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1.0 DETAILED DESCRIPTION

1.1 Overview of Experiment

The experiments primarily aimed to quantify the absorbed dose distributions in a phantom and to estimate the neutron dose equivalent received by proton therapy patients receiving treatments for uveal melanoma, a rare but life-threatening cancer of the eye.  The absorbed dose distributions from the primary therapy beam are routinely carried out in the course of planning a patient’s treatment.  The neutron dose equivalent exposure to proton therapy patients are not carried out routinely owing mainly to the difficultly and expense of carrying out such calculations.   

The measurements were carried out at the Harvard Cyclotron Laboratory (Cambridge, USA) and the Northeast Proton Therapy Facility (Boston, USA).  Absolute absorbed dose measurements were carried out with small air-filled parallel plate and thimble type ionization chambers, with calibrations that were based on a dosimetry protocol from the International Commission of Radiation Units and Measurements (ICRU) and that are traceable to the United States National Institute of Standards and Technology (NIST).  The relative beam fluence was monitored with a pair of thin air-filled ionization chambers.  Detailed descriptions of the absorbed dose measurements and their uncertainties were given by Newhauser et al (2002a, 2002b, 2005).  The ocular beamline was described in detail by Newhauser et al. (2002a, 2005) with refinements by Koch et al. (2006).   The neutron absorbed dose equivalent values were measured with BF-3 proportional counters surrounded by a moderating polyethylene sphere (Yan et al. 2002).  The dose equivalent meter was calibrated (Newhauser 2000) with an Am-Be isotopic source that was calibrated traceable to NIST.  Additional details of the measurement conditions for the neutron dose equivalent per therapeutic absorbed dose, or H/D, and the corresponding uncertainties were given by Yan et al. (2002).  

The scientific literature contains relatively few clinically relevant experiments that are suitable for validating computer codes such as the analytical broad beam dose prediction algorithms in most contemporary ocular treatment planning systems, pencil beam analytical algorithms, Monte Carlo codes, or other deterministic algorithms such as the discrete ordinate technique.  The QUADOS (2004) code intercomparison, which we participated in, revealed that the charged particle transport physics in various Monte Carlo codes provided in good agreement in the predicted absorbed dose distributions from a very simple ocular proton therapy benchmark problem.  However, the problem’s advantages due to its simplicity were at the cost of clinical relevance.

The aim of this work is to provide a clinically relevant benchmark problem, along with the corresponding benchmark experimental absorbed dose distributions and neutron dose equivalent values, for the purpose of testing the accuracy of various predictive models.

1.2 Experimental Configuration

The experimental apparatus comprises a proton therapy nozzle, a phantom, and a concrete shielding vault.  The main purpose of the nozzle is to modify the proton beam to conform the dose distribution in the patient to the tumor.  This is accomplished with a rotating range modulator wheel, a variable range shifter, a fixed degrader, and several collimating apertures.  The nozzle accepts a narrow beam of 159 MeV protons with a Gaussian lateral distribution and a Gaussian initial energy distribution.  Additional details about the initial proton source, the nozzle, and the phantom were given by Newhauser Newhauser et al. (2002a, 2005).  Table 1 lists the dimensions and materials of various nozzle components.

1.3 Description of Material Data

The materials in this problem includes Lucite (C5H8O2, ( = 1.19 g/cm3, GE Plastics Inc., Pittsfield, MA), Lexan (C16H14O3, ( = 1.20 g/cm3, GE Plastics Inc., Pittsfield, MA), brass (61.5% copper, 35.2% zinc, and 3.3% lead, ( = 8.49 g/cm3), natural aluminum (( = 2.7 g/cm3), and ordinary concrete (0.5532% H, 49.83% O, 1.7023% Na, 0.25532% Mg, 4.5532% Al, 31.57% Si, 0.12766% S, 0.19149% K, 8.25532% Ca, 1.234% Fe, ( = 2.35 g/cm3).  The elemental composition and density of the concrete were taken from the literature (ANSI/ANS 1985). 

2 EXPERIMENTAL DATA

2.1 Numerical Data and File Formats

The measured absorbed dose profiles are provided in columnar format in ASCII encoded files.  The central axis depth dose curves are contained in the files entitled ANS-RT-PROTON-01.cax-pdd-unmodulated (data from Figure 5 in Newhauser et al. 2005).  The crossfield profile is contained in the file entitled ANS-RT-PROTON-01.crossfield (data from Figure 8 in Newhauser et al. 2005).  

Scalar parameters are also available in electronic data files.  The crossfield widths of the unmodulated open beam are given in file ANS-RT-PROTON-01.open-field-values (data from Table 3 in Newhauser et al. 2005).  The crossfield properties for half-beam-block measurements are given in file ANS-RT-PROTON-01.hbb-values (from Table 4 in Newhauser et al. 2005).  

