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compared. In this respect, advisory bodies have publishedproton dosimetry protocols for determining proton beamoutput, or absorbed dose per monitor unit (D/MU) values,in water under reference conditions (such as the AmericanAssociation of Physicists in Medicine18, European ClinicalHeavy Particle Dosimetry Group (ECHED)19,20,International Commission on Radiation Units andMeasurements1, and the International Atomic EnergyAgency21. Still, in contrast to photon and electron therapy,to date, a protocol to harmonize methods for estimatingabsorbed dose from proton therapy in a patient is lacking.Nonetheless, progress is being made toward a morecomplete understanding of the determination of absorbeddose in a patient receiving proton therapy.22-31 Specifically,progress includes the creation of a geometrical frameworkand an initial estimate of 1.0 for a water-to-patientabsorbed dose conversion factor22 as well as validation ofMonte Carlo (MC)-simulated D/MU data within 1 to 1.5%of measured data25,27, 29, 31. In addition, studies by Fontenot
et al.26, Akagi et al.24, and Titt et al.28 indicate thatabsorption and scatter of the treatment beam in field-specific collimation devices, range compensators (RC), andpatient anatomy have the potential to increase uncertaintyin estimates of absorbed dose per monitor unit in thepatient, (D/MU)p, by 1% or more. In this respect, Akagi et
al.24 demonstrated that the combined effects of scatter inthe RC, scatter in the patient, and scatter from the patient-specific collimator could yield (D/MU)p values 2% to 3%higher or lower than those measured in a phantom. Theseresults were confounded by field-size effects, which weresubsequently addressed by Titt et al.28 Finally, Fontenot et
al.26 addressed uncertainty in D/MU measurements underpatient-specific fields associated with the presence of therange compensator and they recommended measurementwithout the range compensator. Together, these worksunderscore the need for standard methods of determining(D/MU)p values, the potential complexities of doing so, andthe need to better understand the total uncertainty in(D/MU)p.The objective of this study was to estimate totaluncertainty in (D/MU)p, values for patients who receiveproton therapy for prostate cancer. In particular, we usedtreatment planning system (TPS) calculations,measurements, MC simulations, and a comparison to thehistorical value of 1.0 to quantify the least understoodfactor in the water-to-patient absorbed dose conversionfactor, FCSPS, the multiplicative factor that takes intoaccount scatter from the RC and internal patient scatter,and its uncertainty.
2. Materials and Methods
2.1 D/MU formalismThe formalism for calculating the beam output, or D/MUvalue, for proton therapy was based in part on previouslyreported methods.30,32 Our formalism includes D/MU

estimates under reference conditions, field-specifictreatment conditions, and D/MU estimates in the patient(Figure 1).

Figure 1: Schematic diagram for the measurement
formalism in the reference (a), treatment-field-specific (b),
and patient (c) conditions. The parameters describing these
conditions are the beam range, R; modulation, M; depth to
calibration point, d; field size, FS; and source-to-calibration
point distance, SCD, which is isocenter for the fields in this
project. In (c) ‘RC’ specifies the field-specific range
compensator.We first defined D/MU in a water phantom underreference conditions, shown in Figure 1a and denoted by
 ref

w/ MUD ≡	 1	 cGy	 MU-1. The reference conditioncomprises a collimated 10 cm × 10 cm field with a range of28.5 cm (250 MeV proton beam), a 10-cm spread-outBragg peak (SOBP), and a center of modulation at 23.5-cmdepth in water that was located at isocenter. This rangecorresponds to the most penetrating beam available fromthe treatment unit at our institution with a medium fieldsize. Note that a water equivalent phantom, e.g., a solidplastic phantom, may also be used. For simplicity andbrevity, we shall consider these as being interchangeable.We next defined D/MU value in a water phantom as before,except the proton beam parameters were taken from atreatment field (Figure 1b), as
refw,
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where Fw,ref is a conversion factor that takes into accountdifferences between the D/MU values at the referencecondition and the treatment-field-specific condition inwater. Fw,ref is defined as
ColSFSInvSqSOBPRSOFrefw, FFFFFFFF

i
i  (2)where Fi are as follows. FOF corrects for changes in beamoutput which result from differences in the proton beamenergy spectrum relative to the reference condition; thesechanges are due to differences in the properties of thebeam that is injected into the treatment head and due toscatter and absorption in the range modulator wheel. FRScorrects for changes in beam output due to the rangeshifter. FSOBP corrects for changes in the beam output dueto differences in the SOBP relative to the reference field.

