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CHAPTERR 2 ABSTRACT T 

2.11 ABSTRACT 

Introduction:Introduction: Understanding setup uncertainty effects on dose distributions is an important clinical 
problemm but difficult to model accurately due to their dependence on tissue inhomogeneities 
andd changes in the surface contour (i.e. variant effects). 

Purpose.Purpose. (1) to evaluate and quantify the invariant and variant effects of setup uncertainties, con-
tourr changes and tissue inhomogeneities on target dose-volume histograms (DVHs); (2) to pro-
posee a method to interpolate variant DVHs. 

MaterialsMaterials and Methods. We present a lung cancer patient to estimate the significance of setup un-
certainties,, contour changes and tissue inhomogeneities in target DVHs. Differential DVHs are 
calculatedd for 15 displacement errors (with respect to the isocenter) using: 1) an invariant shift 
off  the dose distribution at isocenter, 2) a full variant calculation, and 3) a B-spline interpolation 
appliedd to sparsely sampled variant DVHs. The collapsed cone algorithm was used for all dose 
calculations.. Dosimetric differences are quantified with the root mean square (RMS) deviation 
andd the equivalent uniform dose (EUD). To determine setup uncertainty effects, weighted mean 
EUDs,, assuming normally distributed displacement errors, are used. 

Results.Results. The maximum absolute difference and RMS deviation in the integral DVHs' relative 
dosee between: 1) the invariant and calculated curves are 65.2% and 5.8% and, 2) the interpolated 
andd calculated curves are 16.9% and 2.5%. Similarly, the maximum absolute difference and RMS 
deviationn in mean EUD as a function of the setup uncertainty's standard deviation between: 1) 
thee invariant and calculated curves are 0.02 and 0.01 Gy and, 2) the interpolated and calculated 
curvess are 0.01 and 0.006 Gy. 

Conclusions.Conclusions. Since a "worst case" example is selected, we conclude that, in the majority of clinical 
cases,, the variant effects of contour changes, tissue inhomogeneities and setup uncertainties on 
EUDD are negligible. Interpolation is a valid, efficient method to approximate DVHs. 

2.22 INTRODUCTION 

2.2.11 Setup Uncertainties 

2.2.1.11 Treatment Margins 

Targett volume definition helps to ensure the tumour receives an adequate dose. They 

weree formally introduced by the International Commission on Radiation Units and 

Measurementss (ICRU) and discussed in Report 50 [1] and its supplement [2]. The re-

portt defines several related conceptual target volumes such as the gross target volume 

(GTV),, the clinical target volume (CTV) and the planning target volume (PTV). There-

fore,, if all uncertainties, movements and variations are well characterized and well un-

derstood,, then one can, in principle, define the PTV from only the CTV. 
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Figuree 2-1. Representative axial CT slices of the clinical example with a gray scale dose wash to represent 
thee dose distribution for a displacement error (5) of 0 cm (A) and a ö=+3.6 cm (from isocenter) for an 
invariantt dose distribution, ignoring the effects of contour changes and tissue inhomogeneities (B), and a 
variantt recalculated dose distribution with the same displacement error (C). The straight lines represent the 
beamm and leaf edges. The multicollimator leafs are tightly conformed to the planning target volume with a 
00 cm margin. The apparent discrepancy in the margins is due to the oblique view of the slice with respect 
too the beam. 

Thee margin between the CTV and PTV is meant to account for all geometric errors 
suchh that there is a high likelihood the CTV receives a sufficient clinical dose. If the 
marginn is too large, then this results in greater normal tissue complications (than neces-
sary)) due to excessive irradiation of the surrounding organs at risk. If the margin is too 
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small,, then this results in poorer outcomes due to inadequate irradiation of the target 

fromm geographical misses. 

Stroomm et al [3] and van Herk et al [4] both have proposed a "margin recipe" where an 

adequatee treatment margin is defined using known random and systematic errors for a 

specifiedd minimum CTV dose for a given proportion of the population. One disadvan-

tagee of population based margins is that they may overestimate the volume of the re-

quiredd PTV if a relatively high population threshold used. The influence of margin 

width,, systematic (preparation) and random (execution) setup uncertainties on biologic 

indicess such as equivalent uniform dose (EUD) and tumor control probability (TCP) 

assumingg an invariant dose distribution have been investigated [5]. 

2.2.1.22 Displacement Errors and Setup Uncertainties 

Displacementt error and setup uncertainty are distinct but related concepts. Displace-

mentt errors, 5, are analogous to systematic (or preparation) errors and refer to a single 

instancee of a given error. They may be simple (such as translational) or complicated 

(such(such as internal movement, deformational, rotational, shear or a combination thereof). 

