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Abstract

CALIBRATION OF WHOLE-BODY COUNTERS FOR ACCIDENT IN VIVO
MONITORING.

This paper points out the importance of implementing transportable in vivo measurements
laboratories in countries like Brazil where there is a large number of people directly and indirectly
exposed to radionuclides. These units should be used mainly in emergency situations involving
internal and external contamination of workers and public. Nevertheless such laboratories may also be
used for simultaneously collecting and processing a great variety of biological and environmental
samples not only for emergency purposes but also as part of a more comprehensive radiological
survey of working and environmental conditions. The development of new techniques for calibrating
the detection systems, i.e., physical and mathematical anthropomorphic phantoms, increases the range
of applications for such laboratories and allows the obtention of quick results when and where it is
necessary.

1. INTRODUCTION

In addition to discussing the calibration of whole-body counters for accident
monitoring, I also want to briefly discuss emergency preparedness — not in the broadest sense
— but on the topic of a field laboratory to determine levels of radioactivity in people, and in
samples — both from people and from the environment.

At the time of the Goiania accident, I was not able to help directly, except via a few
impassioned phone calls from my friend and colleague Carlos Nogueira Oliveira, who had
been given the responsibility of constructing a whole body counting facility in Goiania. Later,
in the months following the accident I was able to participate more closely, helping Mr.
Nogueira in some further in-vivo counting tasks there. The problems he encountered in setting
up a state-of-the-art gamma-ray counting facility in the field — "from scratch" so to speak —
and the experience he gained solving those problems, are described in detail in his Ph.D.
thesis. He had to accomplish this task quickly, amidst the extreme agitation and confusion of
the early and most difficult days and weeks after the accident, refining the system as needed. It
was a very difficult task, done within severe time restraints and in very arduous
circumstances.

My experience of those first days and weeks after the accident and the problems of
constructing, calibrating and maintaining a counting facility in the field is derived from those
early phone calls from Mr. Nogueira and mainly from reading his thesis. Though this is
second-hand experience at best, it has led me to conclude that the key to rapid response to an
emergency call for a counting facility to determine internal levels of radioactive contamination
is to have the facility equipped and ready to be deployed before the accident. After all, when
there is a life-threatening fire, firemen don't wait until they get to the scene of the fire to
design and build a water-pumping system before they can start to put it out. All fire companies
have emergency response laboratories that are mobile, ready to move and equipped with the
tools they need to respond to any emergency, before it happens. Why should a radiation
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emergency be any different. This is not to say that radiation emergency vehicles do not exist
anywhere — they do. I refer rather to a mobile counting laboratory.

2. TRANSPORTABLE COUNTING LABORATORY

For the task of field radioactivity counting — especially in-vivo measurements — the
most important item in any emergency-response armamentarium should be a vehicular-based,
counting laboratory. The words "vehicular-based" will mean different things to different
people. Thus the size and design of such a vehicle is better left to automotive engineering
experts — guided with the input of those who have experienced emergency conditions in the
field and understand its special needs. The details of which equipment to incorporate is also
open to debate, however some of it is generic to the task. Minimally, this would include:

2.1. A Whole-Body Counting System

By utilising a design similar to the final system of Mr. Nogueira, with a shielded
detector over a comfortable reclining chair, a geometry is established at a fixed height,
simplifying the shielding design as well as calibration of the detectors. The reclining chair is
important for the psychological well-being and co-operation of potential subjects. The system
would also include one of the currently available computer-based, multi-channel analysers for
measurement and analysis of gamma-ray spectra.