FInvSq corrects for changes in beam output which resultfrom differences in beam divergence relative to thereference condition; changes in beam divergence occurwhen there are changes in the distance from the effectivesource to the field specific point of measurement, orcalibration point. (The calibration point for the referencecondition was located at isocenter; the distance from theeffective source to isocenter for our passively scatteredbeamlines was 270 cm.) FFS corrects beam output fordifferences in proton fluence due to changes in theuncollimated field size (i.e., the amount of lateral beamspreading), and FColS corrects beam output for differencesin scatter from the reference aperture (10 cm x 10 cm) tothe patient-specific aperture.28We defined the (D/MU) value in the patient (Figure 1c)according to
wp,
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where, Fp,w is a conversion factor that accounts fordifferences in the D/MU values between the field-specificcalibration condition in water and the patient-specifictreatment condition in tissue, or
CSPSMSwp, FFF  (4)

FMS corrects for effect of differences in the proton massstopping power in tissue relative to that in water. It can bedetermined using MC simulations or analyticalcalculations.33, 34 The compensator scatter and patientscatter factor, FCSPS, takes into account differences in thebeam output due to differences in the scattering andattenuation within the patient and RC together relative tothat of a water box phantom and no RC.
FCSPS was the focus of our study and we considered twomethods for estimating it. In the first method, which weshall refer to as the treatment planning system method(TPS method), we define
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where MUD p
RC

is the absorbed dose per MU in the patientat the calibration point (described below) with the patient-specific RC present in the field, and MUD w
no_RC

is theabsorbed dose per MU in water (or water equivalentmaterial) at the calibration point without the RC in thefield.In the second method, named the treatment planningsystem and measurement method (TPS+M method), weapproximated* FCSPS as
PSCSCSPS FFF  (6)where, FCS corrects beam output for compensator scatterand is given by
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and FPS corrects beam output for internal patient scatterand is given by
MUD

MUD
F w

RC

p
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PS 
(8)

MUDw
RC in equation (7) is the absorbed dose per MU inwater (or water equivalent material) at the calibrationpoint with the RC in the field,  and the other terms inequations (7) and (8) are as defined for equation (5).  Thecalibration point is the location where the relativeabsorbed dose (in MU) is calibrated to the prescribedabsolute absorbed dose (in Gy). It typically corresponds toa region in the patient or phantom that will receiveuniform dose and is close to the center of the SOBP.Because the prostate treatment plans used in this workwere isocentric, all treatment fields within a plan sharedthe same calibration point, i.e., isocenter (IEC 1989). Assuch, the calibration point for each individual treatmentfield occupied the same point in space, whether in water orin the patient.

2.2 Uncertainty budgetWe used an uncertainty budget for (D/MU)p as an a prioriguide in studying the numerical impact of uncertainty invarious factors on uncertainty in (D/MU)p. Specifically, weprepared a lookup table (see Table 1) to determine whichintervals of uncertainty in (D/MU)w, FColS, and FCSPS,respectively, would cause ≤ 5% uncertainty in (D/MU)p. Init, we considered three methods for determining (D/MU)p.The main difference between methods was the way inwhich (D/MU)w was determined, i.e., through use of a TPS,measurements, or MC simulations.
* The relation is approximate because of subtle inter–relationsbetween FPS and FCS , which makes it difficult to determine either oneindependently of the other.
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Table 1: Uncertainty budget, providing permutations of uncertainty (as a percentage) for factors in equations (9) to (11).
The symbol ‘μ’ is used to indicate uncertainty associated with the variables in the table. Permutations are shown relative to a
general outcome of 5% uncertainty for the patient-specific D/MU calculation for the cases in which (D/MU)w was estimated
using TPS, measurements, and MC simulations. μ(D/MU)w was restricted to values between 2.5% and 4.5%, and where
applicable, μFColS was set to 1.0%, as was μFMS.