Setupp uncertainties, 8SD, are equivalent to random (or execution) errors and are defined 

byy a collection of (potentially unknown) displacement errors with an associated prob-

abilityy distribution. The simplest model assumes that the setup uncertainty is normally 

distributedd and limited to only translational displacements errors [6,7]. In such cases, 

thee setup uncertainty is more conveniently described by its standard deviation. For the 

purposess of this paper, a setup uncertainty of 1 cm implies normally distributed dis-

placementt errors with a standard deviation (SD) of 1 cm (i.e. 8SD=1 cm). The incor-

porationn of non-normally distributed displacement errors, such as the periodic breath-

ingg motion (where the time at exhalation is greater than at inhalation) [8], have also 

beenn studied. 

2.2.22 Invariant and Variant Dose Distributions 

Byy invariant dose distribution, we mean that the dosimetric effects of contour changes 

andd tissue inhomogeneities as a function of the displacement error, 8, are negligible. If 

invariancee is assumed, only one dose distribution is calculated (at 8=0 cm) and it un-

dergoess a rigid body transformation to simulate various displacement errors. The in-

variantt dose-volume histogram (DVH) for a given volume of interest (VOI) can un-

dergoo a "blurring" (i.e. convolution) function rather than a recalculation for different 

setupp uncertainties. This greatly decreases the calculation time. 

Thee major limitation of dose blurring and related methods is the implicit assumption 

thatt the dose distribution remains invariant, independent of contour changes and tissue 

inhomogeneitiess for different displacement errors. For some sites, such as the prostate, 

thiss may be a reasonable approximation since the target volume is centrally located and 
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thee dose distribution is not significantly influenced by changes in the surface contour or 

byy tissue inhomogeneity (with the exception of metallic hip prostheses). 

Otherr sites, however, violate the assumption of an invariant dose distribution. Lung 
primariess are one of the most difficult sites to calculate an accurate dose distribution. 
Thee lower density of the lung and its associated electron disequilibrium influence the 
deliveredd dose compared to the homogeneous situation. Laterally scattered electrons 
travell  farther in less dense media and consequently, increase the beam penumbra. The 
loww isodose surfaces bows out while the high isodose surfaces bow in. As a result, lar-
gerr penumbral margins are needed around the target volume to account for this effect 
(comparedd to the homogeneous situation) [9]. 

Ass Figure 2-1 shows, the assumption of invariance, although convenient, is unrealistic 
inn lung tumors. A displacement error is deliberately introduced by shifting the beam 3.6 
cmm anteromedially from the original isocenter in the transaxial plane, perpendicular to 
thee central beam axis. Figure 2-IB is a simple translational displacement of the original 
referencee dose distribution (i.e. invariant) while Figure 2-1C recalculates the dose distri-
butionn for the new beam orientation (i.e. variant). The DVHs of the CTV between the 
invariantt and variant situations are approximately the same for small displacement er-
rorss but will tend to diverge for larger displacement errors as variant effects become 
moree important. Displacement errors will affect the DVH and the main cause of do-
simetricc differences between different displacement errors is attributable to the shift in 
thee dose distribution (which is exactly what happens with an invariant shift). However, 
theree is a smaller second order variant effect attributable to tissue inhomogeneity and 
contourr changes as well. Different dose calculation algorithms correct for these variant 
effectss differently. Hence, the results will , in part, depend on the dose calculation algo-
rithmm used. 

Variantt effects pose several technical difficulties. Sophisticated dose algorithms, such as 
Montee Carlo [10] or collapsed cone [11-13], are needed to accurately model the variant 
effectss of tissue inhomogeneity but they are substantially slower. In some cases, tissue 
inhomogeneityy can significantly influence the dose and up to a 20% deviation in ab-
sorbedd dose in lung tumors irradiated with small fields between different inhomogene-
ityy correction algorithms is possible [14,15]. In a paper by Xing et al [16], a method is 
describedd to separate and quantify the individual dosimetric effects of these errors and 
uncertainties. . 

Perhapss the simplest way to incorporate variant effects into the dose calculation is a 

"brutee force" approach. The variant dose distribution is laboriously recalculated for 

eachh displacement error but this proves impractical for routine use. An accurate model-

lingg of setup uncertainty effects requires a large number of dose calculations corre-

39 9 



CHAPTERR 2 PURPOSE E 

spondingg to many different displacement errors to achieve reasonable statistical accu-

racyy [17,18]. 

2.33 PURPOSE 

Thee primary purpose of this paper is to quantify the influence and significance of the 

variantt effects of contour changes and tissue inhomogeneities with respect to setup 

uncertaintiess between target dose-volume histograms (DVHs) by comparing both the 

invariantt and variant situations. 

