2 above, 2 below supine body
Shielding: steel room
Measurement time: 20 min
Data evaluation: MCA and off-line minicomputer
Special features: none

Cost (approximate, for replacement in 1984 in US<)
Irradiation device:
$ 30,000
Detector device:
$ 144,000
Electronics and data processing: $ 36,000

Standard deviation, for repeated measurements on a living subject
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DESCRIPTION OF SYSTEM FOE IN VIVO NEUTRON ACTIVATION ANALYSIS

Institute address

Name of person(s) to contact
for more information

Department of Medicine
Medical Science Building, Room 7326
University of Toronto
Toronto, Ontario
Canada M5S 1A8

J.E. Harrison
K.G. McNeill

Overall system performance
Element(s) measured: N
Organ of interest: trunk and upper thighs
Sadiation dose: skin: 0.05 mGy; organ of interest: 0.03 mGy
Eeproducibility of measurement*: 3%
No. of measurements possible per day (8 h): 12
In operation since: 1977

Irradiation Device
No. and type of source: 2 x 10 Ci Pu/Be
Total activity/output at source: 2.4 x 10 7 n.s"1 /10 ci Pu/Be
Geometry: partial body, trunk (60 x 30 cm)
Incident neutron flux density in body: 10 3 n.cnr^s" 1
Exposure time: 20 min
Uniformity of irradiation for element & organ of interest: +10%
Special features: none

Counting Device
No. and type of detector: 4 x NaKTl), 12 x 10 cm cylindrical crystals
Geometry: 2 each side of supine body
Shielding: local, around sources and detectors
Data evaluation: MCA and off-line minicomputer
Special features: none

Cost (approximate, for replacement in 1984 in US<)
Irradiation device:
Detector device:
Electronics and data processing:

$ 30,000
$ 12,000
$ 18,000

Standard deviation, for repeated measurements on a living subject
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10 Ci Pu Be
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Nal(TI)
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DESCRIPTION OF SYSTEM FOR IN VIVO NEUTRON ACTIVATION ANALYSIS
Name of person(s) to contact
for more information

Institute address

Service Hospitalier Frederic Joliot
CEA Department de Biologi.e
F-91406 Orsay
France

B. Maziere

Overall system performance
Element(s) measured: Ca
Organ of interest: spine
Radiation dose: skin: 24 mGy; spine: 6 mGy
Reproducibility of measurement*: 5%
No. of measurements possible per day (8 b):
In operation since: 1981

Irradiation Device
No. and type of source: 1 x 2 5 2 Cf
Total activity/output at source: 2.3 x 10 s n.s"1
Geometry: partial body, spine
Incident neuti'on flux density in body: n.a.**
Exposure time: 10 min
Uniformity of irradiation for element & organ of interest: n.a.
Special features: - 2 cm of lucite as premoderator
- patient lies face down

Counting Device
No. and type of detector: 1 x NaKTl), IS x 15 cm
Geometry: against the irradiated vertebrae
Shielding: shadow shield
Measurement time: 20 min
Data evaluation: off-line minicomputer
Special features: - stabilised amplification line
- patient lies face down

Cost (approximate, for replacement in 1984 in US<)
Irradiation device:
Detector device:
Electronics and data processing:

I 6,000
$ 7,000
I 23,000

Standard deviation, for repeated measurements on a living subject
Not available
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DESCRIPTION OF SYSTEM FOB IN VIVO NEUTRON ACTIVATION ANALYSIS

Name of person(s) to contact
for more information

Institute address

Service Hospitalier Frederic Joliot
CEA Department de Biologie
F-91406 Orsay
France

B. Maziere

Overall system performance
Element(s) measured: Ca, Na
Organ of interest: hand
Sadiation dose: 24 mGy
Seproducibility of measurement*: 2 %
No. of measurements possible per day (8 b):
In operation since: 1975

Irradiation Device
No. and type of source: 2 x
10 8 n.s"1
Total activity/output at source: 9.2
Geometry: 1 above, 1 below the hand
7 x 10 5 n(th).cm-2.s-1
Incident neutron flux density in body
Exposure time: 5 min
Uniformity of irradiation for element & organ of interest: 4%
Special features: irradiation device at the centre of a 1
paraffin cube

Counting Device
No. and type of detector: 2 x NaKTl), 12.7 x 12.7 cm
Geometry: 1 above, 1 below the hand
Shielding: 10 cm lead
Measurement time: 32 min
Data evaluation: off-line minicomputer
Special features: stabilised amplification line

Cost (approximate, for replacement in 1984 in USt)
Irradiation device:
Detector device:
Electronics and data processing:

$ 25,000
$ 6,000
$ 24,000

Standard deviation, for repeated measurements on a living subject
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Name of person(s) to contact
for more information

Institute address

D.C. Glaros

Department of Medical Physics
Medical School
University of Ioannina
Ioannins
Greece

Overall system performance
Element(s) measured: Ca, Na, P
Organ of interest: spine
Radiation dose: n.a.**
Reproducibility of measurement*: n.a.
No. of measurements possible per day (8 h ) :
In operation since: 1984 (planned)

n.a.

Irradiation Device
No. and type of source: 2 x 2 5 2 cf, 4 x 241Arn/Be
Total activity/output at source: 2 x 4.6 x 10 8 n.s"1
4 x 2.2 x 10 7 n.s"1
Geometry: partial body, bilateral and mixed neutron field
Incident neutron flux density in body: n.a.
Exposure time: n.a.
Uniformity of irradiation for element & organ of interest:
Special features: none

n.a.

Counting Device
No. and type of detector: 2 x Na(Tl), 28 x 10 cm
Geometry: 1 above, 1 below supine body
Shielding: shadow shield, 10 cm thick lead
Measurement time: 14 min
Data evaluation: MCA-microprocessor - microcomputer
Special features: scanning bed geometry

Cost (approximate, for replacement in 1984 in VSt)
Irradiation device:
Detector device:
Electronics and data processing:

$ 40,000
$ 47,000
$ 18,000

Standard deviation, for repeated measurements on a living subject

** Not available
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Institute address

Department of Surgery
University of Auckland
School of Medicine
Auckland Hospital
Auckland
New Zealand

Name of person(s) to contact
for more information
A.H. Beddoe

Overall system performance
Element(s) measured: N
Organ of interest: whole body protein
Radiation dose: skin: 0.03 mGy
Reproducibility of measurement**: 4.1%
No. of measurements possible per day (8 b): 10
In operation since: August 1982

Irradiation Device
No. and type of source: 2 x 7.6 Ci 238 Pu/Be
Total activity/output at source: 4.4 x 10 7 n.s"1
Geometry: whole body (scanning geometry)
Incident neutron flux density in body: 1.3 x 10 3 n.cn^.s'1 from
each source
Exposure time: 2160 s
Uniformity of irradiation for element & organ of interest: not known
Special features: bismuth reflector

Counting Device
No. and type of detector: 2 x 12.5 x 10 cm NaKTl),
Geometry: positioned on either side of the body
Shielding: borated water, paraffin wax, LiF and Pb
Measurement time: 2160 s
Data evaluation: Norland S400 MCA to Apple II computer
Special features: standard

Cost (approximate, for replacement in 1984 in USi)
Irradiation device:
Detector device:
Electronics and data processing:

*+

I 17,000 (sources only)
$ 9,000
$ 20,000

Standard deviation, for repeated measurements on a phantom
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Institute address

Department of Physics
University of Birmingham
P.O. Box 363
Birmingham B15 2TT
United Kingdom

Name of person(s) to contact
for more information
M.C. Scott
D.R. Chettle

Overall system performance
Element(s) measured: Cd - laboratory based system
Organ of interest: liver and left kidney, separate measurement for
each organ
Radiation dose: skin: 0.25 mGy neutron +0.25 mGy gamma for each organ
Reproducibility of measurement*: n.a.**
Detection limit: 2.3 mg/kg (liver), 2.1 mg (kidney) if detection limit
defined as 3 SD of net peak area; please contact
originators for additional assumptions
No. of measurements possible per day (8 h ) : 20-25
In operation since: 1974 (for kidney, 1979)
Irradiation Device
No. and type of source:

150 cm fixed field, fixed frequency cyclotron
10 MeV protons on Be
Total activity/output at source: 2-5 x 10*° n.s~l
Geometry: partial body, region of liver or left kidney
Incident neutron flux density in body: 2 x 10* n.cm~2.g-l
Exposure time: 10 min
Uniformity of detection: liver 10%; left kidney 30-40% unless kidney
position found by e.g. ultrasound, in which case 10%
Special features: this is a prompt gamma technique, so detectors are in
place during irradiation; counting is performed in anticoincidence with a
pulsed beam to reduce pile-up from events not induced by thermal neutrons
Counting Device
No. and type of detector: 2 x 16% Ge(Li), 2 keV FWHM at 1.33 MeV
Geometry: 2 placed opposite organ of interest
Shielding: Pb, Hg, W, Bi 6Li-doped resin below and around detectors
Measurement time: 10 min
Data evaluation: collection and subsequent analysis on minicomputer
Special features: none
Cost (approximate, for replacement in 1984 in US<)
Irradiation device:
Detector device:
Electronics and data processing:

$ 2,500,000 ***
t
30,000
$
40,000

*
Standard deviation, for repeated measurements on a living subject
** Not available
*** It is assumed that a cyclotron would not be used for this purpose unless
time were available on an existing system
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DESCRIPTION OF SYSTEM FOR IN VIVO NEUTRON ACTIVATION ANALYSIS
Name of person(s) to contact
for more information

Institute address

M.C. Scott
D.R. Chettle

Department of Physics
Univerrity of Birmingham
P.O. Box 363
Birmingham BIS 2TT
United Kingdom
Overall system performance

Element(s) measured: Cd - transportable systems
Organ of interest: liver and left kidney, independent measurement
system for each organ
Radiation dose: skin, liver: 0.046 mGy neutron + 0.04 mGy gamma
skin, kidney: 0.08 mGy neutron + 0.04 mGy gamma
Seproducibility of measurement*: n.a.**
Detection limit: 74 mg/kg (liver), 5.3 mg (kidney) if detection limit defined
as 3 SD of net peak area; please contact originators for additional assumptions
No. of measurements possible per day (8 h ) : 15-20
In operation since: 1977 (kidney, 1978)
Irradiation Device
No. and type of source: 1 x 238 P u / B e f or n v e r system;
2 x 25»pu/Be for kidney system; total activity/output:
liver: 0.37 TBq (2.2 x 10* n.s"1)
kidney: 1.48 TBq (9.1 x 10 7 n.s.-1)
Geometry: partial body, region of liver or left kidney
Incident neutron flux density in body: 2 x 10 3 n.cnr 2 ^- 1
Exposure time: 15-20 min
Uniformity of irradiation for element & organ of interest:
liver 20%; left kidney 10% with kidney position found by ultrasound
Special features: systems are transportable; there are 2 systems so one
persons's liver and another's kidney are measured at the same time; liver
and kidney depths found by ultrasound
Counting Device
No. and type of detector: 1 x 16% Ge(Li) on each system; 2 keV FWHM @ 1.33 MeV
Geometry: opposite organ of interest
Shielding: B, Fe, Pb, Hg, W, Bi, 6Li-doped resin
Measurement time: 15-20 min
Data evaluation: MCA, subsequent analysis on a minicomputer
Special features: none
Coat (approximate, for replacement in 1984 in US<)
Irradiation device:
Detector device:
Electronics and data processing:

$ 25,000
$ 38,000
I 32,000

Standard deviation, for repeated measurements on a living subject

** Not available
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DESCRIPTION OF SYSTEM FOB IN VIVO NEUTRON ACTIVATION ANALYSIS
Institute address

Department of Physics
University of Birmingham
P.O Box 363
Birmingham B15 2TT
United Kingdom

Name of person(s) to contact
for more information
M.C. Scott
D.B. Chettle

Overall system performance
Element*s) measured: N
Organ of interest: whole body (7 z 20 cm sections starting at head)
Radiation dose: skin: 0.05 mGy neutron + O.0S mGy gamma
Reproducibility of measurement*: 5% if person has changed weight by
less than 20%, otherwise 6%; comparisons between different people 6%
No. of measurements possible per day (8 h ) : 8 (allows time for
setting up and running phantoms)
In operation since: 1972 (system modified 1975/76)
Irradiation Device
No. and type of source:

ISO cm fixed field, fixed frequency
cyclotron, 10 MeV protons on Be or Li
Total activity/output at source: 2-5 x 10^0 n.s~*
Geometry: successive sections 20 x 60 cm, patient supine, irradiation
from below
Incident neutron flux density in body: 2 x 10 4 n.cm~ 2 .s -1
Exposure time: 20 min
Special features: this is a prompt gamma technique, so detectors are in
place during irradiation; counting is performed in anticoincidence with a
pulsed beam to reduce "background" from events not induced by thermal
neutrons; hydrogen is used as an "internal standard" for nitrogen measurement
Counting Device
No. and type of detector: 2 x NaKTl), 15 x IS cm
Geometry: 2 above supine body, offset neutron beam
Shielding: Pb below detectors, LiF-doped resin around detectors
Measurement time: 20 min
Data evaluation: collection and subsequent analysis on minicomputer,
switching to on-line analysis late 1981/82
Special features: pulse shortening used to reduce pile-up effects
Cost (approximate, for replacement in 1984 in US<)
Irradiation device:
Detector device:
Electronics and data processing:

$ 2,500,000 ***
$ 48,000
$ 142,000

*
Standard deviation, for repeated measurements on a living subject
*** It is assumed that a cyclotron would not be used for this purpose unless
time were available on an existing system
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DESCRIPTION OF SYSTEM FOR IN VIVO NEUTRON ACTIVATION ANALYSIS

Institute address

Department of Physics
University of Birmingham
P.O Box 363
Birmingham B15 2TT
United Kingdom

Name of person(s) to contact
for more information
M.C.
D.R.
J.G.
H.M.

Scott
Chettle
Fletcher
James
(whole body counter)

Overall system performance
Element(s) measured: Ca, Na, Cl
Organ of interest: whole body
Radiation dose:
Ca: skin: 1.2 mGy neutron + 0.6 mGy gamma;
whole body: 0.8 mGy neutron + 0.4 mGy gamma
Na, Cl: skin: 0.3 mGy neutron + 0 . 2 mGy gamma;
whole body: 0.2 mGy neutron + 0.1 mGy gamma
Reproducibility of measurement*: 2-5% depending on mass of element
No. of measurements possible per day (8 h ) : 12
In operation since:
1967 - 1976
Irradiation Devioa
No. and type of source:

ISO cm fixed field, fixed frequency
cyclotron, 10 MeV protons on Li
Total activity/output at source:
2-5 x 1 0 1 0 n.s"1
Geometry: whole body, irradiate one side, turn patient, irradiate
other side
Incident neutron flux density in body:
Ca: 7 x 10* n.cnr^.s"1
Na, Cl: 2 x 10 4 n.cm" 2 ^- 1
Exposure time: Ca: 3 + 2.25 min
Na, Cl: 2.5 + 2.5 min
Uniformity of irradiation for element & organ of interest:
10%
Special features: none
Countinn Device
No. and type of detector: 8 x Nal(Tl), 12 x 10 cm
Geometry: 4 above, 4 below supine body,
Shielding: shielded steel room
Measurement time: 800 s
Data evaluation: PHA, magnetic tape, main frame computer off-line
Special features: none
Cost (approximate, for replacement in 1984 in US<)
Irradiation device:
Detector device:
Electronics and data processing:

$ 1,200,000 ***
$ 240,000
$ 120,000

*
Standard deviation, for repeated measurements on a living subject
*** It is assumed that a cyclotron would not be used for this purpose unless
time were available on an existing system
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Institute address

Department of Physics
University of Birmingham
P.O Box 363
Birmingham B15 2TT
United Kingdom

Name of person(s) to contact
for more information
M.C.
D.R.
J.G.
H.M.

Scott
Chettle
Fletcher
James
(whole body counter)

Overall system performance
Rlement(s) measured: Cu
Organ of interest: liver
Radiation dose: skin above liver: 5 mGy neutron + 3 mGy gamma;
whole body: 0.2 mGy
Seproducibility of measurement*: 0.1 g Cu
No. of measurements possible per day (8 h ) : 6
In operation since:
1970 - 1977

Irradiation Device
ISO cm fixed field, fixed frequency cyclotron,
10 MeV protons on Be
Total activity/output at source: 2-5 x 1 0 1 0 n.s"1
Geometry:
partial body, region of liver (oval 22 x 12 cm)
Incident neutron flux density in body:
3 x 10 s n.cm~2.s~l
Exposure time: 5 min
Uniformity of irradiation for element & organ of interest:
20%
Special features: none
No. and type of source:

Counting Device
No. and type of detector: 8 x NaKTl), 12 x 10 cm
Geometry: 4 above, 4 below supine body, detectors as close as
possible to body, liver position central
Shielding: shielded steel room
Measurement time: 2000 s
Data evaluation: PHA, magnetic tape, main frame computer off-line
Special features: none

Cost (approximate, for replacement in 1984 in US<)
Irradiation device:
Detector device:
Electronics and data processing:

$ 1,200,000 ***
$ 240,000
£ 120,000

*
Standard deviation., for repeated measurements on a living subject
*** It is assumed that a cyclotron would not be used for this purpose unless
time were available on an existing system
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Institute address

Department of Physics
University of Birmingham
P.O BOT: 363
Birmingham B15 2TT
United Kingdom

Name of person(s) to contact
for more information
M.C.
D.R.
J.G.
H.M.