2.2. Hyper-Pure Germanium Detectors

To handle the potentially very wide ranges of count-rates, again borrowing from the
experience of Mr. Nogueira, the in-vivo system should utilise several smaller detectors —
shielded such that one detector at a time can be used — or two, or three, or four — depending
on the contamination levels. Nal detectors were used at Goiania because they were available.
These detectors have limited spectral resolving ability however and, in an accident involving
the need for quantifying the amounts of several different nuclides, each emitting several
gamma-rays which may overlap in a Nal spectrum, they would hamper effective accident
response. Thus, the potential need for good spectral resolution is met by specifying at least
two or more hyperpure germanium detectors — to be shared between the in-vivo system and
the small sample counting system. They are recommended even though the need for liquid
nitrogen to cool them will add to logistical problems. Fortunately hyperpure germanium
detectors require cooling only during operation. If liquid nitrogen is in short supply, one has
only to remove the bias voltage to store them without damage until the liquid nitrogen is
replenished. This latter requirement of course leads to the logical conclusion that two or more
Nal detectors should also be included in the mobile laboratory. It would be a serious faux pas
to arrive at the scene of an accident, quickly set up and get everything operating only to find
that someone forgot the liquid nitrogen.

2.3. X-ray Fluorescence Analysis

HPGe detectors provide an additional advantage and, though this meeting is perhaps
not the right forum, allow me to inject at this point a plea for attention to another serious and
perhaps more insidious problem in terms of human health, and that is heavy metal
contamination — Pb, Hg, As, Ni, Cd, etc. The United States is experiencing it now and, as the
world community becomes more industrialised, other countries will begin to experience it.
Although it is not an emergency in the same sense that radiation accidents such as Goiania or

108



Chernobyl are, it is a very serious problem nonetheless. This is only to point out that the
recommended germanium detectors are also the choice for detection of high Z elemental
X rays and are being used world-wide for analysis of metals, both in-situ and, for some
metals, in-vivo. The technique used is energy-dispersive x-ray fluorescence analysis
(EDXRF), which provides simultaneous analysis of all the elements in a given sample by
detection and measurement of the x-rays emitted during sample excitation. The x-ray analyses
would employ the same multi-channel analyser used for the gamma-ray measurements. Thus
to provide EDXRF capability for analysis of heavy metals, the mobile laboratory would
require the addition of only the x-ray analysis software and a means of producing the
excitation of the elements in the sample. The latter is easily provided in the form of a
radioactive isotope, although small x-ray tubes are also used.

2.4. Effective Shielding

As Mr. Nogueira showed, shielding the detector around the top and sides was
important to reduce background due to 137Cs contamination on the roof of the building he
used to house his final system. A vehicular-based installation would also need to include
enough shielding under and around the reclining chair to reduce background from any ground
contamination. Lead bricks are easy to obtain and would provide a stable shielding platform
which is simple to assemble.

2.5. Sample Counting Facility

A separate facility is needed for determining levels of radioactivity in small samples,
including not only faeces and urine from the subjects, but also air, water and soil samples to
help determine the extent and levels of contamination in the environment. To avoid cross-
contamination, this is best done in another room with its own shielded detectors, within the
vehicle, but separated from the in-vivo counting area.

2.6. Sample Preparation Area

Space for a small chemistry lab, with provision for secure storage of the needed
glassware, chemicals, acids, etc., in addition to perhaps a small muffle furnace for ashing, hot
plates, a small refrigerator for sample storage, etc. A supply of liquid nitrogen in small tanks
could also be stored here.

2.7. Power Generator

In anticipation that centralised power may be out or not available, provision should be
made for the generation of stabilised and filtered power to the vehicular-based laboratory.

I am certainly not the first to have thought of a transportable counting system.
Commercial mobile in-vivo counters are used in the United States. In fact, Mr. Nogueira and I
discussed such a system long ago, when he was installing the whole-body counter shield at
IRD. There is no doubt that a mobile laboratory for use in accident situations, which includes
an in-vivo counting facility would be an expensive undertaking — and a difficult design
problem to try to take into account all of the possible conditions in which it might be used and
all the places if might be required to go. Nonetheless in terms of emergency preparedness, it is
a logical and necessary piece of equipment that should be in place in any country which is
involved in the use of radioactivity. As we have all seen, no matter how carefully plans to the
contrary are made, accidents — often serious and fatal — do happen. We should therefore

109



make use of all of the technology and expertise available to enhance the ability of emergency
teams to respond quickly and be immediately effective in alleviating the consequences of
accidents. Although each country in need of such a vehicle could design their own and indeed,
some already have them in one form or another — although none I know of with all the
capabilities discussed — it would probably be best, as said earlier, to leave the design effort to
the engineering experts who in turn would rely on the input of the entire radiation protection
community — perhaps through a forum such as this — to provide a mobile counting
laboratory with the broadest, most useful capabilities.