Thee secondary purpose is to describe and verify an interpolation method to address the 

problemm of the prohibitive number of recalculations required for variant setup uncer-

tainties. . 

2.44 MATERIALS AND METHODS 

2.4.11 Clinical Patient 

AA lung cancer patient was selected as the test case having the steep contour changes 

andd a significant amount of tissue inhomogeneity found inside the irradiated field. To 

exaggeratee the variant effects, only a single right anterior oblique beam is planned. The 

patientt is CT scanned (GE Medical Systems, Waukesha, WI, USA) with 5 mm thick 

slicess in the supine position to include all visible lung. Volumes of interest, namely the 

GTV,, CTV, PTV and external contour, are delineated on the treatment planning system. 

Thee GTV is defined as all visible tumor on the standard CT window settings and de-

lineatedd by an experienced staff radiation oncologist. The CTV is defined as the GTV 

withh a 0 cm margin. A 0.5 cm margin is added isotropically around the CTV to generate 

thee PTV Such a small margin would generally not be used clinically in the treatment of 

lungg primaries but was deliberately chosen here to exaggerate the variant effects. 

2.4.22 Treatment Planning 

Wee used a three-dimensional treatment planning system (PINNACLE v. 6.0g, ADAC 

Laboratories,, Milpitas, CA, USA) with a collapsed cone dose algorithm to accurately 

modell  the effects of heterogeneous media [11]. The dose grid resolution is 2x2x2 mm3 

andd the calculation dose grid dimensions are 205x159x159 voxels centered on the tar-

get. . 

Thee test patient is treated using 8 MV photons and the beam aperture is automatically 

shapedd with multileaf collimators set to conform tightly around the PTV with a 0.6 cm 

penumbraa margin using beam's-eye view to ensure the PTV receives at least 95% of the 

prescribedd dose (Figure 2-1). No other beam modifying devices are used. The pre-

scribedd number of monitor units is kept constant for every displacement error at 516 

monitorr units per beam. 
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2.4.2.11 Displacement Errors 

Differentt displacement errors are simulated by shifting the isocenter in the transaxial 
planee perpendicular to the central beam axis with the same beam parameters. The dose 
distributionn is recalculated with the collapsed cone dose calculation algorithm for 15 
displacementt errors , , , , , , , and 0 cm). The differ-
entiall  DVH (dDVH) of the CTV is determined for each displacement error. This set 
off  dDVHs is called dDVH calc and represents the "true" variant calculated DVHs. 

Thee invariant dDVHs are determined by calculating the dose distribution at 5=0 cm 
andd shifting it in exactly the same direction and magnitude as the isocenter shifts de-
scribedd above for dDVH calc. The CTVs dDVH for each displacement is calculated 
(forr a total of 15 dDVHs). Obviously, dDVH calc at 5=0 and dDVH invar at 5=0 cm 
aree identical. This set is called dDVH invar and represents the resulting DVHs when 
thee dose distribution is assumed to be invariant to translational displacements, ignoring 
thee effects of contour changes and tissue inhomogeneities. 

2.4.2.22 Setup Uncertainties 

Thee effect of setup uncertainties is derived analytically from the displacement errors. 
Setupp uncertainties are assumed to be random and normally distributed. Therefore, the 
dDVHH for displacement errors at least within 2 SD of the setup uncertainty is neces-
saryy to calculate the setup uncertainty effect (to include approximately 95% of all the 
possiblee displacement errors). If the dDVH as a function of 5 is known, then one can 
derivee other clinically relevant parameters such as tumor control probability (TCP) and 
equivalentt uniform dose (EUD) as a function of 5. The effect of a given setup uncer-
tainty,, 5SD, on EUD is determined by generating a set of normally distributed 5 with a 
meann of 0 cm and a SD equal to 8SD. The EUDs for all these different displacement 
errorss are then averaged together. By repeating die process for different SDs, the rela-
tionshipp between EUD as a function of 5SD can then be derived. Because EUD, as a 
functionn of dDVH, is non-linear, individual dDVHs cannot be simply averaged to-
getherr to calculate the overall treatment EUD. It is also worth noting that the mean 
EUDD is a population averaged EUD and represents the average from either an infinite 
numberr of treatment fractions or an infinite number of finite-fractioned courses of 
treatment.. The EUD for any finite fractioned course of treatment may deviate from the 
averagee EUD and from any EUD for any single 5. However, for fractionation sched-
uless larger than 15 fractions, the expected difference between the mean sample EUD 
andd the mean population EUD is negligible. 

