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When measuring the internally deposited activity in the bone of a subject, the placement of the detector is critical. This study reports the simulated counting efficiencies for three counting geometries, the skull, knee, and shin, using thirteen different voxel phantoms. It shows that the range of counting efficiencies for a given geometry is large for the studied phantoms, especially at low energies. Skull counting offers higher efficiency for low energies such as the 17 keV compared to knee counting or shin counting, but this advantage disappears when the energy is higher such as at 185 keV. This work also shows that the calibration phantom may greatly impact the accuracy of the activity estimate in bone counting, with uncertainties increasing greatly as the photon energy is reduced. Estimating the activity of a radionuclide in bone from direct counting has large uncertainties, and the dose calculated from a skeleton measurement would need careful analysis and, if possible, supporting data from other bioassay measurements.
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Introduction
The Human Monitoring Laboratory (HML) at Health Canada has investigated a variety of parameters that can affect the counting efficiency of an in vivo counting system (1-5) that measures internally deposited radionuclides. For bone counting, parameters like bone size, bone shape, bone density, activity distribution (6), the variability of tissue thickness over the bone, and phantom construction can have a dramatic effect on counting efficiency which consequently affects the dose estimation (7-8).
When measuring internally deposited activity in the bone of a subject, the placement of the detector is critical. The bone mass or the thickness of the overlaying tissue of the selected counting location can lead to large uncertainties in dose estimation which could have direct health effects to the individual being counted. Currently, the HML uses its lung counting system to measure radionuclide deposition in bone using the knee geometry, where one high-purity germanium detector (HPGe) is placed over one of the subject’s knees (at the patella) to maximize bone content being counted. This site is a preferred counting geometry because it offers high bone mass with thin overlaying tissue and a convenient counting geometry. 
This study reports the simulated counting efficiencies for three different counting geometries (skull, knee, shin) using thirteen different voxel phantoms, all with different body shapes and sizes. It discusses the impact of counting geometry and the physiology of the phantom on the counting efficiency and the subsequent activity estimate.

METHODS AND MATERIALS
*Corresponding author: li.chunsheng@hc-sc.gc.ca
The simulation software:  Monte Carlo Simulations were performed with the Monte Carlo N-Particle Transport Code System X version 2.7E (9), known as MCNPX.  It is a general purpose program that can be used for neutron, photon, electron, or coupled neutron/photon/electron transport, although this work only makes use of the photon transport capabilities. It has been used for many applications, such as detection technology, shielding design, medical physics, radiation protection, nuclear safeguards, and oil well logging.

The detector: The detector (ORTEC®) was modeled after one of the HML’s lung counting detectors (10). The detector is a P-type germanium crystal that is 85 mm in diameter and 30 mm in thickness; there is an inactive layer of germanium 700 µm thick on the surface. The entrance window is 0.76 mm carbon fibre and is 5 mm from the germanium crystal. 

The phantoms and simulated counting geometries: The voxel phantoms used in this work were developed both at HML and other research institutes around the world (11-17). They are summarized in Table 1, which also shows the percentage of bone by weight in each phantom. Three counting geometries were simulated: for skull counting, the detector was placed above the frontal bone of the phantom; for knee counting, the detector was placed over the knee about 2.5 cm below the patella and above the tibia; and for shin counting, the detector was placed above the mid-point of the tibia. For all three positions, the detector was placed almost in contact with the body surface. 

The simulated energies: The photons were simulated as originating from the entire skeleton with a probability of photon generation being proportional to volume of individual bones thereby simulating a homogenous distribution of a radionuclide in the bone volume. The following energies were simulated individually: 17, 60, and 185 keV; these energies were chosen to provide information for 239Pu, 241Am, and natural uranium. As photons are emitted from the bone, they are attenuated to different amounts (based on their energy) by the tissues present: muscle, adipose, cartilage, and bone. The number of photons generated varied from five-hundred million to one billion depending on the emission energy. The photons that deposited their full energy in the germanium crystal in the detector were tallied using MCNPX (tally type F8) so that detector efficiency was obtained. The relative uncertainty for the efficiency varied from 0.001 to 0.044 for all simulations. 
RESULTS AND DISCUSSIONS
Variation in counting efficiencies among phantoms: Tables 2 - 4 present the simulated counting efficiencies for the three geometries, skull, knee, and shin, as a function of photon energy, obtained by MCNPX for the HML detector. For simulations made on the skull, the ratio of maximum counting efficiency to minimum counting efficiency is 35, 11, and 8.2 for 17, 60, and 185 keV, respectively. For simulations made on the knee, the ratio of maximum counting efficiency to minimum counting efficiency is 11, 2.8, and 2.5 for 17, 60, and 185 keV, respectively. For simulations made on the shin, the ratio of maximum counting efficiency to minimum counting efficiency is 11, 4.2, and 3.2 for 17, 60, and 185 keV, respectively. The reasons for the above observations are several: different phantoms have different bone masses in a given location, the distribution of radionuclides in bone masses and the self-attenuation of photons in the bone masses are different from one phantom to another, and the amount of overlaying tissue also varies at a given location among the phantoms.