The neutron dose equivalent per absorbed dose values are given in the file entitled ANS-RT-PROTON-01.H-over-D-values (from Figure 6 in Yan et al. 2002).  

2.2 Experimental Uncertainties

The relative uncertainty in measured absolute dose is approximately 4% (one standard uncertainty) and is predominated by the mean energy required to create an ion pair, denoted by W (Newhauser et al. 2002a, 2002b).  The relative uncertainty in range measurements and in lateral dose distributions is estimated less than 1 mm (one standard uncertainty) based on data from Refs. (Newhauser et al. 2002a, 2002b, 2005, 2006).  

The uncertainties in H/D values are large and difficult to estimate.  They are predominated by uncertainties associated with the measurement of the neutron dose equivalent, H, not with the proton absorbed dose, D, which are negligible in comparison.

For example, Yan et al. reported typical experimental uncertainties of 40% (one standard uncertainty). Subsequent to the measurements, Polf and Newhauser (2005) and Polf et al. (2006) simulated the H/D measurements in the large-field treatment beamline.  A re-evaluation of the experimental uncertainties in light of information gained from the simulations revealed that the measurement uncertainties may be higher (approximately 60%) than originally estimated by Yan and coworkers.  Similarly, Fontenot and Newhauser (2006) reported on Monte Carlo simulations of the H/D experiments in Harvard radiosurgery beamline, revealing that the ratio of predicted to measured H/D values was 2.6 on average, with a worst case value of 4.3.  Preliminary unpublished simulations of the measurements of H/D in the Harvard ocular beamline revealed similar discrepancies to those reported by Polf and Newhauser (2005) and by Fontenot and Newhauser (2006).  These differences underscore the need for additional experimental values and for benchmarking predicted values.

Related benchmarks of predicted H/D values and their uncertainties may be found in reports on deep penetration shielding measurements and simulations by Titt et al. (2001), Newhauser et al. (2002c), and Titt and Newhauser (2006).

3 BENCHMARK PROBLEM DEFINITION

3.1 Description of the Model

The model is an ocular proton therapy treatment apparatus including a treatment nozzle, a phantom representing the patient, and a shielding bunker.

3.2 Dimensions

The dimensions of the nozzle, listed in Table 1, were taken from Newhauser et al. (2005).   For the absorbed dose distributions, the phantom dimensions are 4.4 cm wide (transverse direction w.r.t. the beam) by 4.5 cm deep (beam axial direction) by 4.4 cm high.  

For calculations involving neutrons, the influence of the shielding barriers should be taken into account.  The treatment room dimensions are 400 cm wide (transverse direction w.r.t. the beam) by 500 cm deep (beam axial direction) and 300 cm high.  The beamline is horizontal and is located 150 cm above the floor.  Each of the shield barriers is 100 cm thick.  A cylindrical Lucite beam stop was abutted to the nozzle exit and was 4.5 cm in length and 4 cm in diameter.

3.3 Material Data

The materials to be used in the benchmark problem are identical to those described Section 1.3, above.   

3.4 Environmental Data

The major environmental factors influencing the absorbed dose measurements were the ambient temperature and atmospheric pressure.  The temperature was controlled and variations in the pressure were monitored.  For absolute absorbed dose measurements, the differences in the ambient temperature and pressure relative to those during the dosimeter calibration should be taken into account.  For the neutron dose equivalent measurements, the proton absorbed dose determination depends slightly on the ambient temperature and pressure, as described above, and the response of the BF-3 proportional counter is known to have a slight positive temperature coefficient, necessitating precise temperature control during the calibration and measurement.  

4 RESULTS OF SAMPLE CALCULATIONS

A detailed comparison of measurements with Monte Carlo simulations from the MCNPX code revealed good agreement in the absorbed dose distributions (Newhauser et al. 2005, Koch et al. 2006).  

The simulated central axis depth dose curves are contained in the files entitled ANS-RT-PROTON-01.cax-pdd-unmodulated (data from Figure 5 in Newhauser et al. 2005).  The crossfield profile is contained in the file entitled ANS-RT-PROTON-01.crossfield (data from Figure 8 in Newhauser et al. 2005).  
Scalar parameters deduced from simulations are also available in electronic data files.  Properties of the unmodulated Bragg curve as a function of the initial energy distribution width are given in Table 2 and in file ANS-RT-PROTON-01.energy-spread (data from Table 3 in Newhauser et al. 2005).  The crossfield widths of the unmodulated open beam are given in Table 3 (file ANS-RT-PROTON-01.open-field-values, data from Table 3 in Newhauser et al. 2005).  The crossfield properties for half-beam-block measurements are given in Table 4 (file ANS-RT-PROTON-01.hbb-values, from Table 4 in Newhauser et al. 2005).  