Method of(D/MU)westimation
Contributing uncertainties CombineduncertaintyField-specificcollimator catter,

μFColS μ(D/MU)w Compensator &patient scatter,
μFCSPS

Mass stoppingpower, μFMS μ(D/MU)p

TPS, i.e.,
 TPS

w/ MUD

1.0% 2.5% 3.5% 1.0% 4.5%1.0% 2.5% 4.0% 1.0% 4.9%1.0% 3.5% 3.0% 1.0% 4.8%1.0% 3.5% 3.5% 1.0% 5.1%1.0% 4.0% 2.0% 1.0% 4.7%1.0% 4.0% 2.5% 1.0% 4.9%1.0% 4.5% 1.5% 1.0% 4.9%
Measured, i.e., n/a 2.5% 4.0% 1.0% 4.8%n/a 2.5% 4.5% 1.0% 5.2%n/a 3.5% 3.0% 1.0% 4.7%n/a 3.5% 3.5% 1.0% 5.0%n/a 4.0% 2.5% 1.0% 4.8%n/a 4.0% 3.0% 1.0% 5.1%n/a 4.5% 2.0% 1.0% 5.0%
Simulated withMC, i.e.,
 MC

w/ MUD

n/a 2.5% 4.0% n/a 4.7%n/a 2.5% 4.5% n/a 5.1%n/a 3.5% 3.0% n/a 4.6%n/a 3.5% 3.5% n/a 4.9%n/a 4.0% 2.5% n/a 4.7%n/a 4.0% 3.0% n/a 5.0%n/a 4.5% 2.0% n/a 4.9%
When using a TPS to predict (D/MU)w, we have

ColSCSPSMS
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where,  TPS
w/ MUD was estimated by the pencil beamalgorithm (PBA) algorithm35 in TPS, FColS is defined inequation (2), and FMS, FCSPS are defined according toequation (4).  TPS

w/ MUD and FMS were obtained frominterpolation of measured values, and FCSPS was obtainedusing a TPS (Eclipse, Varian Medical Systems, Palo Alto,CA).  However, because the TPS did not calculate thecontribution of lateral scatter from the edges of the field-specific collimator28, we included FColS (as a modifier of(D/MU)w) in the estimation of (D/MU)p.When using measurements of (D/MU)w (with the patient-specific collimator in place), we have
CSPSMS
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where, FColS does not appear because it is implicitly takeninto account in  meas
w/ MUD .Finally, when (D/MU)w was estimated using MCsimulations, we have

CSPS

MC

wp
F

MU
D

MU
D














 (11)where,  MC

w/ MUD inherently includes consideration ofeach material in the proton beam path (and its massstopping power) as well as lateral scatter from the field-specific collimator. Thus, FCSPS is the only correction factorin the equation, provided  MC
w/ MUD is determined in awater box phantom.We used standard methods for error propagation toestimate the relative uncertainty in (D/MU)p as,
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(12)
where, μ was the symbol used to represent uncertainty.Each quantity in equations (9) through (11) has anassociated uncertainty, and several of those uncertaintieswere variable or unknown. Thus, the estimation of relativeuncertainty in (D/MU)p (Table 1) was based on acombination of three methods, including standardpropagation of errors36,  use of uncertainty values from theliterature, and sensitivity testing to quantify the impact ofcontributing uncertainties that were not available from theliterature or that were not determined in this work. Theuncertainty factors μ(D/MU)w, μFCS, μFCSPS, and μFMS were

 meas
w/ MUD
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found to be uncorrelated, and intervals of each factor werefound that satisfied the 5% uncertainty criterion of(D/MU)p. Values of μ(D/MU)w were restricted to theinterval from 2.5% to 4.5%, μFColS was set to 1.0%, as was
μFMS, and μFCSPS were restricted from 1.5% to 4.5%. In otherwords, the results of the a priori estimates of relativeuncertainty in (D/MU)p (Table 1) were used to estimateplausible values of the uncertainty in (D/MU)p whenvarious values of μ(D/MU)w, μFColS, μFCSPS, and μFMS weretaken into account.
2.3 Parameter values used to populate the
uncertainty budgetTable 2 lists the parameter values used in equation (12) topopulate Table 1, their associated uncertainties, and thecorresponding literature sources. We used a value of 1.02for (D/MU)w because it is typical for a prostate patienttreated at our institution. However, values of (D/MU)wpotentially depend on how ref

w)/( MUD is defined byindividual facilities and the protocols they follow.1,21,37