Thee statistical accuracy depends on the number of displacement errors used to repre-
sentt a given setup uncertainty. Obviously the greater the number of displacement er-
rorss used, the more accurate the approximation becomes. The 15 dDVHs calculated for 
thee discrete displacement errors above is inadequate due to the inaccuracies associated 

41 1 



CHAPTERR 2 MATERIAL SS AND METHODS 

withh such a small number of displacement errors. Furthermore, these inaccuracies are 

exacerbatedd for small SD since the number of usable dDVH calc curves is less than 15. 

Forr example, if SSD=0.5 cm then approximately 95% of the normally distributed 8 

wil ll  be between -1 cm and +1 cm. However, we only have 7 calculated dDVHs (at 

,, , , and 0 cm) that are within the range of 1 cm. 

Thee accuracy can be improved by obtaining dDVHs at even smaller displacements, say 
inn 0.1 cm increments, but at a cost of more dose distributions calculations for more 
displacementt errors. The time required to calculate the variant dose distribution for 21 
displacementt errors is greater than 30 hours. Ideally, we would like to know the dDVH 
forr the invariant and variant situations at any arbitrary 8 and, at the same time, avoid the 
timee consuming process of recalculation. 

Wee propose a method to interpolate the dDVH at any arbitrary displacement error. 
Invariantt dDVHs are generated by interpolating between dDVH invar and variant 
dDVHs,, by interpolating between dDVH calc. Only setup uncertainties along a single 
axiss are investigated to simplify calculations and to allow easier visualization of the data 
sincee the resulting interpolant is a simple surface (and not a hypersurface). 

Withh interpolation, it is relatively easy to calculate the EUD as a function of SSD Sev-
enty-threee dDVHs for both the invariant and variant dose distributions are interpolated 
fromm -3.6 cm to +3.6 cm in 0.1 cm increments. Once the corresponding EUDs are cal-
culated,, one can obtain the EUD directly as a function of 8. Since this curve is simple 
andd continuous, it can also be interpolated. This second interpolation allows one to find 
thee EUD for any arbitrary 8 (between -3.6 cm and +3.6 cm) without having to deter-
minee the new dDVH each time. 

I tt also provides a method of estimating the EUD for the dDVH calc curves. Because 
thee dDVH calc consists of only 15 curves, only 15 EUDs (corresponding to their dis-
placementt errors) are known. By interpolating these 15 input data points, one can esti-
matee the EUD for the "true" variant dose distribution (i.e. calculated) as a function of 
displacementt error. Details of the interpolation method follow. 

2.4.33 Interpolation 

Interpolationn is a useful tool to minimize work. As an analogy, we can use cartoon ani-
mationn to illustrate the general principles. "Extremes" and "inbetweens" were used to 
increasee workload efficiency. A skilled animator would draw only the "extremes" or 
keyframess in a scene. The celluloid would then be sent to less skilled animators who 
wouldd animate (or interpolate) the frames in between the keyframes (hence, ïnbetween-
ing). . 

Inn much the same manner, reference "keyframe" differential DVHs (dDVHs) can be 
calculatedd and "in between" dDVHs can be interpolated. The accuracy of the interpo-
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lationn is dependent on several factors: the accuracy of the input reference data, the be-

haviourr of the input reference data as a function of the input variables and the appro-

priatenesss of the interpolating method. 

Thee accuracy of the calculated input reference data is dependent on the dose calcula-

tionn algorithm. In all treatment planning systems, there is a trade-off between dose ac-

curacyy and computational speed. More complicated algorithms require more time to 

calculatee more accurate dose distributions. If inaccurate data is used for the interpola-

tion,, then the resulting interpolant will be inaccurate as well. 

Interpolationn works best for mathematically well-behaved input reference data. By this, 

wee mean the known input values describe a (hyper-)surface that is smooth, simple and 

continuous.. This assumption is valid as long as the voxels (and its associated dose grid) 

andd the magnitude of the isocenter displacement are kept reasonably small. The calcu-

latedd dDVH will have less noise and less partial volume effect with smaller voxels and a 

finerr dose grid, resulting in a smoother curve. 

Manyy different methods of interpolation exist. The appropriateness of a given method 

dependss on the required precision of the approximation as well as the relative speed of 

thee interpolation. For this study, a cubic spline interpolating function is used. The pri-

maryy assumption of well-behaved input data is that they describe a smooth (hyper-

)surface.. Splines are advantageous in that both the first and second derivatives of the 

interpolantt are continuous and smooth. 

2.4.3.11 Multilevel B-spline Functions 

Thee method described by Lee et al [19] uses multilevel B-spline functions to interpolate 

scatteredd data. The paper focuses primarily on three dimensional (3D) data points but 

thee technique is easily extensible to any set of multi-dimensional data. Scattered data 

pointss can be used as input and the degree of precision in the approximation can be 

adjustedd by changing the number of lattice iterations and/or the size of the control 

lattice. . 