Simulated values of the neutron dose equivalent per absorbed dose values are not available at this time.

5 COMPUTER CODE INPUTS

Computer input files are not available at this time.
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Table Captions

Table 1: Nozzle components, material, and dimensions. There are four aluminum transmission monitor chamber plates within the nozzle, and each has a thickness of 0.25 mm and a radius of 25.4 mm. The inter-electrode gap between plates is 9.5 mm. Each chamber has a separation of 15 mm. (From Newhauser et al. 2005).  

Table 2: Pristine Bragg curve characteristics as a function of the standard deviation of the Gaussian initial energy distribution, (E or (E/E. This table lists the peak dose per proton (DP/p), the peak-dose-to-entrance-dose ratio (DP/DE), the peak width (zD90-zP90), and the distance from the distal 80% to the distal 20% points (zD20-zD80).  (From Newhauser et al. 2005).

Table 3: Cross-field widths of an unmodulated proton beam with a range of 25 mm though a 24-mm-diameter final collimating aperture as predicted by a treatment planning system (TPS), measured with an ion chamber (IC) or film, and simulated with a Monte Carlo (MC) radiation transport technique. (From Newhauser et al. 2005)

Table 4: Cross-field profile widths of an unmodulated proton beam with ranges of 20, 25, 30, 35, and 40 mm though a semicircular half-beam block (HBB) with a radius of 13.1 mm, as predicted by a treatment planning system (TPS), measured with an ion chamber (IC) or film, and simulated with a Monte Carlo (MC) radiation transport technique.  (From Newhauser et al. 2005)

Table 1

	Component Description
	Material
	Length (mm)
	Outer Radius (mm)
	Inner Radius (mm)

	
	
	
	
	

	RM/RS tube
	brass
	254
	82.6
	76.2

	First collimator
	brass
	10
	76.2
	6.4

	Range shifter
	Lexan
	**
	62.5
	----

	Second collimator
	brass
	10
	57.2
	12.7

	Monitor chamber tube
	brass
	681
	57.2
	51.4

	Monitor chambers plates
	aluminum
	0.25
	25.4
	----

	Empty tube
	brass
	203
	44.3
	38.5

	Tapered snout
	brass
	161
	44.3
	%%

	Aperture
	brass
	9.5
	20
	12

	**    The length of the range shifter can be adjusted within MCNPX;

	behaving like a combined range and variable degrader.
	

	%% The inner and outer radius of the snout changes as the snout tapers into the final collimating aperture.

	        
	
	
	


Table 2

	E
(MeV)


	ΔE/E

(%)


	DP/p  

(Gy10-11)


	DP/DE


	zD90-zP90 (mm)


	zD20-zD80 (mm)



	
	
	
	
	
	

	
	
	
	
	
	

	0.00
	0.00
	1.87
	2.22
	2.8
	2.4

	0.25
	0.37
	1.85
	2.17
	2.9
	2.5

	0.50
	0.74
	1.81
	2.12
	3.0
	2.7

	0.75
	1.11
	1.75
	2.06
	3.3
	2.9

	1.00
	1.48
	1.70
	2.00
	3.5
	3.0

	1.25
	1.85
	1.66
	1.95
	3.6
	3.2

	1.50
	2.22
	1.62
	1.90
	3.8
	3.4

	1.75
	2.59
	1.57
	1.85
	4.0
	3.5

	2.00
	2.96
	1.53
	1.78
	4.3
	3.8

	2.25
	3.33
	1.50
	1.76
	4.5
	3.9


Table 3

	Range (mm)
	Source
	Open Field Width Characteristics (mm)
	Penumbra (mm)

	
	
	90%-90%
	80%-80%
	50%-50%
	20%-20%
	10%-10%
	80%-20%
	90%-10%

	25
	TPS
	23.3
	24.1
	25.5
	26.8
	27.7
	1.3
	2.2

	
	IC
	22.4
	23.3
	25.1
	26.9
	27.5
	1.8
	2.6

	
	MC
	23.4
	24.2
	25.6
	26.9
	27.7
	1.4
	2.2

	
	Film
	23.2 
	23.9 
	25.2 
	26.4 
	27.2 
	1.3 
	2.0 


Table 4

	Range (mm)
	Source
	Half-beam Block Field Width Characteristics (mm)
	Penumbra (mm)

	
	
	
	Field Edge
	Central Axis

	
	