Scott
Chettle
Fletcher
James
(whole body counter)

Overall system performance
Element(s) measured: Fe
Organ of interest: liver
Radiation dose: skin dose liver: 5 mGy neutron + 3 mGy gamma;
whole body: 0.2 mGy
Reproducibility of measurement*: 0.5 g in liver
No. of measurements possible per day (8 h ) : 6
In operation since:
1978

Irradiation Device
150 cm fixed field, fixed frequency cyclotron,
30 MeV 3 He on Be
Total activity/output at source:
1 0 1 1 n.s -1
Geometry:
partial body, region of liver (oval 22 x 12 cm)
Incident neutron flux density in body:
10 6 n.cm~ 2 .s -1
Exposure time: 1.5 min
Uniformity of irradiation for element & organ of inturest:
20%
Special features: none
No. and type of source:

Counting Device
No. and type of detector: 6 x NaKTl), 12 x 10 cm
Geometry: 4 above, 4 below supine body, detectors as close as
possible to body, liver position central
Shielding: shielded steel room
Measurement time: 2000 s
Data evaluation: PHA, magnetic tape, main frame computer off-line
Special features: none

Cost (approximate, for replacement in 1984 in VSt)
Irradiation device:
Detector device:
Electronics and data processing:

* 1,200,000 ***
$ 240,000
$ 120,000

*
Standard deviation, for repeated measurements on a living subject
*** It is assumed that a cyclotron would not be used for this purpose unless
time were available on an existing system

- 199 ukbi9
DESCRIPTION OF SYSTEM FOR IN VIVO NEUTRON ACTIVATION ANALYSIS

Institute address

Department of Physics
University of Birmingham
P.O Box 363
Birmingham BIS 2TT
United Kingdom

Kane of person(s) to contact
for more information
M.C. Scott
D.R. Chettle
J.G. Fletcher

Overall system performance
Element(s) measured: Ca
Organ of interest: spine
Radiation dose: skin above lumbar spine: 3 mGy neutron + 2 mGy gamma;
Reproducibility of measurement*: 2%
No. of measurements possible per day (8 h ) : 12
In operation since:
1974 - 1977

Irradiation Device
No. and type of source:

ISO cm fixed field, fixed frequency cyclotron,
10 MeV protons on Li
Total activity/output at source: 2.3 x 1 0 1 0 n.s"1
Geometry:
lumbar spine 20 x 10 cm
Incident neutron flux density in body:
4 x 10 s n.cm^.s" 1
Exposure time: 2.5 min
Uniformity of irradiation for element & organ of interest:
10%
Special features: none

Counting Oevice
No. and type of detector: 1 NaKTl), 15 x 15 cm
Geometry: close to lumbar spine, patient seated
Shielding: Pb surrounding detector
Hatsurment tine; 4 x 5 min
Data •valuation: MCA, subsequent analysis on mini-computer
Special features: ^^Cs source used to monitor position of patient
with respect to detector

Cost (approximate, fog replacement in 1984 in US<)
Irradiation device:
Detector device:
Electronics and data processing:

$ 1,200,000 ***
$ 7,000
t 30,000

*
Standard deviation, for repeated measurements on a living subject
*** It is assumed that a cyclotron would not be used for this purpose unless
time were available on an existing system
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Nama of person(s) to contact
for more information

Institute address

P. Tothill

Department of Medical Physics and
Medical Engineering
Royal Infirmary
Edinburgh EH3 9YW
United Kingdom

Overall system performance
Element(s) measured: Ca
Organ of interest: forearm
Radiation dose: skin: 13 mSy; bone: 5 mGy
Reproducibility of measurement*: 2.6%
No. of measurements possible per day (8 h ) :
In operation since: 1976

15

Irradiation Device
No. and type of source: 2 x 2 5 2 Cf
Total activity/output at source: initially 4 GBq, 4.6 x 1&* n.s-1
Geometry: partial body, forearm, FWHM along arm 16 cm
Incident neutron flux density in body:
10 6 n.cm~ 2 .s -1
Exposure time: initially 3 min
Uniformity of irradiation for element & organ of interest: + 4%
over central S cm
Special features: pneumatic transfer of sources

Counting Device
No. and type of detector: 2 x Na(Tl), 15 x 10 cm
Geometry: either side of arm, separation 9 cm
Shielding: 5 cm lead
Measurement time: 17 min
Data evaluation: MCA plus off-line minicomputer
Special features: none

Cost (approximate, for replacement in 1984 in US<)
Irradiation device:
sources:
Detector device:
Electronics and data processing:

$ 25,000
$ 12,000
$ 28,000

Standard deviation, for repeated measurements on a living subject
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Name of person(s) to contact
for more information

Institute address

Department of Medical Physics and
Medical Engineering
Royal Infirmary
Edinburgh EH3 9 W
United Kingdom

P. Tothill

Overall system performance
Element(s) measured: Ca
Organ of interest: spine
Radiation dose: skin: 13 mGy; bone: 1.5 mGy
Reproducibility of measurement*: 3.0%
No. of measurements possible per day (8 h ) : 15
In operation since: 1977

Irradiation Device
No. and type of source: 2 z 2 5 2 Cf
Total activity/output at source: initially 4 GBq, 4.6 x 10 s n.s"1
Geometry: partial body, spiie and upper pelvis, FWHM 43 cm
Incident neutron flux density in body: 10 6 n.cnr^s" 1
Exposure time: initially 2 min
Uniformity of irradiation for element & organ of interest: + 30%
over depth of vertebrae
Special features:
posterior irradiation in chair

Counting Device
No. and type of detector: 4 x NaKTl), 15 x 10 cm
Geometry: 2 above, 2 below supine body
Shielding: steel shadow shield
Measurement time: 17 min
Data evaluation: MCA plus off-line minicomputer
Special features: none

Cost (approximate, for replacement in 198* in USt)
Irradiation device:
sources:
Detector device:
Electronics and data processing:

$ 25,000
$ 72,000
$ 28,000

Standard deviation, for repeated measurements on a living subject
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DESCRIPTION OF SYSTEM FOE IN VIVO NEUTEON ACTIVATION ANALYSIS
Name of person(s) to contact
for more information

Institute address

P. Tothill

Department of Medical Physics and
Medical Engineering
Boyal Infirmary
Edinburgh EH3 9YW
United Kingdom

Overall system performance
Element(a) measured: Ca, Na, Cl
Organ of interest: whole body
Radiation dose: skin: 1.7 mGy
Reproducibility of measurement: 2.9%*, 1.
No. of measurements possible per day (8 h):
In operation since: 1979

Irradiation Device
No. and type of source:

cyclotron, 15 meV d on Be, mean neutron
energy 6 MeV
Total activity/output at source: approx. lO1^ n.s"1
Geometry: whole body, bilateral
Incident neutron flux density in body: 1.8 x 10 6 n.cm~ 2 .s -1
Exposure time: 2 x 20 s
Uniformity of irradiation for element & organ of interest: + 7%
Special features: upright subject in moderator kiosk 5.5 m from target

Counting Device
No. and type of detector: 4 x Na(Tl), 15 x 10 cm
Geometry: 2 above, 2 below supine body
Shielding: steel shadow shield, scanning bed
Measurement time: 20 min
Data evaluation: MCA plus off-line minicomputer
Special features: 5 m transfer time

Coat (approximate, for replacement in 1984 in US<)
Irradiation device:
Detector device:
Electronics and data processing:

t 2,500,000 ***
$
72,000
$
28,000

*
Standard deviation, for repeated measurements on a living subject
*+ Standard deviation, for repeated measurements on a phantom
*** It is assumed that a cyclotron would not be used for this purpose unless
time were available on an existing system
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DESCRIPTION OF SYSTEM FOR IN VIVO NEUTRON ACTIVATION ANALYSIS
Institute address

Health Physics and Nucl. Med. Unit
Scottish Universities Research
and Reactor Centre
East Kilbride, Glasgow G75 OQU
United Kingdom