Conceptually,, every data point defines a point on a surface or a hypersurface (for points 

withh a dimensionality greater than 3). Each point is assumed to have exactly one de-

pendentt variable (in the case of DVHs, the relative volume) and at least one independ-

entt variable (such as the relative dose and/or displacement error). The B-spline takes 

thesee scattered input points and creates a control lattice. The control lattice has the 

samee number of dimensions as the number of independent variables but can be con-

sideredd dimensionless. This lattice can then be used to find the dependent value of any 

arbitraryy set of independent values (within the boundaries of the lattice). 
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Figuree 2-2. B-spline interpolation and the effects of the number of iterations (iter) and lattice size (latsz) 
onn the interpolant using the 5 input data points (xy,$: (0,0,2), (1,1,1), (1,-1,1), (-1,1,1), and (-1,-1,1). In-
creasingg the number of iterations reduces the residual error between the interpolant and the input data. 
Increasingg the initial lattice size decreases the "stiffness" of the interpolant surface. 

Figuree 2-2 illustrates how the locality and precision of the interpolation is dependent 
onn the lattice size and number of iterations. The lattice size controls the range of influ-
encee of the input data and is related to the deformability or "stiffness" of the interpo-
lantt surface. For small lattice sizes (Figure 2-2A), the interpolant can be considered as a 
stifff  surface. For large lattice sizes (Figure 2-2F), it can be considered elastic with highly 
locall  effects from the input data. 

Withh each iteration, the lattice size is doubled in all dimensions and the interpolation 
reducess the residual error between the input data and the interpolant. The residual error 
off  the interpolant will tend towards zero at those points that correspond to the input 
referencee data. Because we assume the input data is smooth, simple and continuous, 
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smalll  initial lattice sizes and numerous iterations are preferred. By minimizing the area 
off  the (hyper-)surface of the interpolant fitted through the scattered input data, we en-
suree the interpolant is as smooth and simple as possible. A full description of multilevel 
B-spliness is beyond the scope of this paper and the reader is referred to the original 
paperr [19] for further details. 

2.4.3.22 Implementation 

Thee B-spline interpolating function is implemented within MATLAB v.6.0.0.88 Release 
122 (The Math Works Inc., Natick, MA, USA) on a 350 MHz Pentium III personal com-
puterr with 512 MB of RAM. 

Alll  the interpolations are iterated 8 times between an initial starting lattice size of [5 x 
1]]  and a final lattice size of [1280 x 256]. Because a Gaussian setup uncertainty is as-
sumed,, the dDVHs curves with the highest probability will be closest to 8=0 cm. The 
referencee input dDVHs used for the interpolation are non-equally spaced, clustered 
aroundd 8=0 cm, to minimize their number. 

Thee input reference data used for the interpolation consists of 7 dDVH curves (at 
,, , 6 and 0 cm from dDVH calc). Afterwards, 15 dDVH curves with 

identicall  displacements as dDVH calc are interpolated for comparison. This set is called 
dDVHH interp and represents an interpolated version of dDVH calc. A perfect interpo-
lationn would have identical dDVH interp and dDVH calc at every displacement error. 

2.4.44 Evaluation and Analysis 

Thee dDVH calc, as calculated using the collapsed cone dose algorithm, is assumed to 
bee the "true" dose. It is compared to the invariant dDVHs in order to quantify the 
magnitudee of the variant effects. It is also compared to the interpolated dDVHs to de-
terminee the accuracy and precision of the interpolation. To measure the differences, the 
roott mean square (RMS) of the differences in relative volume (i.e. dDVH interp-dDVH 
calc)) quantifies the overall accuracy of interpolation and the maximum absolute differ-
encee quantifies the upper limit of the interpolation's accuracy. 

Anotherr metric used is the equivalent uniform dose (EUD) which estimates the bio-
logicc effect due to dose inhomogeneity [20]. The same concept can be used to quantify 
thee effect of differences in the dDVH curves for different displacement errors and 
setupp uncertainties. We adopt a reference dose per fraction of 2 Gy, a surviving fraction 
att 2 Gy of 0.5, and an a-value of 0.35 Gy1. A homogeneous clonogenic tumour den-
sityy is assumed in all cases. The dose is normalized to ensure the EUD is approximately 
22 Gy at 8=0 cm (actually 2.03 Gy). 