Therefore, an interval of (D/MU)w values was provided.This interval takes into account reported differencesbetween the ICRU and IAEA protocols.38,39,40 Consequently,the interval of values used to estimate the relativeuncertainty in (D/MU)w was ±2.5% to ±4.5%.The value used for FColS, 1.02, reflects the importance of thecollimator in proton beam dosimetry.28 The uncertaintyfor FColS, μFColS, was estimated using an interval of ±1%,which accounted for deviations in the treatment field froma 10 cm x 10 cm collimated field size, variation in beamenergies from 160 MeV to 250 MeV, and variation in thelocation of the calibration point relative to the center ofthe SOBP.The value used for FMS, 1.0, is an estimate of the dosimetriceffect that a medium other than water causes due todifferences in the proton mass stopping powers. Theuncertainty in FMS, μFMS, was estimated at 1% using massstopping power ratios41 of water to muscle.
Table 2: Estimated parameter values and their relative uncertainties for (D/MU)p. The constituent terms of equation (9) are
listed with their respective values, uncertainties, and the references used to determine them. Information from Table 2 was
applied to equation (12), and those results were used to populate Table 1.Parameter Estimatedvalue(interval) Relativeuncertainty References Comments

(D/MU)w 1.02*(0.97 – 1.007) ±2.5% - ±4.5% IAEA21,ICRU37,Newhauser et al.39

IAEA21 and ICRU37 reported 2.0% - 2.6%uncertainty in absorbed dose measurements underreference conditions, and Newhauser et al.39reported 4.4%.
FColS 1.02(1.01 – 1.03) ±1% Titt et al.28,Sahoo et al.30,Akagi et al.24

Titt et al.28 reported a 2% effect for generaldosimetric accuracy and a 2.5% - 3% effect for thecollimator size, energy, and SOBP used in thisstudy, so uncertainty of ±1% was used to accountfor this.
FMS 1.00(1.00 – 1.02) ±1% Siebers et al.33,Paganetti34

Siebers et al.33 reported a water-to-ICRU tissuemass stopping power factor of 1.01, which differedfrom water-to-cortical bone or -lung by approx.10% or 2%, respectively.
FCS 1.034(1.034 – 1.036) ±0.20% Akagi et al.24

Parameter values and uncertainties were measuredin phantom, then manually corrected for collimatorscatter.

FCSPS

1.059(1.021 – 1.097) ±3.6% Akagi et al.24 Parameter values and uncertainties were measuredin phantom, then manually corrected for collimatorscatter.
1.00 ≈±4% Sahoo et al.30

Sahoo et al.30 reported 1.00±0.04 for CSPSF , where1.00 is the average FCSPS over 5 unspecifiedtreatment locations and 0.04 is the standarddeviation of the mean. The ratio of the mean to thestandard deviation of the mean was used here toapproximate relative uncertainty.1.03 Unknown Akagi et al.24,Sahoo et al.30

An average of FCSPS values from the previous rows,
i.e., values estimated from data reported by Akagi et
al.24 and Sahoo et al.30.
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The values for FCS and FCSPS were determined using datafrom the only publications which directly addressedpatient and compensator scatter.24, 30 Akagi et al.24 used awater phantom to determine values for FCS and FCSPS, andSahoo et al.30 used a commercial TPS and its verificationplan feature to report a mean FCSPS value of 1.00±0.04 for asample of unspecified anatomical treatment locations.However, because neither study provided an estimate of
FCSPS for prostate treatment fields, we used the arithmeticaverage of values from Akagi et al.24 and Sahoo et al.30,yielding the FCSPS value of 1.03 listed in Table 2. Theuncertainty in our estimate of FCSPS in Table 2 wasunknown, thus determining a value of μ(FCSPS) was acentral focus of this work (section 2.5) as it is needed forthe estimation of uncertainty in (D/MU)p.
2.4 Estimation of FCSPS for prostate treatment fields