Name of person(s) to contact
for more information
B.W. East

Overall system performance
Element(s) measured: Ca
Organ of interest: hand, foot, spine
Radiation dose: 2.0 mGy
Reproducibility of measurement**: hand: 3.2%, foot: 2.7%, spine: 2.5%
No. of measurenents possible per day (8 h ) : 4
In operation since:
1974
Irradiation Device
No. and type of source: Universities teaching Seactor (Argonaut)
Total activity/output at source: n.a.** (reactor power 1 kW)
Geometry: collimated neutron beam irradiating limb (bilateral) or
mid spine (unilateral)
Incident neutron flux density in body: 1 x
Exposure time: 5 min
Uniformity of irradiation for element & organ of interest: hand + 2%
foot + 5%
Special features: bilateral activation of limb sections using various
combinations of the unfiltered and boron filtered reactor beam (see
diagram of thyroidal iodine irradiation methoi P?)
Counting Device
No. and type of detector: 1 x NaKTl), 29 x 10 cm
Geometry: bilateral and unilateral counting for limb sections and
spine respectively
Shielding: 10 cm lead shadow shield
Measurement time: 3 x 10 min
Data evaluation: MCA and off-line computer
Special features: none
Coat (approximate, for replacement in 1984 in XJSt)
Irradiation device:

access to reactor facility assumed; additional
equipment :
I 1,200
Detector device:
$ 54,000
Electronics and data processing:
$ 18,000

*+
**

Standard deviation, for repeated measurements on a phantom
Not available

- 208 ukek2
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Name of person(s) to contact
for more information

Institute address

B.W. East

Health Physics and Nucl. Hed. Unit
Scottish Universities Research and
Reactor Centre
East Kilbride, Glasgow 675 OQU
United Kingdom

Overall system performance
Element(s) measured: Ca, I
Organ of interest: hand, tibia, ankle or thyroid
Radiation dose: 6 mGy for Ca, 40 mGy for I
Reproducibility of measurement**: Ca: 2.2%, I: 2.0%
No. of measurements possible per day (8 h ) : 3
In operation since: 1973

Irradiation Device
No. and type of source: 2 z 2 5 2 Cf
Total activity/output at source: 9.2 x 10 8 (2 x 200 ug 2 5 2 Cf)
Geometry: simultaneous bilateral activation of lic'o sections;
individual activation of lobes of thyroid
Incident neutron fluz density in body: n.a.**
Exposure time: 15 min
Uniformity of irradiation for element & organ of interest:
hand + 1.5%, tibia ± 5.5.%, ankle + 12%, thyroid + 5%
Special features: pneumatic source transfer through flexible tubes
for convenient pre-positioning

Counting Device
No. and type of detector: 1 x Nal(Tl), 29 x 10 cm
Geometry: bilateral and unilateral counting for limb sections and
neck respectively
Shielding: 10 cm lead shadow shield
Measurement time: 4 x 15 min
Data evaluation: MCA and off-line computer
Special features: none

Cost (approximate, for replacement in 1984 in VSt)
Irradiation device:
sources:
Detector device:
Electronics and data processing:

*+
**

$ 30,000
$ 54,000
$ 18,000

Standard deviation, for repeated measurements on a phantom
Not available

,\
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DESCRIPTION OF SYSTEM FOR IN VIVO NEUTRON ACTIVATION ANALYSIS

Institute address

Health Physics and Nuclear Med. Unit
Scottish Universities Research and
Reactor Centre
East Kilbride, Glasgow 675 OQU
United Kingdom

Name of person(s) to contact
for more information
B.W. East

Overall system performance
Element(s) measured: I
Organ of interest: thyroid
Radiation dose: 40 mGy
Reproducibility of measurement*+: 2%
No. of measurements possible per day (8 h): 3
In operation since: 1967
Irradiation Device
No. and type of source: Universities T- thing Reactor (Argonaut)
Total activity/output at source: n.a.*
reactor power 20 kW)
Geometry: collimated reactor neutron be. irradiating thyroid region
of the neck
Incident neutron flux density in body: 8. ' 10 6 n.cm~2.s~l
Exposure time: 5 min
Uniformity of irradiation for element & organ of interest: + 6%
Special features: incident neutron btam from central vertical
stringer filtered through boron to remove thermal neutrons
Counting Device
No. and type of detector:

(i) 2 x Nal(Tl), 7.6 cm x 7.6 cm or
(ii) 1 x Nal(Tl), 29 x 10 cm
Geometry: thyroid counting (see special features)
Shielding: (i) 10 cm lead collimators + 5 cm shadow shield
(ii) 10 cm lead shadow shield
Measurement time: (i) 3 x 20 min (ii) 4 x 5 min
Data evaluation: MCA and off-line computer
Special features: (i) individual monitoring of lobes of thyroid
(ii) unilateral counting of thyroid section of neck
Cost (approximate, for replacement in 1984 in US<)
Irradiation device:

access to reactor facility assumed; additional
equipment:
$ 1,200
Detector device:
(i) $ 6,000; (ii) $ 54,000
Electronics and data processing:
$ 18,000

*
**

Standard deviation, for repeated measurements on a phantom
Not available
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Institute address

Health Phys. and Nucl. Med. Unit
Scottish Universities
Research and Reactor Centre
East Kilbride, Glasgow G75 OQV
United Kingdom

Name of person(s) to contact
for more information
B.W. East

Overall system performance
Blement(s) measured: Ca, N, Na, Cl, p, 0
Organ of interest: whole body
Radiation dose: skin: 1.4 mGy
Reproducibility of measurement**: Ca: 2.5*. N: 1.3%, Na: 3.1%,
Cl: 4.7%, P: 0.8%, O: 2.9%
No. of measurements possible per day ( 8 b ) : 4
In operation since: 1975

Irradiation Device
No. and type of source:

2 x sealed tube 14 MeV generators (Philips
type 18602)
Total activity/output at source: 2 x (1 x 10 10 ) n.s"1
Geometry: simultaneous bilateral scanning irradiation
Incident neutron flux density in body: 1 x 10 s n.cnr^.s"1
Exposure time: 2.75 min
Uniformity of irradiation for element & organ of interest:
fast: + 2.1%, thermal: + 4 . 5 %
Special features: located close (9m) to counter enabling rapid
transfer of subject (30 s) minimal premoderator used over legs only

Counting Device
No. and type of detector: 2 x Nal(Tl), 29 x 10 cm (Scintiflex)
Geometry: 1 above, i. below supine body; motorised scanning bed
Shielding: 10 cm lead shadow shield (8000 kg approx.)
Measurement time: 60 min approx. including *°K background
Data evaluation: MCA and off-line computer
Special features: scanning speed identical to irradiation to compensate for radioactive decay along length of body

Coat (approximate, for replacement in 1984 in US<)
Irradiation device: (Philips 18602 no longer available) $ 300,000
Detector device:
$ 70,000
Biectrosics and data processing: (including software)
$ 30,000
*+

Standard deviation, for repeated measurements on a phantom
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Name of person(s) to contact
for more information

Institute address

Health Physics and Nucl. Hed. Unit
Scottish Universities Research
and Reactor Centre
East Kilbride, Glasgow 675 OQU
United Kingdom

B.W. East
I. Robertson

Overall ivstem performance
Element(s) measured: N
Organ of interest: whole body
Radiation dose: 0.05 mGy (estimated)
Reproducibility of measurement*: n.a.**
No. of measurements possible per day (8 b ) :
In operation since: planned for 1983

6 (estimated)

Irradiation Device
No. and type of source: 2 x 241 Am-Be
Total activity/output at source: 2 z 185 GBq
Geometry: scanning irradiation
Incident neutron flux density in body: n.a.**
Exposure time: 20 min (proposed)
Uniformity of irradiation for element & organ of interest:
Special features: installed in mobile laboratory

n.a.9

Counting Device
No. and type of detector: NaKTl), 29 x 10 cm
Geometry: 90° to neutron beams
Shielding: modified 10 cm lead shadow shield, 5 cm boric acid
Measurement time: 20 min; simultaneously with irradiation (proposed)
Data evaluation: MCA and off-line computer
Special features: installed in mobile laboratory

Cost (approximate, for replacement in 1984 in US>)
Irradiation device:
Detector device:
Electronics and data processing:

*
**

$ 18,000
$ 54,000
$ 18,000

Standard deviation, for repeated measurements on a living subject
Not available
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Name of person(s) to contact
for more information

Institute address

D.L. Burkinshaw
C.B. Oxby

Department of Medical Physics
The General Infirmary
Leeds LSI 3EX
United Kingdom

Overall system performance
Element(s) measured: C
Organ of interest: whole body
Radiation dose: skin: 0.2 mGy; whole body: 0.2 mGy
Seproducibility of measurement*: 3%
No. of measurements possible per day (8 h): 6
In operation since: 1981