Variation in counting efficiencies among counting geometries: Tables 2 - 4 also show the variability of counting efficiencies among the three counting geometries: skull, knee, and shin. For 17 keV, except for one phantom, skull counting offered much better efficiency than knee counting or shin counting, by up to a factor of 5. For 60 keV, skull counting made on half of the phantoms offered better efficiency than knee counting or shin counting. For 185 keV, skull counting showed no advantage over knee counting or shin counting. 

Comparison with ICRP M phantom: Assuming that the ICRP M voxel phantom is the correct phantom, Tables 5 - 7 show the bias in counting efficiency (the difference between the counting efficiency obtained for a specific phantom and that obtained for the ICRP M phantom) as the phantom is changed for measurements made on the skull, knee and shin.  Table 8 shows the bias values if the measurements had been made on the skull, knee and shin and then averaged.  

If the calibration phantom is equivalent to the ICRP M phantom, then all other measurements based on a skull counting will be underestimated or overestimated if the subject is in fact equivalent to the other voxel phantoms used in this work (Table 5). The worst cases are that the activity would be either underestimated or overestimated by a factor of 16.7 or 2.0 at 17 keV, 3.7 or 3.0 at 60 keV, and 2.9 or 2.8 at 185 keV, respectively.

For knee counting, if the calibration phantom is equivalent to the ICRP M phantom, then all other measurements will be underestimated or overestimated if the subject is in fact equivalent to the other voxel phantoms used in this work (Table 6).  The worst case is that the activity would be underestimated by a factor of 11.1 at 17 keV. At 60 keV, the situation is almost the reverse with the activity being over-estimated (except in one case) by as much as a factor of 2.1. At 185 keV, the situation is almost the same as at 60 keV with the overestimate by a factor of 2.3.

For shin counting, if the calibration phantom is equivalent to the ICRP M phantom, then all other measurements will be underestimated if the subject is in fact equivalent to the other voxel phantoms used in this work (Table 7), with the worst cases for 17 keV, 60 keV, and 185 keV giving an underestimate in the activity by a factor of 11.1, 4.2, and 3.2, respectively.
Table 8 shows that if the calibration phantom is equivalent to the ICRP M phantom, at 17 keV all but one measurement will underestimate the activity by as much as a factor of 9.1. At 60 keV, the activities will be either underestimated or overestimated by a factor of 2.6 or 1.6, respectively. At 185 keV the activities will be either underestimated or overestimated by a factor of 2.0 or 1.6, respectively. Apparently, the activity estimate is improved when averaged measurement data are used.
SUMMARY

This analysis is based on the assumption that the activity distribution in the phantom is both homogeneous and volumetric rather than deposited on the surface. Both assumptions are not necessarily true and if the activity is heterogeneously deposited in the bone, due to differential uptake to cortical and trabecular bone or varied distribution in bone surface and bone volume, the uncertainty factors given above may increase substantially. Nevertheless, this study indicates that estimating activity in the bone can be subject to significant uncertainty and dose calculated from a skeleton measurement would need inputs from other bioassay data to support those estimates, if possible. This work also shows that the calibration phantom may greatly impact the accuracy of the estimated activity, with uncertainties increasing greatly as the photon energy is reduced.  For example, at 17 keV, the activity estimate may be as much as 17 times lower than what is actually in the skeleton. This work also shows that multiple site bone counting (e.g. skull, knee and shin) helps to reduce the uncertainty in the activity estimate, as suggested by data in Table 8, if the assumed “homogeneous” distribution holds. 
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Table 1. Characteristics of the voxel phantoms
	Phantom
	Sex
	Age
	Height (cm)
	Weight (kg)
	% Bone
	Source
	Ref

