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Abstract
Radon is a naturally occurring radioactive gas which has been linked to lung cancer in
occupationally exposed uranium mine workers. Where monitoring of an individual's
exposure to radon and radon progeny has not occurred or is incomplete, it may be possible to
determine this exposure retrospectively by the measurement of the long lived decay product
210Pb which accumulates in the bones of exposed individuals. This paper describes a method
being developed at the whole body monitor (WBM) facility of the Australian Radiation
Protection and Nuclear Safety Agency (ARPANSA) to estimate the time integrated exposure
to radon over a period of up to several decades from the in vivo measurements of 210Pb
activity in the knee of human subjects. Initial work has concentrated on characterising the
WBM facility for this work using artificial bone phantoms. This project will serve as a test of
the feasibility of the method before undertaking further studies on human subjects.

Introduction
Radon (222Rn) is a naturally occurring decay product of radium-226 (226Ra), a member of the
uranium-238 ( U) series, and takes the form of an inert gas [1]. The presence of both U
and 226Ra in most soils and rocks in varying concentrations, and the consequent escape of
radon into surrounding air and water, creates the potential for significant exposure of the
human population to radon. Radon decays with a half-life of 3.82 days [1] but exists in the
atmosphere in various stages of equilibrium with its decay progeny, some of which have
much shorter half-lives. For exposure to atmospheres containing radon and radon progeny,
inhalation of the short lived alpha emitting radon progeny (214Pb, 218Po and 214Bi) can lead to
irradiation of the respiratory tract [1]. Radon progeny exposure may be elevated for those
workers who are occupationally exposed in mines, underground service pits, or caves, and
radon progeny exposure has been linked to the development of lung cancer in some
underground uranium mine workers [1] [2].

Radiation dose to the lung due to a-particles from radon and its progeny occurs within a
relatively short time (minutes to days) after inhalation and is usually estimated, using various
models, from the measurement of radon and radon progeny concentration in the atmosphere
in the vicinity of the worker. Where this monitoring has not occurred, or where exposure data
is otherwise incomplete, it may be possible to determine radon dose retrospectively by the
measurement of the long lived radioactive decay product lead-210 (210Pb) which accumulates
in the skeleton with an effective half-life of approximately 15 years [3].

Since in vivo measurement of 210Pb activity involves the detection of a weakly emitted
46.5keV y-ray which is strongly absorbed in the bone and soft tissue of the body, the
efficiency of the detection of this y-ray becomes a critical issue in determining the success of
this technique. In vivo measurements are normally conducted on the skull or knee where
significant bone mass lies close to the surface of the body thereby minimising absorption of
the y-ray in the body. The project reviewed here undertakes to determine and optimise the
efficiency of the ARPANSA WBM for the detection of 210Pb in bone. This study concentrates
on the knee rather than the skull because of the expectation of greater ongoing uptake due to
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body wear and repair mechanisms. The optimum detector geometry will be determined and
the level of background interference assessed. This will be achieved through measurements

210Tin the WBM on an artificial knee phantom incorporating a Pb radioactive source.

Experimental
The Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) operates a
WBM facility at their Yallambie laboratory in Victoria. The WBM consists of a large
shielded chamber containing a bed on which the subjects lie, a suite of four high purity
germanium (HPGe) detectors mounted as two hinged pairs (figure 1), and a mechanical
arrangement to allow scanning of the detectors along the length of the body. These detectors
input to a Canberra data acquisition system running on a DEC workstation for spectral data
acquisition and processing.

To undertake the characterisation of the WBM, a simplified artificial knee phantom was
constructed using several 12mm thick square shaped (250mm x 250mm plates of bone
equivalent plastic (PVC). The plates can be stacked on top of one another to simulate knees
of varying thickness. A disc shaped source was manufactured in the ARPANSA workshop
using a filter paper substrate onto which a known quantity of reference 210Pb solution was
deposited. A schematic representation of the knee phantom is shown in Figure 1.