Irradiation Device
No. and type of source: one sealed tube d-t generator (Philips).
Total activity/output at source: 2.4 x 10 9 n.s"1
Geometry: horizontal beam of neutrons incident alternately on the
right and left sides of the supine patient
Incident neutron flux density in body: 3000 n.cm~ 2 .s -1
Exposure time: 2 x 900 s
Uniformity of irradiation for element & organ of interest: + 20%
(fast neutrons)
Special features: none

Counting Device
No. and type of detector: 1 x Nal(Tl), 13 x 10 cm
Geometry: below supine body
Shielding: steel, lead and boric acid
Measurement time
2 x 900 s
Data evaluation: peak area computation by on-line MCA/computer
(Nuclear Data 6610)
Special features: prototype installation to count inelastic scatter
gamma rays; it is planned to install more detectors and to
measure H, 0 and N in addition to C
Coat (approximate, for replacement In 1984 in US<)
Irradiation device:
Detector device:
Electronics and data processing:

$ 155,000
$ 18,000
$ 97,000

Standard deviation, for repeated measurements on a living subject
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DESCRIPTION OF SYSTEM FOR IN VIVO NEUTRON ACTIVATION ANALYSIS
Institute address

Department of Medical Physics
The General Infirmary
Leeds LSI 3EX
United Kingdom

Name of person(s) to contact
for more information
L. Burkinshaw
C.B. Oxby

Overall system performance
Element(s) measured: Ca, N, Na, Cl, P, K,
Organ of interest: whole body
Radiation dose: slcin: O.S mGy; whole body: O.S mGy
Reproducibility of measurement*: Ca: 3.6%, N: 2.8%, Na: 3.1%, Cl: 3.8%,
P: 2.6%, K: 1.9%
No of measurements possible per day (8 h ) : 7
In operation since: 1976

Irradiation Device
No. and type of source: one sealed tube d-t generator (Philips)
Total activity/output at source: 3 x 1 0 1 0 n.s"1
Geometry: horizontal beam of neutrons incident alternately on the
right and left sides of the supine patient
Incident neutron flux density in body: 4 z 10* n.cm^.s" 1
Exposure time: 2 x 200 s
Uniformity of irradiation for element & organ of interest: + 20%
(fast neutrons)
Special features: none

Countinn Device
No. and type of detector: 8 x Nal(Tl), 15 x 10 cm
Geometry: 4 above, 4 below supine body
Shielding: lead lined steel room
Measurement time: 1800 s
Data evaluation: weighted least squares analysis by on-line MCA/
computer (Nuclear D«ta 6620)
Special features: induced radioactivity and natural activity of
are measured simultaneously; corrections are applied for known
interference reactions; can be used to measure critically ill patients

Cost (approximate, for replacement in 1984 in US<)
Irradiation device:
t 155,000
Detector device:
$ 360,000
Electronics and data processing: $ 190,000
*

Standard deviation, for repeated measurements on a living subject

,\
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DESCRIPTION OF SYSTEM FOR IN VIVO NEUTRON ACTIVATION ANALYSIS
Institute address

MRC Cyclotron Unit
Hammersmith Hospital
Ducane Road
London, W12 OHS
United Kingdom

Name of person(s) to contact
for more information
T.J. Spinks
D.K. Bewley

Overall system performance
Element(s) measured: Ca, Na, Cl, P, K (by whole body counting)
Organ of interest: whole body
Radiation dose: 1 mGy (whole body)
Reproducibility of measurement*: Ca: 3%; Na: 3%; Cl: 4%; P: 3%; K: 2%
No. of measurements possible per week: 3
In operation since: 1973
Irradiation Device
No. and type of source:

MRC Cyclotron, 16 MeV d on Be,
mean neutron energy 7.5 MeV
Total activity/output at source: 7 x 10 1 1 n.s~^
(for 12 uA d beam current)
Geometry: horizontal beam incident alternately anteriorly and posteriorly on standing patient in 5 cm thick polythene enclosure
Incident neutron flux density in body: 10 6 n.cnT^.s"1 (approx.)
Exposure time: 20 s
Uniformity of irradiation for element & organ of interest: + 15%
(thermal neutron fluence)
Special features: high incident neutron fluence enabling irradiation
time to be an order of magnitude shorter than for 14 MeV generators or
radioactive neutron sources
Counting Device
No. and type of detector: 10 x NaKTl), 15 x 10 cm
Geometry: 5 above, 5 below supine body
Shielding: 15 cm steel + 2 cm lead around crystals
Measurement time: 1200 s
(Ca, Na, Cl, P ) , 1800 s
(K)
Data evaluation: peak area calculation employing Hewlett-Packard
5400 MCA and 21MX computer
Special features: none
Cost (approximate, for replacement in 1984 in USt)
Irradiation device:
Detector device:
Electronics and data processing:

$ 2,500,000 ***
$
360,000
$
95,000

*
Standard deviation, for repeated measurements on a living subject
*** It is assumed that a cyclotron would not be used for this purpose unless
time were available on an existing system
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Name of person(s) to contact
for mora information

Institute address

K. Boddy
A.E. Simpson
S.K. Turnbull

Regional Medical Physics Dept.
Newcastle General Hospital
Westgate Soad
Newcastle upon Tyne, NE4 6BE
United Kingdom

Overall system performance
Element(g) measured: [Ca]; Ca, N, Na, Cl, P
Organ of interest: [spine]; whole body
Radiation dose: skin: 1.2 mGy
Rsproducibility of measurement*: n.a.**
No. of measurements possible per day (8 h): n.a.
In operation since: 1982

Irradiation Device
No. and type of source: [12 z Pu/Be]; (d,T) electrostatic generator
Total activity/output at source: [1.2 z 10 7 n.s"1]
3 x 101° n.s"1
Geometry: [partial body, trunk, 60 x 30 cm]; whole body, scanning
Incident neutron flux density in body: Ca: n.a.
N: 5 z 10 5 n.cm-Z.s"1
Exposure time: [5 min]; 2.5 min
Uniformity of irradiation for element & organ of interest: n.a.
Special features: none

Counting Device
No. and type of detector:

[4 z Na(Tl), 20 z 10 cm]
2 x Na(Tl), 20 z 10 cm
Geometry: [2 above, 2 below supine body]; 1 above, 1 below
Shielding: [shielded steel room]; shadow shield
Measurement tiae:
25 min
Data evaluation: [on-line minicomputer]; MCA + off line computer
Special features: none

Cost (approximate, for replacement in 1984 in USt)
Irradiation device:
Detector device:
Electronics and data processing:

*
**

$ 55,000
t 57,000
$ 13,000

Standard deviation, for repeated measurements on a living subject
Not available
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Name of person(s) to contact
for more information

Institute address

J. Dutton
W.D. Morgan

Department of Physics
University College of Swansea
Singleton Park
Swansea SA2 8PP, Wales
United Kingdom

Overall syscem performance
Elesent(s) measured: Cd
Organ of interest: kidney, liver
Radiation doae: skin: 0.35 mGy; organ: 0.13 mGy
Seproducibility of measurement*: 10%
No. of measurements possible per day (8 h): 6 **
In operation since: 1978

Irradiation Device
No. and type of source: 1 x 2 5 2 Cf
Total activity/output at source: 4.0 GBq (4.6 x 10 8 n.s"1)
Geometry: partial body
Incident neutron flux density in body: 3 x 10*
10" n.cm"
Exposure time: 33 min
Uniformity of irradiation for element & organ of interest: + 15%
Special features: shutter arrangement, variable source position, interchangeable tapered iron collimators, organ localisation by ultrasound

Counting Device
No. and type of detector: 1 x 21% Ge(Li)
Geometry: detection at right angles to incident neutron beam
Shielding: lead, borated wax, tungsten, 6LiF
Measurement time: 33 min
Data evaluation: off-line minicomputer (PDP-11)
Special features: none

Cost (approximate, for replacement in 1984 in US$)
Irradiation device:
Detector device:
Electronics and data processing:
Real-time ultrasound:

$
$
$
$

20,000
24,000
13,000
13,000

Standard deviation, estimated from repeated measurements on a phantom
Includes both liver and kidney
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DESCRIPTION OP SYSTEM FOE IN VIVO NEUTRON ACTIVATION ANALYSIS

Name of penon(s) to contact
for more information

Institute address

W.D. Morgan
S.J.S. Ryde

Swansea In-Vivo Analysis
Research Group
Department of Medical Physics
Singleton Hospital
Swansea SA2 8QA, Wales
United Kingdom