Thee EUD as a function of displacement error is calculated by interpolating 73 dDVHs 
fromm -3.6 to +3.6 cm in 0.1 cm increments and determining the EUD for each dis-
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placementt error. The EUD as a function of setup uncertainty SD, as discussed in Sec-

tionn 2.4.2.2, is calculated by generating 105 different displacement errors that are nor-

mallyy distributed with a standard deviation equal to the setup uncertainly SD. dDVHs 

forr these displacement errors are interpolated and the corresponding EUD is then cal-

culatedd and averaged. Because the displacement error ranges from -3.6 to +3.6 cm, only 

thee setup uncertainties from 0 to 1.8 cm (i.e. 2 SD=3.6 cm) in 0.1 cm increments are 

calculated. . 

2.55 RESULTS 

dDVHH invar vs. f> 

(dDVHH invar-dDVH catc) vs <5 

33 Displacement (cm) 

Figuree 2-3. A plot of the planning target volume's differential dose-volume histogram (dDVH) curves as a 

functionn of displacement error (8) assuming an invariant dose distribution (A, dDVH invar) as well as the 

differencee (B, dDVH invar-dDVHcalc) between the invariant and calculated dDVH curves. 
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Tablee 2-1. The maximum absolute differences (DIFF) and root mean square (RMS) deviations between the 
invariantt (invar) and interpolated (interp) dose-volume histograms compared to the calculated dose-volume 
histogramss for different displacement errors (DISP). TWO types of dose-volume histograms are shown: the 
differentiall  dose-volume histograms (dDVHs), and the integral dose-volume histograms (LDVHs). Al l val-
uess are given in percent of relative dose (% DOSE) or relative volume (% VOL), depending on the histo-
gram.. The differences converge to zero at 8=0 cm for all histograms. Under the interp columns, zeros are 
foundd at the displacement errors corresponding to the reference input dDVHs used for the interpolation 
(att , , , and 0 cm). 

DISP P 

(CM) ) 

-3.6 6 

-2.4 4 

-1.5 5 

-1.2 2 

-0.9 9 

-0.6 6 

-0.3 3 

0.0 0 

0.3 3 

0.6 6 

0.9 9 

1.2 2 

1.5 5 

2.4 4 

3.6 6 

dDVHH (% VOL) 

DIFF F RMS S 

iDVHH (%VOL) 

DIFF F RMS S 

iDVHH (% DOSE) 

DIFF F RMS S 

INVARR INTERP INVAR INTERP INVAR INTERP INVAR INTERP INVAR INTERP INVAR INTERP 

2.01 1 

0.85 5 

0.60 0 

0.60 0 

0.56 6 

0.35 5 

0.19 9 

0.00 0 

0.11 1 

0.44 4 

0.30 0 

0.36 6 

0.44 4 

0.73 3 

1.46 6 

0.00 0 

0.60 0 

0.00 0 

0.11 1 

0.07 7 

0.00 0 

0.04 4 

0.00 0 

0.06 6 

0.00 0 

0.10 0 

0.12 2 

0.00 0 

0.52 2 

0.00 0 

0.27 7 

0.22 2 

0.16 6 

0.13 3 

0.10 0 

0.07 7 

0.03 3 

0.00 0 

0.02 2 

0.11 1 

0.08 8 

0.11 1 

0.13 3 

0.19 9 

0.20 0 

0.00 0 

0.10 0 

0.00 0 

0.02 2 

0.02 2 

0.00 0 

0.01 1 

0.00 0 

0.01 1 

0.00 0 

0.02 2 

0.02 2 

0.00 0 

0.07 7 

0.00 0 

15.63 3 

15.49 9 

10.65 5 

8.12 2 

6.45 5 

4.29 9 

2.33 3 

0.00 0 

2.26 6 

11.15 5 

9.04 4 

12.34 4 

14.71 1 

20.13 3 

16.72 2 
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dDVHH calc vs. S 

dDVHH interp vs ö 

(dDVHH (MBrp-dDVH calc) vs Ö 

Figuree 2-4. A plot of the planning target volume's differential dose-volume histograms (dDVHs) as a 
functionn of displacement error (8) for: (A) the calculated dDVHs (dDVH calc), (B) the interpolated 
dDVHss (dDVH interp) and (C) the difference (dDVH interp-dDVH calc). The dDVH interp is plotted 
forr 8 from -3.6 to +3.6 cm in 0.1 cm increments. The other curves, dDVH calc and dDVH interp-dDVH 
calc,, are plotted for 8=+3.6, , , , +0.9, , , and 0 cm. Note the waterfall plot axes 
shownn in Figure 2-4C are reversed. Because the plot is floating, the corner closest to the viewer at dose=0 
%% corresponds to 8=-3.6 cm. 
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Thee RMS deviation quantifies these differences. Table 2-1 lists the RMS difference be-
tweenn dDVH invar and dDVH calc (i.e. dDVH invar-dDVH calc) and dDVH interp 
andd dDVH calc (i.e. dDVH interp-dDVH calc) as a function of displacement error. 
Thee interpolated variant dDVHs (compared to the invariant dDVHs) better approxi-
matess the calculated variant dDVHs. The deviations increase with increasing displace-
ments. . 