2.4.1 Estimation of FCSPS using the TPS methodThe TPS method (eq. 5) was applied to each of 32 prostatetreatment fields taken from a representative sample ofpatients (n = 16, 2 treatment fields each) from ourpractice.  Patients were selected using the consecutivesampling method42 to minimize selection bias and indexedas 1 through 16. Patients in this study (1) receivedpassively scattered proton treatments for stage I or IIprostatic adenocarcinoma and (2) a D/MU calibration date

within a year of this study’s inception. The first date in thecalibration interval was selected arbitrarily, and the enddate was based on the date on which the desired numberof consecutive patients had been treated.To calculate absorbed dose to water (or water equivalentmaterial), i.e., w
no_RCD in equation 5, we used theverification plan feature of the TPS, utilizing the samebeam energy, lateral scatterer, range shifter, rangemodulation, and collimation as in the patient’s treatmentplan but with the patient’s CT anatomy replaced by awater-box-phantom. The procedure for creatingverification plans was taken from Newhauser.43 Briefly, inall fields, the calibration point location remained fixed atisocenter (Figure 2) to minimize the dosimetric impact ofdifferences in beam divergence. Also, as described byNewhauser22, the water-equivalent depth of thecalibration point was made equal for a treatment plan andthe corresponding verification plan by shifting the waterphantom in the verification plan. By maintaining the samelocation and water-equivalent depth of the calibrationpoint in the patient and water phantom, dosimetricdifferences due to differences in scatter in the patient andphantom were isolated, so their respective effects on dosedelivered to the calibration point could be revealed.

Figure 2: Dose distributions (shown by color wash) differ between the patient and water. A right lateral prostate treatment
field (A). The verification plan feature in the treatment planning system was used to apply the same treatment field to water
with the range compensator not included (B) and included (C). Additionally, the position of the downstream face of the water
phantom is shown relative to the patient’s downstream surface in the treatment field (A) and the verification fields for the
case when the range compensator is not in the beam path (B) and the case when the range compensator is in the beam path
(C). When the range compensator is not present, the Z-position of the downstream face of the water phantom is given by

xRZ  270B , where x refers to the compensator thickness and R refers to the water-equivalent range to the calibration
point, Zcal, ( blue ‘X’) in the treatment field along the axis of measurement. Similarly, when the range compensator is present,
the Z-position of the water phantom is given by RZ  270C .
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Table 3: Summary of parameters for patients 17 and 18. Measurement point (MP) depth describes the water-equivalent
depth of the calibration point from the phantom surface. This value is given both without the range compensator (no RC) in
place and with it (RC). “Air gap” describes the distance between the downstream face of the treatment snout to the upstream
face of the phantom. The modulator wheel identification (ID), the spread-out Bragg peak (SOBP) width, the beam energy, and
penetration range were specified for each field based on the treatment plan. The penetration range and modulated width of
each field are reported in water-equivalent thickness (WET). RL: right lateral; LL: left lateral.Patient MP depth noRC, (RC) (cmWET) Air gap(cm) Modulatorwheel ID SOBP width(cm WET) Beam energy(MeV) Penetration range(cm WET)17 RL field 19.5, (19.4) 30 155 11 250 24LL field 19.2, (19.1) 30 155 11 250 23.918 RL field 19.7, (19.6) 30 27 9 250 24.2LL field 19.5, (19.4) 30 27 9 250 23.9
2.4.2 Estimation of FCSPS using the TPS+M methodThe TPS-plus-measurement (TPS+M) method used acombination of measurements of absorbed dose in a waterphantom and TPS calculations to estimate FCSPS accordingto equation (6). This method was applied to four treatmentfields from two patients. These patients met the sameinclusion criteria as patients 1 to 16 except they wereselected prospectively so that we were able to make theadditional measurements required for this method. Thecorresponding patient indices were 17 and 18 (Table 3).
2.4.2.1 Estimation of FCS using measurementsOur measurements of FCS, using equation (7), utilized a0.015-cm3 air-filled ionization chamber (PTW pinpointchamber, model TN31041, serial number 0079; Freiburg,Germany), an electrometer (Scandronix Wellhofer Dose 1,serial number 0293; Schwarzenbruck, Germany) and aplastic phantom (polymerized methyl methacrylate;C5H3O2, ρ = 1.19 g cm-3; GE Plastics Inc., Pittsfield, MA).Measurements were taken twice for each field: once at thecalibration point with the RC in place, w