Overall system performance
Element(s) measured: Ca, N, Cd, Se
Organ of interest: whole body, kidney, liver, spine
Radiation dose: generally less than 5 mSv (skin)
In operation since: 1984

Irradiation Device
No. and type of source: 1 x
cj
Total activity/output at source: 4.0 GBq (4.6 x 10 8 n.s"1)
Geometry: partial body and total body (scanning)
Incident neutron flux density in body: 10 4 - 10 5 n.cnr 2 ^- 1
Special features: pneumatic source transfer system incorporating
diverter mechanism for choice of two irradiation ports; interchangeable
collimators; automatic source control for either continuous or cyclic
activation modes
Counting Device
No. and type of detector: 2 x 20% HPGe, 2 x Nal(Tl), 15 x IS cm
Geometry: variable, depending on element under investigation
Shielding: lead, borated wax, bismuth, 6LiF
Data evaluation: on-line computer-based MCA
Special features: gammagage HPGe detectors can be positioned at any
angle around patient. 400 MHz ADCs

Cost (approximate, for replacement in 1984 in US*)
Irradiation device:
Detector device:
Electronics and data processing:

$ 30,000
t 65,000
$ 45,000
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Institute address

Medical Research Center
Brookhaven National Laboratory
Upton, New York 11973
USA

Name of person(s) to contact
for more information
S.H. Cohn
K.J. Ellis

Overall system performance
Element(s) measured: Ca, Na, Cl, P, K (whole body counting)
Organ of interest: whole body
Radiation dose: skin: 0.3 mGy
Reproducibility of measurement*: Ca 1%; Na & Cl: 2%; P: 4%; K: 3.3%
No. of measurements possible per day (8 h): 12 max. (8 routine)
In operation since: 1968

Irradiation Device
No. and type of source: 14 z 50 Ci 238 Pu/Be
Total activity/output at source: 1.0 x 10 8 n.s"1 per source
Geometry: whole body, bilateral irradiation
Incident neutron flux density in body: 5 x 10^ n(th).cnr^.g-l
Exposure time: 300 s
Uniformity of irradiation for element & orsan of interest: +8% (thermal flux)
Special features: 8 cm Bi layer surrounded by 1 m concrete shielding

Counting Device
No. and type of detector: 54 x Nal(Tl), 15 x 5 cm (plus a 5cm Nal light pipe)
Geometry: two 3 x 9 arrays, one above, one below supine body
Shielding: 122 cm concrete, 10 cm steel, 0.32 cm Pb, 0.16 cm Al
Measurement time: 900 s
Data evaluation: on-line computer-based MCA system
Special features: none

Cost (approximate, for replacement in 1984 in VSt)
Irradiation device:
sources:
Detector device:
detectors:
Electronics and data processing:

$ 80,000, shielding: t 120,000
$ 210,000, shielding: $ 600,000
* 190,000

For repeated measurements on Alderson Phantom with "standard man*'
composition (standard deviation)

I
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Name of person(s) to contact
for more information

Institute address

D. Vartsky
S.H. Conn

Medical Research Center
Brookhaven National Laboratory
Upton, New York 11973
USA
Overall system performance

Element(s) measured: N
Organ of interest: whole body
Radiation dose: skin: 0.05 tnGy
Seproducibility of measurement*: 4%
No. of measurements possible per day (8 h ) : S
In operation since: 1978
Irradiation Device
No. and type of source: 2 i 42 Ci ^38 p u /g e
Total activity/output at source: 2.3 z 10 8 n.s~l
Geometry: whole body (scanning geometry)
Incident neutron flux density in body: 7.2 x 10 3 n.cm~ 2 s.~ 1
Exposure time: 2000 s
Uniformity of irradiation for element & organ of interest: 4-6.5%
Special features: heavy water premoderator
cfcif>:£ Dt»vice
No. and type of detector: 2 x N a K X l ) , 15.5 x 15.25 cm
Geometry: positioned above the body
Shielding: epoxy resin + Li
^ijnt time: ?000 s
.•'•i'! •!-*••' o n :

al features:

- i-liiie o o m p n t e c -b»j,-.! 'JI.A a n ' ! L--i '-on

none

Cost (approximate, for replacement in 1984 in US$)
Irradiation device:
Detector device:
Electronics and data processing:

*

$ 30,000
$ 10,000
t 40,000

Standard deviation, for repeated measurements on a living subject
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Name of person(s) to contact
for more information

Institute address

K.J. Ellis
S.H. Cohn

Medical Research Center
Medical Physics Group
Brookhaven National Laboratory
Upton, New York 11973
USA

Overall system performance
Element(s) measured: Cd
Organ of interest: kidney, liver
Radiation dose: max. skin dose: 0.5 mGy
Seproducibility of measurement*: 5%
No. of measurements possible per day (8 h):
In operation since: 1977

up to 30

Irradiation Device
No. and type of source: 2 x 39 Ci 238pu/ge sources (2.9 TBq)
Total activity/output at source: 2.2 x 10 8 n.s"1
Geometry: partial body, 10 cm x 14 cm beam size, source to skin
distance = 60 cm
Incident neutron flux density in body: 10^ n.cnr^.g-l
Exposure time: 1000 to 2000 s
Uniformity of irradiation for element & organ of interest: 10%
Special features: accurate kidney and liver localisation accomplished
by ultrasonic scanning; shield exceeds IAEA regulations for certification
as transport container

Counting Device
No. and type of detector: 2 x 25% Ge(Li), 2.5 KeV FWHM at 1.33 MeV
Geometry: 20 cm from centre of neutron beam
Shielding: boron-doped polyethylene and bismuth
Measurement time: 1000 to 2000 s
Data evaluation: on-line computer-based MCA
Special features: in vivo detection limits 2.2 mg in kidney and
1.5 mg/Kg in liver

Coat (approximate, for replacement in 1984 in VSt)
Irradiation device:
Detector device:
Electronics and data processing:

*

$ 25,000
$ 35,000
S 18,000 to I 60,000

Standard deviation, for repeated measurements on a living subject
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DESCRIPTION OF SYSTEM FOR IN VIVO NEUTRON ACTIVATION ANALYSIS
Name of perton(s) to contact
for more information

Institute address

K.J. Ellis
S.H. Cohn

Medical Research Center
Medical Physics Group
Brookhaven National Laboratory
Upton, New York 11973
USA

Overall aystem performance
Element(s) measured: Cd
Organ of interest: kidney, liver
Radiation dose: max. skin dose: 0.2 mGy
Seproducibility of measurement*: 51
No. of measurements possible per day (8 h):
In operation since: 1981

up to 30

Irradiation Device
No. and type of source: 100 ug 2 5 2 Cf
Total activity/output at source: 2.2 x 108 n.s-1
Geometry: partial body, 12.7 cm diameter beam size, source to skin
distance = 60 cm
Incident neutron flux density in body: n.a.**
Exposure time: 1000 to 2000 s
Uniformity of irradiation for element & organ of interest: 10%
Special features: accurate kidney and liver localisation accomplished
by ultrasonic scanning; shield exceeds IAEA regulations for certification
as transport container, iron collimator
Counting Device
No. and type of detector: 2 x 25% Ge(Li), 2.S KeV FWHM at 1.33 MeV
Geometry: 15 cm from centre of neutron beam
Shielding: boron-doped polyethylene
Measurement time: 1000 to 2000 s
Data evaluation: on-line computer based MCA
Special features: in vivo detection limits 2.3 mg in kidney and
1.6 mg/Kg in liver
Coat (approximate, for replacement in 1984 in US<)
Irradiation device:
Detector device:
Electronics and data processing:

$ 20,000
$ 35,000
$ 18,000 to $ 60,000

Standard deviation, for repeated measurements on a living subject
Not available

I
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Institute address

Memorial Sloan-Kettering
Cancer Center
1275 York Ave
New York, NY 10021
USA

Name of person(s) to contact
for more information
R.E. Bigler

Overall system performance
Element(s) measured: bone Ca
Organ of interest: whole body
Radiation dose: skin: 0.1 mGy
Reproducibility of measurement*: n.a.**
No. of measurements possible per day (8 h): 2
In operation since: installed 1974, currently not in use
Irradiation Device
No. and type of source:

cyclotron (Cyclotron Corp. CS-15)
9
Be(^He,n) reaction
Total activity/output at source: 1.4 x 10 1 0 n.s-^-.uA"1
Geometry: open field at 200 cm source to skin distance
Incident neutron flux density in body: n.a.**
Exposure time: 2 min
Uniformity of irradiation for element & organ of interest: phantom
derived correction used
Special features: none
Counting Device
No. and type of detector: 10 cm-* volume gas proportional counter
Geometry: n.a.
Shielding: n.a.
Msfltsuioiient tima: overnight
Data evaluation: off-line minicomputer (PDF 11/70)
Special features: special low-background detectors and detector
shielding procedures developed in Brookhaven National Laboratory
Cost (approximate, for replacement in 1984 in US>)
Irradiation device: cyclotron: $ 3,600,00 ***
Detector device:
detector: $ 1,000; counter shielding: $ 120,000
Electronics and data processing: electronics: $ 24,000; access to
computer also required

*
Standard deviation, for repeated measurements on a living subject
** Not available
*** It is assumed that a cyclotron would not be used for this purpose unless
time were available on an existing system

- 237 -

usnyl

_
.
Target

Fast
Neutrons

SUBJECT

Cyclotron Charged
Particle Beom s—•(J
20% - 0 2 80%-H«
Miilur* Brwthing
Tank with regulator and
Flowmeter

Apparatus used to store the Ar exhaled from human subjects
in their breath following fast neutron Irradiation and prior
to separation of the " A r from the breath for activity
measurement in a gas proportional counter.