2.5.11 Invariant Dose Distributions 

Figuree 2-3A shows the invariant dDVHs of the CTV (dDVH invar). The most promi-
nentt difference between the invariant and the calculated dDVHs is seen in the low dose 
binss at 5=-3.6 cm. Figure 2-3B plots the differences (i.e. dDVH invar-dDVH calc) and 
highlightss the differences particularly in the low dose bins at the displacement errors' 
extremes.. The differences converge at 5=0 cm since the curve is identical for both 
dDVHH calc and dDVH invar. Further away from 8=0 cm, the differences become more 
prominent. . 

2.5.22 Variant Dose Distributions 

Thee maximum absolute difference in relative volume between the interpolated and cal-
culatedd curves for the differential and integral variant DVHs over the range of dis-
placementss investigated is 0.6% and 4.3% (both at 8=-2.4 cm). The maximum absolute 
differencee and RMS deviation in relative dose between the interpolated and calculated 
curvess for the integral DVHs (iDVHs) over the range of displacements investigated is 
16.9%% and 2.5% at 8=-0.3 cm and -1.2 cm, respectively (see Section 2.10). The relative 
dosee is read perpendicular from volume axis, parallel to the dose axis of the iDVH. 

Thee maximum absolute difference in relative volume between the invariant and calcu-
latedd curves for the dDVHs and iDVHs over the range of displacements investigated is 
2.0%% and 20.1% at 8—3.6 and +2.4 cm, respectively (Figure 2-4). The maximum abso-
lutee difference and RMS deviation in relative dose between the invariant and calculated 
curvess for the iDVHs over the range of displacements investigated is 65.2% and 5.8% 
att 8=+0.6 cm and +3.6 cm, respectively. The differences in the integral DVHs are lar-
gerr since the differences are cumulative (Table 2-1). 
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EUDD vs. 5 

EUDD vs. «so 
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2.05 5 

(b)) 8so (an) 

Figuree 2-5. A plot of the planning target volume's equivalent uniform dose (EUD) for the invariant (dot-
tedd line), variant (solid line) and calculated ('X') differential dose-volume histograms (dDVHs) as a function 
of:: (A) displacement error (5) and (B) setup uncertainty standard deviation (8SD). Only 15 calculated EUD 
pointss are plotted in Figure 2-5A since only 15 variant dDVHs were calculated. A reference dose per frac-
tionn of 2 Gy, a survival fraction at 2 Gy of 0.5, an a of 0.35 Gy4, and a homogeneous clonogen density is 
assumed. . 

2.5.33 Equivalent Uniform Dose 

Thee EUD as a function of displacement error and setup uncertainty are calculated to 

estimatee their biologic effect. The maximum EUD for Figure 2-5 is 2.03 Gy. Seventy-
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threee dDVH invar and dDVH interp curves are interpolated from -3.6 cm to +3.6 cm 
inn 0.1 cm increments and their respective EUDs are calculated and plotted in Figure 
2-5A.. In contrast, only 15 dDVH calc curves are available so only 15 EUD points are 
plotted.. The maximum absolute difference in EUD for invar and interp compared to 
calcc is 0.13 and 0.05 Gy both at S=+2.4 cm, respectively. The RMS of their differences 
iss 0.06 and 0.02 Gy. 

Figuree 2-5B plots the relationship between EUD invar, EUD interp and EUD calc as a 
functionn of setup uncertainty. The maximum absolute difference in EUD for invar and 
interpp compared to calc is 0.02 and 0.01 Gy (or 1.0 and 0.5% of the maximum EUD) at 
SD=1.66 and 1.8 cm respectively. The RMS of these differences is 0.01 and 0.006 Gy. 

Besidess the EUD, we also compared the mean, maximum and minimum dose and 
foundd that the corresponding errors for these dose parameters are very small. 

2.66 DISCUSSION 

2.6.11 Validity 

2.6.1.11 Appropriateness of the Clinical Example 

Thee treatment plan of the clinical example is purposely made suboptimal. There are 
severall  reasons why the clinical lung patient presented is a "worst case" example. First, 
thee treatment uses only a single beam. In multiple beam arrangements, the other beams 
willl  tend to compensate for the dosimetric differences from contour changes and tissue 
inhomogeneities,, lessening their effects. 