	90%-90%
	80%-80%
	50%-50%
	20%-20%
	10%-10%
	80%-20%
	90%-10%
	80%-20%
	90%-10%

	
	TPS
	11.8
	12.6
	13.9
	15.3
	16.2
	1.7
	2.3
	1.0
	2.0

	20
	IC
	11.8
	12.6
	14.3
	15.9
	16.8
	1.7
	2.6
	1.6
	2.3

	
	MC
	11.5
	12.4
	13.9
	15.4
	16.2
	1.6
	2.4
	1.5
	2.3

	
	TPS
	11.8
	12.6
	13.9
	15.3
	16.2
	1.7
	2.3
	1.0
	2.0

	
	IC
	11.8
	12.7
	14.2
	15.7
	16.4
	1.6
	2.5
	1.4
	2.1

	25
	MC
	12.0
	12.7
	14.1
	15.5
	16.2
	1.5
	2.3
	1.4
	2.1

	
	Film (X)
	12.1
	12.8
	14.2
	15.5
	16.3
	1.4
	2.2
	1.3
	2.0

	
	Film (Y)
	11.7
	12.5
	14.0
	15.5
	16.4
	1.6
	2.6
	1.4
	2.2

	
	TPS
	11.8
	12.6
	13.9
	15.3
	16.2
	1.7
	2.3
	1.1
	2.0

	30
	IC
	11.9
	12.7
	14.1
	15.5
	16.1
	1.5
	2.2
	1.3
	2.0

	
	MC
	11.9
	12.6
	14.1
	15.4
	16.1
	1.4
	2.2
	1.3
	2.0

	
	TPS
	11.8
	12.6
	13.9
	15.3
	16.2
	1.7
	2.3
	1.0
	2.0

	35
	IC
	12.0
	12.8
	14.1
	15.4
	16.1
	1.4
	2.1
	1.2
	1.9

	
	MC
	11.8
	12.6
	14.0
	15.3
	15.9
	1.4
	2.2
	1.3
	1.9

	
	TPS
	11.8
	12.6
	13.9
	15.3
	16.2
	1.7
	2.3
	1.1
	2.0

	40
	IC
	12.1
	12.8
	14.2
	15.4
	16.1
	1.3
	2.1
	1.3
	1.9

	
	MC
	12.0
	12.7
	14.0
	15.2
	15.8
	1.3
	2.2
	1.2
	1.6


Figure Captions

Figure 1. Comparison of the Harvard ocular nozzle (top, from Newhauser et al. 2002) and the simplified nozzle as modeled in MCNPX (bottom). Both renderings indicate the range shifter tube (A), the monitor chamber tube (B), the empty tube (C), the tapered snout (D), a 24-mm aperture (E), the first collimator with an inner diameter of 12.7 mm (F), a fixed degrader (G), the second collimator with an inner diameter of 25.4 mm (H), and the transmission ionization chambers (J). The upper diagram also illustrates the modulator wheel (K), the variable range shifter (L), and an x-ray tube (M) for patient set-up (from Newhauser et al. 2005).

Figure 2.  Absorbed dose to water per monitor unit, Dw /moncorr , as a function of water depth, z, measured with a diode. The points represent measurements and the solid line, a spline-interpolation, is an eye guide. The reference dosimetry depth, 20 mm upstream of the depth at which the dose falls to 90% of its peak value, is representative of actual ocular treatment techniques (from Newhauser et al. 2002a).

Figure 3.  Comparison of central axis absorbed dose D as a function of water depth z where data are from a diode measurement at the Harvard Cyclotron Laboratory (HCL), an MCNPX-based simulation model, the EYEPLAN treatment planning system, and an ionization chamber measurement from the Northeast Proton Therapy Center (NPTC). The MCNPX simulation is with a Gaussian initial proton beam energy distribution (mean energy of 159 MeV, ΔE/E  = 2.22%).  The HCL, EYEPLAN, and NPTC curves were offset in z by 4.6 mm, 0.2 mm, and –0.13 mm, respectively, to force the distal 90% point to a 25-mm water depth (from Newhauser et al. 2005).  

Figure 4. (Upper) Monte Carlo (MC) simulations and measurements of proton absorbed dose as a function of cross-field location x.  The open-field dose profiles are at a phantom depth of 17.5 mm where the beam penetration range in the phantom is 25 mm.  Good agreement between all modalities was observed in the penumbral regions. (Lower) Ratio of cross-field dose profile where the profiles are from the treatment planning system (TPS) predictions, film measurements, Monte Carlo (MC) simulations, and ionization chamber (IC) measurements plotted in the upper graph (from Newhauser et al. 2005).

Figure 5.  Neutron dose equivalent per proton absorbed dose, H=D; vs. vertical distance z to isocenter, measured in the ocular beamline (from Yan et al. 2002).
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Figure 4.
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Figure 5
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