-238usny2
DBSCSIPTION OF SYSTEM FOE IN VIVO NEUTRON ACTIVATION ANALYSIS

Institute address

Memorial Sloan-Kettering
Cancer Center
1275 York Ave.
New York, NY 10021
USA

Name of person(s) to contact
for more information
R.E. Bigler

Overall system performance
Element(s) measured: bone Ca + Na and labile Na + Cl
Organ of interest: partial body, e.g. spine
Radiation dose: skin: 10 mGy
Reproducibility of measurement*: n.a.**
No. of measurements possible per day (8 h): 8
In operation since: installed 1977, currently not in use
Irradiation Device
cyclotron (Cyclotron Corp. CS-15) 'Be(d,n),
^Be(^He,n) and 9Be(p,n) reactions
Total activity/output at source: 1.4 x 1 0 1 0 n.cm-2s-1.uA"1 (100 uA)
Geometry: 10 cm at collimator opening
Incident neutron flux density in body: 2 x 10 7 n.cm"2s~1 at 100 cm
Exposure time: 8 s
Uniformity of irradiation for element & organ of interest: n.a.
Special features: 70 cm thick exchangeable applicator section
neutron collimator
No. and type of source:

Countinn Device
No. and type of detector: 2 x Nal(Tl), 23 x 13 cm
Geometry: 1 above, 1 below supine body
Shielding: steel room
Measurement time: up to 1 h
Data evaluation: off-line minicomputer (PDP 11/70)
Special features: plastic phosphor umbrella detector in upper
detector assembly for cosmic-ray background reduction
Cost (approximate, for replacement in 1984 in US$)
cyclotron: $ 3,600,000 ***
collimator: $
60,000
Detector device:
detectors: $
25,000; steel room: $ 120,000
Electronics and data processing: electronics: $ 25,000;
access to computer also required
Irradiation device:

*
Standard deviation, for repeated measurements on a living subject
** Not available
*** It is assumed that a cyclotron would not be used for this purpose unless
time were available on an existing system
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Cut away drawing of the upper head low
background detector assembly showing
the configuration of the Nal(Tl) detector,
lead detector shielding, and the plastic
phosphor detectors.
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Plan view of the arrangement of the beryllium neutron
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beam at the coilimator exit is 10 cm in diameter and is
circular in cross-section.
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DESCRIPTION OF SYSTEM FOB IN VIVO NEUTRON ACTIVATION ANALYSIS
Inatitute address

Department of Radiology
Division of Nuclear Medicine
University of Washington
Seattle, Washington 9819S
USA

Name of perton(s) to contact
for more information
T.K. Lewellen
C.H. Chesnut

Overall system performance
Element(s) measured: Ca, Na, Cl
Organ of interest: whole body
Radiation dose: 2 (1 mGy neutrons, 1 mGy gamma)
Seproducibility of measurement*!: Ca: 2%
No. of measurements possible per day (8 h ) : 4
In operation since: 1969
Irradiation Device
No. and type of source: 152 cm cyclotron
Total activity/output at source: n.a.**
Geometry: whole body with patient enclosure 4.2 m from beam target;
patient is rotated for bilateral irradiation
Incident neutron flux density in body: 2.5 x 10 6 n.cm~ 2 .s -1
Exposure time: 1.5 min
Uniformity of irradiation for element & organ of interest: + 5 . 6 %
Special features: none
Counting Device
No. and type of detector: 4 x NaKTl), 23 x 10 cm
Geometry: four detectors mounted in a circle about the patient on a
cart; the array scans across the patient, slowing down with the halflife
of *'ca to provide equal weight to all parts of the body
Shielding: none
Measurement time: 15 min per scan
Data evaluation: peak area computation by on-line MCA (Nuclear Data 60)
and microcomputer (Apple II); one background and two postirradiation scans
are performed
Special features: transfer from irradiation enclosure to counter for
first count take si four minutes or less; the second post-irradiation count
is performed one hour later
Cost (approximate, for replacement in 1984 in USt)
Irradiation device:
Detector device:
Electronics and data processing:

$ 1,800,000 ***
$
47,000
$
18,000

Standard deviation, for repeated measurements on a living subject

** Not available

*** It is assumed that a cyclotron would not be used for this purpose unless
time were available on an existing system
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DESCRIPTION OF SYSTEM FOR IN VIVO X-RAY FLUORESCENCE ANALYSIS

Institute Address

Name or person(s) to contact
for more information

Department of Physics
Queensland Institute of Technology
Box 2434, G.P.O.
Brisbane, Q.4001
Australia

B.J. Thomas
B.W. Thomas
H. Baddeley

Overall system performance
Element(s) measured: Pb
Organ of interest: skeleton - second phalanx of index finger
Radiation dose: skin: 1.2 mGy (1 cm length of second phalanx: 0.8 mGy)
Reproducibility of measurement*: n.a.**
No. of measurements possible per day (8 b ) : 20
In operation since: 1980

Irradiation Device
No. and type of source: 2 x ->7Co
Total activity/output at aource: 2 x 740 MBq
Geometry: partial (1 cm diameter collimation)
Incident photon flux density in body: n.a.
Exposure time: 20 min
Uniformity of irradiation for element & organ of interest:
Special features: bilateral irradiation

+ 15%

Counting Device
No. and type of detector: 1 x 13% Ge(Li)
Geometry: orthogonal to irradiation beams
Shielding: local shielding of sources and detector
Measurement time: 20 min
Data evaluation: manual
Special features: on line collection of data

Coit (approximate, for replacement in 1984 in USt)
Irradiation device:
Detector device:
Electronics and data processing:

*
**

I 4,000
I 17,000
$ 15,000

Standard deviation, for repeated measurements on a living subject
Not available
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DESCRIPTION OF SYSTEM FOR IN VIVO X-RAY FLUORESCENCE ANALYSIS

Name of person(s) to contact
for more information

Institute address

J.O. Christoffersson
S. Mattsson
S. Skerfving
(occupational medicine)

Department of Radiation Physics
Lasarettet
S-221 85 Lund
Sweden

Overall system performance
Element(s) measured: Cd
Organ of interest: kidney
Radiation dose: skin: 13 mGy; organ of interest: 1.8 mGy
Reproducibility of measurement*: n.a.**
No. of measurements possible per day (8 h): 8
In operation since: 1981

Irradiation Device
No. and type of source: X-ray tube (Miiller MG 300)
Total activity/output: (ISO kV, IS mA)
Geometry: see figure
Incident photon flux density in body: 10 7 cnr^.g-l
Exposure time: 35 min
Uniformity of irradiation for element & organ of interest:
Special features: none

n.a.**

Counting Device
No. and type of detector: 1 x Ge (16 mm diam. x 5.2 mm)
Geometry: see figure
Shielding: concrete room
Measurement time: 30 rain
Data evaluation: manual
Special features: none

Cost (approximate, for replacement in 198A in US<)
Irradiation device:
Detector device:
Electronics and data processing:

*
**

$ 45,000
$ 12,000
$ 25,000

Standard deviation, for repeated measurements on a living subject
Not available
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DESCRIPTION OF SYSTEM FOE IN VIVO X-RAY FLUORESCENCE ANALYSIS