RCD , and once at thecalibration point without the RC in place, w
no_RCD .  In themeasurement for w

no_RCD , the water-equivalent thickness ofthe phantom was increased to preserve a fixed location ofthe calibration point.  Finally, FCS was estimated accordingto equation (7).
2.4.2.2. Estimation of FPS using the TPSThe second step in generating FCSPS values with the TPS+Mmethod was to determine FPS using equation (8). Because
in vivo measurements were not feasible, the PBA in theTPS was used to determine the ratio of absorbed dose atthe calibration point in the patient, calp,

RCD , to that in awater phantom, calw,
RCD .

2.5. Uncertainties in FCSPS

2.5.1. Estimation of uncertainty in FCSPS from the
TPS methodWhen FCSPS was determined using the TPS method, i.e., TPSdose estimates applied to equation (5), the correspondinguncertainty in FCSPS,  TPSCSPSF , was estimated by comparingvalues of absorbed dose in the patient generated by theTPS calculations and MC simulations.  As a result, weestimated that

 TPSCSPSF ≥
TPS

MTPS

D
DD C , (13)where, DTPS represents absorbed dose from the TPSmethod at the calibration point in the patient, and DMCrepresents absorbed dose from MC simulations at thecalibration point in the patient.In practice, we used differences in dose profiles toestimate DTPS and DMC for patients 17 and 18. These profileswere generated using the PBA35 in the TPS and the MonteCarlo Proton Radiotherapy Treatment Planning (MCPRTP)code44, 45. In general, Contemporary proton PBAs in theTPS system provide excellent accuracy44, especially inhomogeneous media, superior to that of broad beamalgorithms in heterogeneous media. The improvement inaccuracy comes mostly at the cost of greater computationtimes. Because of inherent approximations in the PBA, itmay not provide sufficient accuracy in extremelyheterogeneous media, at material and/or densityinterfaces, or in other complex situations. The MCPRTPused the Monte Carlo N-particle eXtended radiationtransport code46 with parallel processing as a radiationdose calculation engine. Each component of the protontreatment unit was modeled in detail and patient's CTimages were converted to voxelized phantom in theMCNPX code. The accuracy of the Monte Carlo simulationmodel has been previously evaluated by Titt et al.47 Moredetails of Monte Carlo simulations can be found inprevious reports from our group.44, 48, 49, 50

DMC was considered to provide the best estimate of thetrue absorbed dose at the calibration point.  This
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distinction was made for two reasons.(1) The MCsimulation model used more complete and realisticphysics models to describe multiple coulomb scatteringand nuclear interactions.27 (2) The MC simulations tookinto account the variations in elemental composition andmass density of various tissues, whereas the TPSapproximated all tissues as water of varying density.45Input data to both algorithms (i.e., the CT data set,aperture, RC, and beam line parameters) were identical, sodifferences in predicted dose distributions were attributedsolely to differences in the pencil beam and Monte Carlodose algorithms.
2.5.2. Estimation of uncertainty in FCSPS from the
TPS+M methodWhen FCSPS was determined using the TPS+M method, i.e.,TPS dose estimates and measurements (section 2.4.2), thecorresponding uncertainty in FCSPS,   MTPSCSPS F , wasestimated using a statistical approach: differencesbetween FCSPS values generated with the TPS+M and TPSmethods were used to estimate upper and lower bounds of
 MCSPSF . The lower bound of the absolute uncertainty in
FCSPS,   minMTPSCSPS F , was estimated according to
      MTPSCSPSTPSCSPSminMTPSCSPS   FFF (14)

where,
 TPSCSPSF and

 MTPSCSPS F are the mean FCSPS values fromthe TPS and TPS+M methods, respectively. The
 TPSCSPSFvalue was averaged over 32 fields (patients 1-16), and the