	Donna
	F
	40
	179.0
	81.7
	12.1
	GSF
	15

	Golem
	M
	38
	176.0
	73.4
	18.9
	GSF
	

	Irene
	F
	32
	174.0
	55.3
	18.9
	GSF
	

	Laura
	F
	30
	173.0
	64.6
	17.9
	GSF
	

	VIP-Man
	M
	39
	187.6
	103.2
	10.9
	RPI
	16

	Norman
	M
	30
	174.4
	65.1
	14.0
	NRPB
	13

	Naomi
	F
	30
	163.0
	65.7
	12.4
	NRPB
	11

	ICRP F
	F
	30
	168.4
	60.0
	12.5
	ICRP-HML
	12

	ICRP M
	M
	30
	177.6
	73.0
	14.3
	ICRP-HML
	

	Zubal
	M
	30
	177.5
	81.2
	12.3
	ZUBAL
	17

	NIRAS-Adam
	M
	25
	186.3
	91.4
	17.8
	HML
	14

	NIRAS-Eve
	F
	25
	184.4
	78.6
	21.2
	HML
	

	NIRAS-GKC
	M
	60
	170.5
	77.6
	15.9
	HML
	


Table 2. Counting efficiencies (counts per photon) for 17, 60, and 185 keV photons for a skull count of each voxel phantom (the relative counting uncertainties are less than 4.4%)
	Phantom
	17 keV
	60 keV
	185 keV

	Donna
	8.30 x 10-6
	2.28 x 10-3
	2.46 x 10-3



	Golem
	2.59 x 10-6
	1.19 x 10-3
	1.42 x 10-3

	Irene
	7.03 x 10-6
	2.19 x 10-3
	2.35 x 10-3

	Laura
	3.49 x 10-6
	1.56 x 10-3
	1.86 x 10-3

	VIP-Man
	3.42 x 10-6
	1.16 x 10-3
	1.28 x 10-3

	Norman
	6.60 x 10-6
	9.79 x 10-4
	1.03 x 10-3

	Naomi
	5.31 x 10-6
	1.64 x 10-3
	1.92 x 10-3

	ICRP F
	1.07 x 10-5
	3.73 x 10-3
	3.85 x 10-3

	ICRP M
	5.36 x 10-6
	1.26 x 10-3
	1.38 x 10-3

	Zubal
	2.77 x 10-6
	9.43 x 10-4
	1.03 x 10-3

	NIRAS-Adam
	3.09 x 10-7
	3.33 x 10-4
	4.72 x 10-4

	NIRAS-Eve
	8.07 x 10-7
	4.76 x 10-4
	6.46 x 10-4

	NIRAS-GKC
	5.32 x 10-6
	1.49 x 10-3
	1.70 x 10-3

	Max/Min
	35
	11
	8.2


Table 3. Counting efficiencies (counts per photon) for 17, 60, and 185 keV photons for a knee count of each voxel phantom (the relative counting uncertainties are less than 4.4%)
	Phantom
	17 keV
	60 keV
	185 keV

	Donna
	1.58 x 10-6
	1.12 x 10-3
	1.34 x 10-3

	Golem
	1.06 x 10-6
	1.02 x 10-3
	1.51 x 10-3

	Irene
	2.63 x 10-6
	1.17 x 10-3
	1.41 x 10-3

	Laura
	1.31 x 10-6
	1.07 x 10-3
	1.47 x 10-3

	VIP-Man
	2.02 x 10-6
	1.44 x 10-3
	1.88 x 10-3

	Norman
	3.09 x 10-6
	1.16 x 10-3
	1.38 x 10-3

	Naomi
	2.55 x 10-6
	1.80 x 10-3
	2.37 x 10-3

	ICRP F
	2.19 x 10-6
	1.48 x 10-3
	1.73 x 10-3

	ICRP M
	3.35 x 10-6
	8.46 x 10-4
	1.05 x 10-3

	Zubal
	2.49 x 10-6
	1.59 x 10-3
	1.98 x 10-3

	NIRAS-Adam
	5.31 x 10-7
	8.66 x 10-4
	1.28 x 10-3

	NIRAS-Eve
	2.94 x 10-7
	6.34 x 10-4
	9.56 x 10-4

	NIRAS-GKC
	1.20 x 10-6
	8.73 x 10-4
	1.06 x 10-3

	Max/Min
	11
	2.8
	2.5


Table 4. Counting efficiencies (counts per photon) for 17, 60, and 185 keV photons for a shin count of each voxel phantom (the relative counting uncertainties are less than 4.4%)
	Phantom
	17 keV
	60 keV
	185 keV