Name of person(s) to contact
for more information

Institute address

J.O. Christoffersson
S. Mattsson

Department of Radiation Physics
Lasarettet
S-221 85 Lund
Sweden

Overall system performance
Element(s) measured: Cd
Organ of interest: kidney
Radiation dose: skin: 4.5 mGy; organ of interest: 0.6 mGy
Reproducibility of measurement*: n.a.**
No. of measurements possible per day (8 h>: 8
In operation since: 1977

Irradiation Device
No. and type of source:
Total activity/output 11 GBq
Geometry: see figure
Incident pboton flux density in body: 10? cnT^.g-l
Exposure time: 35 min
Uniformity of irradiation for element & organ of interest:
Special features: none

n.a.**

Counting Device
No. and type of detector:
Geometry: see figure
Shielding: Pb
Measurement time: 30 min
Data evaluation: manual
Special features: none

1 x Ge (16 mm diam. x 5.2 mm)

Cost (approximate, for replacement in 1984 in USl)
Irradiation device:
Detector device:
Electronics and data processing:

*
**

$ 2,000
$ 12,000
$ 25,000

Standard deviation, for repeated measurements on a living subject
Not available
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DESCRIPTION OF SYSTEM FOR IN VIVO X-RAY FLUORESCENCE ANALYSIS

Name of person(s) to contact
for more information

Institute address

L. Ahlgren
S. Mattsson
B. Haeger-Aronsen
(occupational medicine)

Department of Radiation Physics
MalmS General Hospital
S-214 01 Halmo
Sweden

Overall system performance
Element(s) measured: Pb
Organ of interest: finger-bone, tibia
Radiation dose: skin: 6 mGy; organ of interest: 2.5 mGy
Reproducibility of measurement*: + IS mg/Kg
No. of measurements possible per day (8 h ) : 8
In operation since: 1975

Irradiation Device
No. and type of source: 2 x 57 Co disc sources (4 mm diam. active area)
Total activity/output: 740 MSq
Geometry: see figure
Incident photon flux density in body: 10 7 cm~ 2 .s -1
Exposure time: 25 min
Uniformity of irradiation for element & organ of interest: see
working paper
Special features: none

Counting Device
No. and type of detector: 1 x Ge (16 mm diam. x 5.2 mm)
Geometry: see figure
Shielding: Cu covered with Ta foils
Measurement time: 20 min
Data evaluation: manual
Special features: none

Cost (approximate, for replacement in 1984 in US<)
Irradiation device:
Detector device:
Electronics and data processing:

$ 2,000
$ 12,000
$ 25,000

Standard deviation, for repeated measurements on a living subject
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DESCRIPTION OF SYSTEM FOR IV VIVO X-RAY FLUORESCENCE ANALYSIS

Name of person(s) to contact
for more information

Institute address

T. Gronberg
S. Mattsson
T. Almen
(dianostic radiology)

Department of Radiation Physics
Malmo General Hospital
S-214 01 Malmo
Sweden

Overall system performance
Element(s) measured:

I (from injected iodine-containing contrast
agents for studies of kidney function)
Organ of interest: finger-tip, kidney
Radiation dose: fingertip: 2.3 mGy
Reproducibility of measurement*: n.a.**
No. of measurements possible per day (8 h ) : IS
In operation since: 1978

Irradiation Device
No. and type of source:
Total activity/output: 11 SSq
Geometry: see figure
Incident photon flux density in body: 10 7 cm~ 2 .s -1
Exposure time: 6 x 2 min
Uniformity of irradiation for element & organ of interest:
Special features: none

n.a.<

Counting Device
No. and type of detector
1 x Ge (16 mm diam. x 5.2mm)
Geometry: see figure
Shielding: Pb
Measurement time: 6 x 2 min
Data evaluation: manual
Special features: none

Cost (approximate, for replacement in 1984 in US<)
Irradiation device:
Detector device:
Electronics and data processing:

$ 2,000
$ 12,000
$ 25,000

Standard deviation, for repeated measurements on a living subject

** Not available

- 253 •wma2

S - Radiation source
D - Detector

- 254 ukbilO
DESCRIPTION OF SYSTEM FOR IN VIVO X-RAY FLUORESCENCE ANALYSIS

Name of peraon(s) to contact
for more information

Institute address

M.C. Scott
D.R. Chettle

Department of Physics
University of Birmingham
P.O. Box 363
Birmingham BIS 2TT
United Kingdom
Overall system performance

Element(s) measured: Pb
Organ of interest: tibia
Radiation dose: skin: 0.5 mGy, dose to 70 g of leg = 0.1 mGy
Reproducibility of measurement*: n.a.**
Limit of detection: 10 mg/kg (for 3 SD of net peak area)
No. of measurements possible per day (8 h): 10-15
In operation since: 1983
Irradiation Device
No. and type of source: 1 x 10 "cd using 88 keV photons from
Total activity/output: 3.7 GBq (1.3 x 10 8 photons s"1 of 88 keV)
Geometry: shin
Incident flux density in body: 4 x 10^ photons
Exposure time: 20 min
Uniformity of irradiation for element & organ of interest: variation
from front to back of bone could be 50-75%
Special features: lead counts mormalised to coherently backscattered
88 keV photons
Counting Device
No. and type of detector:

1 x HPGe (planar),
520 eV at 122 keV
Geometry: annular source mounted in front of
source-tibia-detector angle = 155°
Shielding: W collimator, Cu filter to remove
Measurement time: 20 min
Data evaluation: recorded on MCA; subsequent
Special features: none

16 x 7 mm, resolution
detector; mean
Ag X-rays
analysis on mini-computer

Cost (approximate, for replacement in 1984 in US<)
Irradiation device:
Detector device:
Electronics and data processing:

$ 12,000
$ 15,000
$ 15,000

Standard deviation, for repeated measurements on a living subject
Not available
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DESCRIPTION OF SYSTEM FOR IN VIVO X-RAY FLUORESCENCE ANALYSIS

Institute address

Name of person(s) to contact
for more information
L. Wielopolski
S.H. Cohn

Medical Research Center
Brookhaven National Laboratory
Upton, New York 11973
USA

Overall system performance
Element(s) measured: Sr, Pb, Zn
Organ of interest: bone (tibia)
Radiation dose: skin: 10 mGy; bone marrow: 0.6 mGy
Reproducibility of measurement*: 10%
No. of measurements possible per day (8 h): 12-14
In operation since: 1982

Irradiation Device
No. and type of source: 1 0 9 Cd
Total activity/output: 3.7 GBq
Geometry: partial body (1 cm 2 )
Incident flux density in body: n.a.**
Exposure time: 30 min
Uniformity of irradiation for element & organ of interest:
Special features:

cortical
bone only

easy transportation, class A material

Counting Device
No. and type of detector: 1 x Si(Li), 80 mm2
Geometry: '. ° configuration
Shielding: source: Sn, stainless steel; detector: Cu, Al
Measurement time: 30 min
Data evaluation: manual
Special features: detection limit presently
20 mg Pb/Kg wet bone

Cost (approximate, for replacement in 1984 in US<)
Irradiation device:
Detector device:
Electronics and data processing:

*
**

$ 8,000
t 20,000
$ 17,000

Standard deviation, for repeated measurements on a living subject
Not available
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DESCRIPTION OF SYSTEM FOR IN VIVO ANALYSIS BY NUCLEAR
RESONANCE SCATTERING OF GAMMA RAYS

Name of person(s) to contact
for more information

Institute address

D. Vartsky
S.H. Cohn

Medical Research Center
Brookhaven National Laboratory
Upton, New York 11973
USA

Overall system performance
Element(s) measured: Fe
Organ of interest: liver, heart
Radiation dose: skin: 10 mGy
Eeproducibility of measurement*: 6%
No. of measurements possible per day (8 h ) :
In operation since: 1980

Irradiation Device
No. and type of source: 1 x 56 Mn source in a quartz capsule
Total activity/output: 2 x 1 0 1 0 photons .s" 1
Gessatry: partial body
Incident flux density in body: 1 x 10 6 photons cm~ 2 .s -1
Exposure time: 2000 s
Uniformity of irradiation for element & organ of interest: n.a.**
Special features: gaseous source kept at 1000°C
Counting Device
No. and type of detector: 2 x HPGe (25% efficiency, 2.1 keV resolution)
Geometry: positioned at 90° to the incident photon beam
Shielding: Bi annulus with 6 mm lead disc in front of detectors
Measurement time: 2000 s
Data evaluation: on-line computer-based MCA system
Special features: none

Cost (approximate, for replacement in 1984 in VSt)
Irradiation device:
Detector device:
Electronics and data processing:

*
**

$ 12,000
$ 35,000
$ 22,000

Standard deviation, for repeated measurements on a living subject
Not available
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