 MTPSCSPS F value was averaged over 4 fields (patients 17 and18). Mean values were used because it was assumed thatmost random variations in the data would be averaged outof the respective data sets, so the resulting differencewould represent a clinically representative estimate of thedifferences between calculation methods, i.e., a lowerbound for the true uncertainty in FCSPS.The upper bound of uncertainty in FCSPS, denoted by
  maxMTPSCSPS F , was estimated from the maximum absolutevalues of difference in paired FCSPS values, or
      

maxi
MTPSCSPS

i
TPSCSPSmaxMTPSCSPS xx

FFF   (15)
where, the subscripts xi indicate that the TPS and TPS+Mcalculations were performed for each individual field inthe sample, i.e., patients 17 and 18 (see section 2.4.1).Because   maxMTPSCSPSF was calculated for each fieldindividually, it represented the differences in the TPS andTPS+M calculation methods solely. With this approach, weavoided confounding factors such as inter-patientdifferences in anatomy or treatment design that wouldhave occurred otherwise.

2.5.3. Estimation of uncertainty in FCSPS from
historical methodsWhen the historical value of 1.0 was used for FCSPS, thecorresponding uncertainty in FCSPS,  HISTCSPSF , wasestimated according to,

  CSPS(TPS)CSPS(HIST)HISTCSPS FFF  (16)
where, CSPS(HIST)F is 1.0 and TPS)(CSPSF was determinedwith the TPS method.  This estimation was done forpatients 1 through 16.
3. Results
3.1. Estimation of FCSPS using the TPS methodTable 4 lists descriptive statistics that compare FCSPS valuesfrom the two data sets studied here (patients 1-16 and 17-18). The

CSPSF values for the two data sets were notsignificantly different from one another.
3.2. Estimation of FCSPS using the TPS+M methodTable 4 reveals good agreement between values of FCSPScalculated with the TPS method and those calculated withthe TPS+M method. The standard deviation in FCSPS for theTPS method was smaller than the corresponding valuefrom the TPS+M method. Also, there was a larger intervalin values for the TPS+M method than for the TPS method.There are several possible explanations for this. One isthat additional statistical uncertainty was introduced bythe measurements. Another is that the measurementsbetter indicate the true standard deviation, while the TPSmethod artificially smooths out some of the true variation.
3.3. Estimation of uncertainty in FCSPS

3.3.1. Uncertainty in FCSPS using the TPS methodAbsorbed dose predictions from MC and pencil beamalgorithms were compared for a prostate treatment in oneof the patients (patient 17) following the methods of 2.5.1.Differences in estimates of absorbed dose between MCsimulations and the TPS method resulted in a 10.5 cGydifference between profiles at isocenter for the rightlateral field and a 4.7 cGy difference for the left lateralfield. The absorbed doses from the right and left lateralfields for the treatment plan at isocenter, which were usedto represent Dw as an approximation, were 3550 cGy and3570 cGy, respectively. Therefore, the  TPSCSPSF was lessthan 0.3% for the individual fields. These estimatessuggest that the contribution of μFCSPS to uncertainty in(D/MU)p for this particular patient was negligible.
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Table 4: Statistics for FCSPS using the TPS and TPS+M (TPS plus measurement) methods. The mean FCSPS, standard deviation,
and minimum and maximum FCSPS values are listed for three data sets. In the two center columns, FCSPS values were calculated
with equation (5) using the TPS method. In the last column, FCSPS values were calculated with equation (6), using
measurements for FCS and pencil beam predictions for FPS using the TPS+M method. The fields used to generate data in the two
rightmost columns differed from those used in the second column.Parameter Calculation MethodTPS* TPS** TPS+M**Number of patients 16 2 2Number of fields 32 4 4Mean FCSPS 1.006 1.004 1.002Standard deviation 0.008 0.008 0.013Standard deviation of the mean 0.001 0.004 0.007Minimum FCSPS 0.990 0.992 0.988Maximum FCSPS 1.029 1.012 1.018
Table 5: Statistics for µFCSPS using differences between the TPS method, the TPS+M (TPS + measurements) method, MC (Monte
Carlo) simulations, and the historical value of 1.0. Estimates of µFCSPS were determined from differences between calculation
methods for absorbed dose at isocenter in typical prostate treatment fields.