3. CALIBRATION OF IN-VTVO MEASUREMENTS

In any accident involving intake of high levels of radioactivity by humans, it is
important to know, as accurately as possible, the levels of radioactivity ingested, because —
depending on the isotope, its chemical form, distribution, etc. — subsequent medical
treatment will, in part, depend on the levels measured. Thus careful calibration of the counting
efficiency of the in-vivo measurement is of paramount importance. Calibration of in-vivo
measurements is not a trivial task, due to the complex variability of body size, shape and
thickness, density differences between bone, muscle and fatty tissue, non-homogeneous
distribution of the activity within the body, etc. etc. All of these parameters, along with
variable absorption and scattering coefficients within the different tissues, make the
calibration dependant on gamma energy and sensitive to detector/subject geometry — i.e. the
distance from the detector to the various parts of the body; trunk, head, legs, etc., and — for
non-uniformly distributed radioactivity — the distance from the detector to the variable sizes,
thickness and positions within the body of the organs in which the activity may be
incorporated.

Various methods are used to account for these complex geometry and
absorption/attenuation affects. Most of these methods use surrogate structures matching the
size and shape of the human body, or parts of the body. These "phantoms" so called, are filled
with known amounts of the nuclide of interest — or nuclides — if more than one is to be
accounted for in the in-vivo measurement. The nuclide, or nuclides, are distributed either
throughout the whole structure, or in simulated organ systems in which the activity is
assumed, or known, to reside within the subject. Measurement of the activity in the phantom,
placed in the same counting position as the subject, will thus yield a calibration constant —
usually cpm/unit of activity — that is used to convert the counting rate from the subject into
an activity level. Our whole-body phantom, consists of several four litre plastic containers,
which we fill with either potassium, for purposes of obtaining a background match for the
subject, or with a known amount the isotope of interest, e.g. 137Cs. In other cases we may be
interested in measuring the amount of activity in only a part of the body, like the skull. Our
skull phantom contains a known amount of 210Pb. We measure this nuclide in the skull to
estimate the amount in the whole skeleton as an estimate of the cumulative amount of radon to
which the person has been exposed. We also build surrogate structures of the thorax, which
include ribs and lungs, for calibrating measurements of insoluble forms of inhaled nuclides
which may deposit in the lungs.

Unfortunately, if measurements of widely different body sizes — men, women and
children, e.g. — are being made, these methods are prone to error, unless phantoms of several
different dimensions are used, especially if the energy of the gamma-rays are low enough to be
absorbed differently in different parts of the body.

The absorption coefficient of the 137Cs gamma (662 keV) is approximately the same in
bone and soft tissue. Thus in Goiania, Mr. Nogueira was able to take advantage of one of the
oldest in-vivo calibration techniques, the so-called meter-arc. This technique utilises the fact
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that if a source of activity is far enough away from a detector, the detector may be considered
a "point" detector and therefore the count rate in the detector due to the source will be
independent of where the activity is located on the arc with respect to the detector. For in-vivo
measurements, the subject is placed in a reclining position at a meter from the center of a
detector. In this geometry, the distribution of the activity in the body is relatively unimportant
since the distance to the detector will be approximately the same from any point on the arc.
Obviously, to cover wide ranges of body thickness, the distance should be further than a
meter. Nevertheless, even at a meter this is a good geometry to use for non-uniformly
distributed or for uniformly distributed nuclides like 137Cs and yields good calibration
accuracy over a moderate body size range. Activity must be high however because of the
detector distance. This was not a problem at Goiania.