While two sources are shown above and below the bone material, only one is in fact used.
However, two measurements are taken, one with the (single) source placed against the top
surface of the knee and one with the source placed against the bottom surface of the knee.
Following the methods used by Laurer et al [4] the geometric mean of these two results is
taken to represent the count that would be obtained if the activity of the source were
distributed uniformly throughout the volume of the knee. This then provides the calibration
reference. The efficiency of different measuring geometries was explored by varying the
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Figure 1. Schematic illustration of construction of simple knee phantom with its two
source positions and the experimental arrangement from the side view showing the
pairs of detectors hinged above the phantom with the source in the higher position.

detector height above the knee and the angle between the detectors. Note that for simplicity
only two detectors are shown, but as previously mentioned, the ARPANSA WBM facility in
fact uses a suite of four detectors.

The minimum detectable amount (MDA) of 210Pb activity that it is possible to reliably detect
in the WBM is also determined in this work. The MDA of the WBM in a given energy range
depends on the background counts contributed by the WBM in that energy range. These
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counts arise from the materials from which the chamber is constructed, the atmosphere in the
chamber and from the human subjects or other objects in the chamber [5]. The MDA is thus
determined by undertaking a long background count with all intentional radioactive sources
removed from the chamber.

Results
Figure 2 shows the variation of count rate obtained for an average sized knee when the height
of the detectors above the knee, and the included angle between the detectors, is varied over a
range of values. The descriptors Min Angle, MedAngle and Max Angle refer to the included
angles of 10°, 15° and 20° respectively. The figure shows that while count rate always
increases as the angle between the detectors is increased (so that they point more directly at
the centre of the source), the height above the knee at which the maximum count rate is
achieved depends on this angle. It is postulated that this is due to collimation effects within
the detector which causes the source to be obscured at close distances. Highest overall count
rates always occur for the maximum included angle at a height of 30mm above the knee.
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Figure 2. Variation of count rate with detector angle and height for average knee

The count rates achieved for the average sized knee are quite low. The calibration factor
determined for the this knee is only 1.57 ± 0.03 x lO^CPSBq"1. The low sensitivity is thought
to be the result of assuming a uniform volumetric distribution of 210Pb in bone. Animal studies
have shown the 210Pb is concentrated at the surface of bone [6], which effectively makes the
bone appear much thinner since less of the activity is absorbed in the volume of the bone. It
is estimated that assuming a distribution of 210Pb that is limited to the top lmm of the bone
surface would improve the sensitivity determined above by a factor of approximately 25.

The MDA determined for a 2 hour count in the ARPANSA WBM is 1.55xl0"2CPS at the
95% confidence level using the convention for detection limits established by Currie et al [7].
Using the more reasonable surface distribution assumption, this is equivalent to a Pb
activity in bone of approximately 4Bq. For measurements on the knee, which represents
approximately 10% of human bone mass [8], this is equivalent to a total body burden of
approximately 40Bq. It is estimated that the human background for 210Pb in the general
public due to ingestion from food, water, air and smoking is approximately 12Bq [3,4], so the
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sensitivity of the technique as estimated here is only sufficient for measurements on subjects
whose exposure is considerably in excess of that expected for the general public. However,
the knee model used is obviously very crude, and considerable improvement in detection
efficiency (and hence calculated MDA, which is affected by the calibration factor) may be
expected from using a more anatomically realistic knee model.

Conclusion
The ARPANSA Whole Body Monitor (WBM) facility has been characterised for the in vivo
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measurement of Pb in bone as part of the development of a method to estimate the
retrospective radon exposure of human subjects from measurements on this long lived decay
product. The most efficient measurement geometry for measurements on the knee has been
determined using an artificial knee phantom, and the calibration factor and MDA for these
measurements in the ARPANSA WBM have been determined.
Assuming a realistic distribution of 2I0Pb in bone, it is determined that the ARPANSA WBM
is suitable for determining 210Pb in subjects whose radon exposure is several times that
expected for the general public, and that sensitivity is likely to be considerably improved
using a more anatomically realistic knee model.
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