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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.

,1

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
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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 - 7002 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

31P(n,a)28Al

2.25 rain) formed by the

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, H20, 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

l4N(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 counts15. 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 flux17. 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 of nitrogen in the human body has
been used for an extensive series of body composition studies in which whole
body potassium as well as weight, fat and body size parameters were also
recorded. A multiple regression analysis of this data showed that nitrogen
(N, kg) could be predicted from the other 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 reaction21*".

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 197211. 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 kidney25.26.

Analysis was based on the detection of 0.559 MeV prompt y~rays 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 - 37528. 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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