A new approach to in-vivo calibration is being developed at in-vivo counting facilities
— including our lab at New York University, and at IRD here in Rio de Janeiro — which has
the possibility of alleviating some of the errors inherent in current calibration techniques. It
makes use of a statistical technique called Monte Carlo. To determine calibration coefficients
for gamma-ray sources, the Monte Carlo method, as the name implies, offers a means of
randomly selecting the known probabilities for the various types of interactions a photon can
experience in a given medium — i.e. photoelectric absorption, Compton scattering and
absorption, Rayleigh scattering, etc. — starting with the generation of the photon and ending
with absorption of its full energy or remnant scattered energy, either in the originating
medium, the air surrounding the medium, or as an interaction within a detector. Thus, in
essence, it is a means of solving the photon transport equation by randomly selecting the
various photon interaction probabilities in all the mediums through which it moves. As can be
imagined, there are many interactions possible in any one photon history. Thus to obtain good
statistical results, hundreds of thousands of photon histories must be calculated. The method is
only now being developed because of the rapid increase in processing speed of even the small
desktop computers now available.

For in-vivo calibrations, the medium the photons are generated in, and interact in, is
the body — not an actual body, but a mathematically defined volume in space — in which the
calculated interactions from the mathematically distributed source photons are produced. I call
this medium the "mathematical" phantom. Computer codes are available which will follow
the interaction histories from photon generation within the mathematical phantom boundaries,
through a secondary or tertiary mathematically defined medium — usually air — to a final
mathematical space defined the detector boundary. The EGS4 code, which we are using at
NYU, will also develop the detector spectrum, taking into account the detector type and size
and the interaction probabilities of those photons whose histories terminate within the detector
medium. At NYU, we are utilising geometries developed by magnetic resonance imaging
(MRI) to provide the mathematical phantom boundaries of interest, and to determine the
various amounts of bone, muscle and fat contained within the boundaries, so as to provide
accurate interaction cross-sections. Although our work now involves only selected structures
like the skull, others are in the process of developing mathematical phantoms of the whole
body. Accurate representation of a whole-body mathematical phantom developed from MRI
images of course requires the imaging data from an MRI scan of the whole-body. While not as
yet abundantly available, these data are beginning to be developed.

The so-called MIRD phantoms are also being used with the Monte Carlo method to
develop whole-body in vivo calibrations. The MIRD phantoms, originally developed to
calculate radiation doses to the body from external sources, are a set of mathematically
defined volumes resembling the human body which are simplified for purposes of facilitating
the calculation. The models are of the whole-bodies of an adult male, female and a child and
include estimates of the cross-sections for bone, muscle and tissue in that model. It should be
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somewhat less difficult to realise an in-vivo calibration with the MIRD mathematical phantom
than with MRI images as yet. Use of the latter when available however should result in greater
accuracy.

Thus, with the use of a "mathematical" phantom, it will be possible to place the
mathematically define phantom in any attitude of geometry relative to the mathematical space
occupied by a detector and, by generating photons from a mathematically distributed source
— distributed either uniformly or within a defined organ space — obtain a calibration factor
without need of any surrogate structures. In addition, since the mathematical boundaries of the
phantom space can be altered to account for different body sizes and thickness, calibration
factors may be obtained which are tailored to each subject — assuming some knowledge of
the subject's lena body and bone mass. Also, the error bounds on the calibration factor as a
result of and unknown distribution can be obtained with this method since it is possible to
assume various distributions of the nuclide mathematically, within the phantom boundaries.

The evolution of this method should be followed closely because when fully
developed and satisfactorily tested, the Monte Carlo method should allow very accurate and
individualised in-vivo calibration factors to be obtained regardless of whether the counting
system is in a mobile laboratory in the field or a fixed installation. It's use should significantly
reduce the errors associated with the measurement of body burdens of accidentally ingested
radionuclides — errors which are difficult if not impossible to assess with current calibration
techniques.

In conclusion, I think it will be very important for the future to invest at this point in
time, both the time and money required to construct a transportable and/or mobile counting
laboratory having as wide a range of capabilities as possible and to support the investigation
and generation of new and more accurate calibration techniques.
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