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Abstract

For optimisation in diagnostic medical imaging it is important to consider the relation between diagnostic image quality and patient dose. In the past, schematic representations of the human body were commonly used for dosimetric simulations. During the last two decades, voxel models were introduced as an improvement to these body models. Studies performed by various research groups have shown that the more realistic organ topology of voxel models constructed from medical image data of real persons has an impact on calculated doses for external as well as internal exposures. As a consequence of these findings, the ICRP decided to use voxel models for the forthcoming update of organ dose conversion coefficients. These voxel models should be representative of an average population, i.e. they should resemble the ICRP reference anatomical data with respect to their external dimensions and their organ masses. To meet the ICRP requirements, our group at the GSF constructed voxel models of a male and female adult, based on the voxel models of two individuals whose body height and weight resembled those of the male and female ICRP reference adult. The organ masses of both models were adjusted to the ICRP reference anatomical data, without spoiling their realistic anatomy. The paper describes the method used for this process and the resulting voxel models. 
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Description of purpose

In diagnostic radiology, there is usually a conflict between high image quality and low patient dose – in other words, most measures that might enhance the diagnostic quality of an image tend to result in an increase of patient dose; and vice versa, measures aimed at reducing the patient dose often deteriorate the image quality. Therefore, an optimum balance has to be found between image quality and dose to the patient that allows a sufficiently precise and reliable diagnosis without subjecting the patient to an unnecessarily high radiation exposure. Therefore, patient dosimetry should be an integral part of any optimisation process for technologies applied in medical imaging. In practice, patient exposures are often expressed in terms of measurable quantities, such as entrance dose, dose-area product or the computed tomography dose index (CTDI). These dose quantities are, however, poor descriptors of patient dose. Therefore, more reliable information on doses inside the patient is needed – specifically for organs that are known to be sensitive to radiation-induced cancer or hereditary effects. A valuable tool for this purpose is "numerical dosimetry" where the exposures are simulated by Monte Carlo techniques in computational models of the human body and mean organ doses are calculated and then normalised to a measurable dose quantity. Thus, a variety of different technical parameters can be studied with respect to patient dose without subjecting a real patient to ionising radiation.
In the past, many dosimetric studies have been based upon schematic representations of the human body where the shape of the body and its internal organs are described by relatively simple geometric bodies like spheres, ellipsoids, elliptical cylinders and parts and combinations thereof [1, 2]. A number of radiation protection organisations around the world have simulated x-ray examinations on mathematical phantoms and used Monte Carlo techniques to calculate organ dose coefficients [3-9]. During the last two decades, voxel models were introduced that are derived mostly from (whole body) medical image data of real persons. Among other laboratories, the GSF developed 10 voxel models of individuals of different stature and ages: 2 paediatric ones, 4 male and 4 female adult models [10-12]. It was shown that the schematic organ shapes of the purely mathematical phantoms presented an over-simplification, having an influence on the resulting dose coefficients, which – for some cases – deviate systematically from those calculated for voxel models [13, 14]. As a consequence of these findings, the International Commission on Radiological Protection (ICRP) decided to use voxel phantoms – being the current state of the art – for the update of organ dose conversion coefficients that will follow the forthcoming revision of the ICRP Recommendations. According to the ICRP philosophy, these voxel phantoms should be representative of the male and female reference adult with respect to their external dimensions and their organ masses. To meet these requirements, voxel adult reference models of a male and a female have been constructed at the GSF, based on the voxel models of two individuals [15, 16] whose body height and weight resembled the ICRP reference values [17]. 
Methods
To clearly distinguish the "reference" voxel models from the models from which they originate, new names were given to them: for the male phantom, the name chosen is “Rex” (Reference adult male voxel model), and to the female phantom, the corresponding female name – “Regina” – was given. As a basis for Rex, the male adult voxel model "Golem" [16] was used that was constructed from whole-body CT images of a 38-year old single individual patient who had a height of 176 cm and a whole body mass of slightly below 70 kg (reference adult male: 176 cm; 73 kg) and was, thus, an eligible candidate for this procedure. Regina was constructed on the basis of the voxel model "Laura" [15] who was segmented from a whole body CT scan of a 43-year old patient of 167 cm height and a weight of 59 kg (corresponding ICRP reference values: 163 cm and 60 kg). 

It was the intention to keep the modifications to the skeleton shape to a minimum so as to preserve the “frame” of the body. Therefore, adjustment of the skeleton mass to the reference value was done mainly by voxel scaling. Subsequently, individual adjustment of the single organs was performed. For this purpose, a software package called "VolumeChange" was designed [18]. It uses the programming language IDL ("Interactive Data Language") and represents each organ by its surface voxels. The volumes are then modified by shifting surface voxels – inward for decreasing, outward for increasing the respective volume. For the majority of the 140 individual organs and tissues, a very close approximation of the reference values could be achieved.
Results

A graphical representation of both reference adult voxel phantoms is shown in Fig. 1. It should be kept in mind that the voxel resolution of these voxel models is not fine enough to allow their direct use for studies of features of the imaging process or specific image quality properties of the resulting images. The application purpose of these phantoms is dosimetric. An example for dosimetric results is shown in Table 1. 

Table 1: Mean organ dose per entrance dose free-in-air (in mSv mGy-1) for a thorax a.p. examination of the reference adult voxel phantoms with various tube voltages, total filtration 2.5 mm Al and focus to image receptor distance 115 cm. 

	
	Rex
	Regina

	Tube voltage (kV)
	90 
	110 
	125 
	90 
	110 
	125 

	Breast (glandular tissue)
	1.096
	1.129
	1.194
	0.929
	0.975
	1.067

	Kidneys
	0.023
	0.029
	0.038
	0.030
	0.038
	0.048

	Liver
	0.186
	0.213
	0.257
	0.268
	0.299
	0.354

	Lungs
	0.423
	0.467
	0.547
	0.409
	0.452
	0.531

	Oesophagus
	0.212
	0.246
	0.304
	0.314
	0.359
	0.429

	Red bone marrow
	0.090
	0.102
	0.123
	0.116
	0.132
	0.158

	Skeleton
	0.120
	0.134
	0.158
	0.142
	0.155
	0.180

	Stomach
	0.196
	0.223
	0.267
	0.164
	0.186
	0.224

	Thymus
	0.697
	0.748
	0.849
	0.758
	0.819
	0.926

	Thyroid
	0.215
	0.239
	0.273
	0.647
	0.684
	0.740
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Figure 1: Frontal view of the voxel models representing the male (left) and female (right) ICRP reference adult person

Conclusions

While in the past mathematical phantoms of the human body having simplified shapes of the body and its internal organs have been used for all types of organ dose calculations, a variety of voxel models became available in recent years that are based on medical image data of real persons. It was shown by a series of studies performed by different research groups that the voxel models do not only have the advantage of a much more realistic anatomy – which is quite obvious – but that this difference has also a clear impact on the calculated organ doses. These findings have persuaded the ICRP to employ this new type of computational body models for the next update of dose coefficients for external and internal exposures to ionizing radiation that is planned following the forthcoming revision of the ICRP Recommendations. The models Rex and Regina described in this work present the effort undertaken at our working group upon request by ICRP's DOCAL Task Group to construct reference voxel models.

Being representative of an average population, these voxel phantoms are suitable to represent the average adult patient. First simulations have been performed for conventional radiography, for angiographic examinations of the coronary arteries, and for CT examinations. They result in consistent dose conversion coefficients allowing highly accurate numerical dosimetry for medical imaging.
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