	Donna
	1.53 x 10-6
	9.42 x 10-4
	1.13 x 10-3

	Golem
	1.25 x 10-6
	7.43 x 10-4
	1.03 x 10-3

	Irene
	2.92 x 10-6
	1.08 x 10-3
	1.25 x 10-3

	Laura
	1.34 x 10-6
	7.69 x 10-4
	1.04 x 10-3

	VIP-Man
	2.05 x 10-6
	1.09 x 10-3
	1.35 x 10-3

	Norman
	3.09 x 10-6
	1.17 x 10-3
	1.39 x 10-3

	Naomi
	1.76 x 10-6
	8.51 x 10-4
	1.16 x 10-3

	ICRP F
	2.12 x 10-6
	1.64 x 10-3
	1.94 x 10-3

	ICRP M
	4.44 x 10-6
	2.17 x 10-3
	2.32 x 10-3

	Zubal
	1.64 x 10-6
	6.89 x 10-4
	8.58 x 10-4

	NIRAS-Adam
	6.34 x 10-7
	5.77 x 10-4
	7.81 x 10-4

	NIRAS-Eve
	3.97 x 10-7
	5.18 x 10-4
	7.14 x 10-4

	NIRAS-GKC
	3.04 x 10-6
	9.62 x 10-4
	1.07 x 10-3

	Max/Min
	11
	4.2
	3.2


Table 5. Measurement bias for measurements made on the skull assuming that ICRP M phantom is correct (the max bias for each energy is highlighted in bold)
	Phantom
	17 keV
	60 keV
	185 keV

	Donna
	55%
	81%
	79%

	Golem
	-52%
	-5%
	3%

	Irene
	31%
	74%
	71%

	Laura
	-35%
	24%
	35%

	VIP-Man
	-36%
	-7%
	-7%

	Norman
	23%
	-22%
	-25%

	Naomi
	-1%
	30%
	39%

	ICRP F
	99%
	197%
	180%

	ICRP M
	0%
	0%
	0%

	Zubal
	-48%
	-25%
	-25%

	NIRAS-Adam
	-94%
	-73%
	-66%

	NIRAS-Eve
	-85%
	-62%
	-53%

	NIRAS-GKC
	-1%
	19%
	24%


Table 6. Measurement bias for measurements made on the knee assuming that ICRP M phantom is correct (the max bias for each energy is highlighted in bold)
	Phantom
	17 keV
	60 keV
	185 keV

	Donna
	-53%
	32%
	28%

	Golem
	-68%
	20%
	44%

	Irene
	-22%
	38%
	34%

	Laura
	-61%
	26%
	41%

	VIP-Man
	-40%
	71%
	80%

	Norman
	-8%
	37%
	32%

	Naomi
	-24%
	113%
	127%

	ICRP F
	-35%
	75%
	65%

	ICRP M
	0%
	0%
	0%

	Zubal
	-26%
	88%
	90%

	NIRAS-Adam
	-84%
	2%
	22%

	NIRAS-Eve
	-91%
	-25%
	-9%

	NIRAS-GKC
	-64%
	3%
	1%


Table 7. Measurement bias for measurements made on the shin assuming that ICRP M phantom is correct (the max bias for each energy is highlighted in bold)
	Phantom
	17 keV
	60 keV
	185 keV

	Donna
	-66%
	-57%
	-51%

	Golem
	-72%
	-66%
	-56%

	Irene
	-34%
	-50%
	-46%

	Laura
	-70%
	-65%
	-55%

	VIP-Man
	-54%
	-50%
	-42%

	Norman
	-31%
	-46%
	-40%

	Naomi
	-60%
	-61%
	-50%

	ICRP F
	-52%
	-24%
	-16%

	ICRP M
	0%
	0%
	0%

	Zubal
	-63%
	-68%
	-63%

	NIRAS-Adam
	-86%
	-73%
	-66%

	NIRAS-Eve
	-91%
	-76%
	-69%

	NIRAS-GKC
	-32%
	-56%
	-54%


Table 8. Average measurement bias for the bone measurements assuming that ICRP M phantom is correct
	Phantom
	17 keV
	60 keV
	185 keV

	Donna
	-13%
	2%
	4%

	Golem
	-63%
	-31%
	-17%

	Irene
	-4%
	4%
	6%

	Laura
	-53%
	-21%
	-8%

	VIP-Man
	-43%
	-13%
	-5%

	Norman
	-3%
	-23%
	-20%

	Naomi
	-27%
	0%
	15%

	ICRP F
	14%
	60%
	59%

	ICRP M
	0%
	0%
	0%

	Zubal
	-48%
	-24%
	-18%

	NIRAS-Adam
	-89%
	-58%
	-47%

	NIRAS-Eve
	-89%
	-62%
	-51%

	NIRAS-GKC
	-27%
	-22%
	-19%
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