Parameter ComparisonTPS** vs.TPS+M** TPS** vs.MC** TPS* vs.1.0*Number of patients 2 1 (patient 17) 16Number of fields 4 2 32Mean µFCSPS 0.006 0.002 0.006Standard deviation n/a n/a 0.008Standard deviation of the mean n/a n/a 0.001Minimum µFCSPS 0.004 0.001 0.010Maximum µFCSPS 0.008 0.003 0.029
3.3.2. Uncertainty in FCSPS using the TPS+M methodFollowing the methods in section 2.5.2, we estimated theupper and lower bounds for uncertainty in FCSPS. The lowerbound,   minMTPSCSPS F , was 0.004 and the upper bound,
  maxMTPSCSPS F , was 0.008.

3.3.3. Uncertainty in FCSPS using the historical
estimateEstimates of FCSPS done using the TPS method werecompared to the historical value of 1.0 for FCSPS.Descriptive statistics for this analysis are listed in Table 5.The  HISTCSPSF was less than 0.029, and the mean
 HISTCSPSF was 0.006.
4. DiscussionWe estimated uncertainty in (D/MU)p for patientsreceiving proton therapy for cancer of the prostate. Inparticular, we compared estimates of uncertainty in FCSPSby means of measurements, MC simulations, and pencilbeam dose calculations. Our results confirm that when
FCSPS is included in the estimation of (D/MU)p,, theuncertainty in (D/MU)p is less than 5%, regardless of themethod used to calculate FCSPS.Our findings on FCSPS are similar to those of Newhauser22,51and Sahoo et al.30 At the outset of this work, the standard

of care at our institution followed the approach describedby Newhauser22 in which FCSPS was taken as unity.Subsequently Newhauser et al.51 reported that FCSPS forprostate treatment fields was near the historical value of1.0 based on results of a phantom study. Likewise, Sahoo
et al.30 reported that FCSPS spanned the interval 0.957 to1.089 with a mean value of 1.00 ± 0.04. However, we notethat Sahoo et al.30 did not specify which anatomicaltreatment sites these values were from. Therefore, it isdifficult to make a direct comparison of those results withthe findings from this work.As noted in section 2.3, we found no directly comparablereports on μFCSPS in the literature for prostate treatment.Our findings on μFCSPS differ from those in the works mostsimilar to ours, that is, reports from Akagi et al.24 andSahoo et al.30. Akagi et al.24 reported a relative uncertaintyof 3.6% in the measured value of FCSPS; this value exceedsours by approximately a factor of 10. However, theuncertainty reported by Akagi et al.24 took into account theerrors in reproducing collimator scatter (FColS) andinaccuracy in analytical modeling of patient anatomywhich were not applicable to our study.One of the clinical implications of this work is thataccuracy of (D/MU)p values, in the special case of prostatetreatment fields, does not depend strongly on accurateknowledge of the FCSPS factor. Thus, this work also provides
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an evidential basis and rationale for standardizingabsolute proton dosimetry, which is a key requisite step toconduct multi-institution clinical trials.This study had several limitations. First, it considerednormal patient anatomy, e.g., the effects of implantedfiducial markers, hip prostheses, and organ motion on
(D/MU)p and its uncertainty were not included. However,these are not serious limitations because solutions forfiducial markers are known52,53,54,55, and although hipprostheses are relatively rare, there are MV/kV imagingsolutions that are available to correct for their effects56.Second, we considered only the lateral opposed-pairtreatment technique, while involvement of pelvic lymphnodes or treatment of other more complex treatmentstrategies57,58 would require a much different applicationof our present findings. Third, our findings are specific tothe treatment planning and delivery systems in use at ourinstitution for a passively scattered treatment; there maybe additional differences between this study and othertreatment techniques, such as intensity-modulated protontherapy. Nonetheless, the methods and results of thisstudy may serve as a qualitative guide for similar studiesof other proton therapy systems.Given the complexities and uncertainties associated withestimation of absorbed dose in the patient, additionalstudies are needed to test whether the findings of thiswork will hold for other anatomical sites. In ourlaboratory, additional studies are now under way toaddress estimation of uncertainties in (D/MU)p in thethorax.
5. ConclusionIn conclusion, our study investigated the water-to-patientabsorbed dose conversion factor, FCSPS, one of the leastwell-understood factors in proton output calculation, andfound that mean FCSPS value was 1.006 and uncertainty in
FCSPS was approximately 1%, suggesting that uncertainty in
FCSPS for proton therapy of prostate cancer is clinicallyacceptable.
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