Secondly,, the margins defined around the target are very tight. The margin width be-
tweenn the CTV and PTV is 0.5 cm, which is smaller than what is typically used at our 
institution.. Thus, any displacement error greater than 0.5 cm will have a significant det-
rimentall  effect on the DVH of the CTV. 

Thirdly,, this example represents a patient with a relatively small target volume. The 
maximumm dimensions of the PTV, as seen in beam's eye view, are 7.3 cm by 7.6 cm. 
Smallerr target areas will tend to exaggerate the dosimetric differences in the DVH for a 
givenn displacement error. 

Fourthly,, the beam direction that was selected maximizes the effects of contour 
changess and tissue inhomogeneities. Suppose the beam is oriented along the right lat-
erall  direction. If the beam is displaced posteriorly, then die increased attenuation of the 
beamm from the contour changes is partially offset by the decreased attenuation from the 
greaterr amount of lung tissue in the field. If, however, the beam approaches the target 
fromm the right anterior oblique direction, then the contour changes and tissue inho-
mogeneitiess do not compensate each other and their effects are additive. Fifthly, the 
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appliedd displacement errors are calculated up to 3.6 cm, which is larger than what is 

typicallyy seen in real clinical patients. 

Lastlyy the EUD as a function of setup uncertainty is calculated as a weighted average 
off  dDVHs and their corresponding EUDs. This will tend to underestimate the "true" 
EUDD as determined by the cumulative voxel dose inside the CTV as a function of the 
setupp uncertainty. Strictly speaking, since the relationship between the EUD and setup 
uncertaintyy is not linear, a simple average should not be used. EUDs, as calculated from 
thee dDVHs, ignore spatial information of individual voxels. Using our I D example, 
withoutt loss of generality for higher dimensions, it is apparent that relatively large dis-
placementt errors will result in the relative underdosage of the CTV. However, all else 
beingg equal, the positive and negative displacement errors will tend to underdose differ-
entt volumes of die CTV such diat the overall cumulative dose will be higher than oth-
erwisee expected. Consequently, the EUD calculated from the cumulative dose as a func-
tionn of the setup uncertainty will tend to be greater than the EUD calculated as a 
weightedd average of dDVHs and their corresponding EUDs. As we are using a "worst-
case""  example, this is not a significant difficulty. This, however, highlights some of the 
potentiall  problems encountered if one is unaware of the limitations of dDVHs. 

S=+22 4 cm «=+0.3 cm 

Figuree 2-6. A plot of the planning target volume's differential dose-volume histogram (dDVH) curves 
comparingg the calculated (solid line) and the interpolated (dotted line) curves at a displacement error (8) of 
+2.44 cm (A) and +0.3 cm (B). 

2.6.1.22 Accuracy 

Figuree 2-4A-B show the interpolated dDVH (dDVH interp) surface using only 7 input 
referencee dDVHs from , , 6 and 0 cm. With the interpolation, it is possible 
too obtain dDVHs at any arbitrary displacement error and Figure 2-4B shows dDVHs in 
0.11 cm increments. To verify the overall accuracy of the interpolant, the collapsed cone 
algorithmm calculated the "true" dDVH (dDVH calc) at 15 displacement errors , 

,, , , , , , and 0 cm). The differences between the correspond-
ingg displacement errors (i.e. dDVH interp-dDVHcalc) are plotted on Figure 2-4C The 
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differencee between the curves converges to zero at the displacements that correspond 
too the input reference data at , , 6 and 0 cm. This is a function of the 
numberr of iterations and is a property of the interpolation method itself. Visual inspec-
tionn reveals the largest differences between the interpolated and calculated curves are 
foundd at 4 cm. 

Althoughh the differences appear large in this figure, they are relatively small when 
examiningg the dDVH curves individually. Figure 2-6compares the interpolated and the 
calculatedd dDVHs for 8=+2.4 cm and +0.3 cm to demonstrate visually how the accu-
racyy of the interpolant is affected by the distance between the input reference dDVHs. 
Thee interpolated curve at 5=+2.4 cm is primarily a function of the input dDVHs at 
8=+3.66 and +1.5 cm while the interpolated curve at 8=0.3 cm mainly uses the refer-
encee dDVHs at 8=0 and +0.6 cm. 

Wee expect the interpolant to be less accurate between input reference dDVHs that are 
fartherr apart. For example, the interpolated dDVH curve at 8=+2.4 cm primarily relies 
onn the input dDVH curves at 6 cm and 5 cm. The assumption of smoothness 
betweenn these input dDVHs is only partially correct and therefore adds to the inaccu-
racyy of the interpolant. In this case, the assumption of smoothness between input 
dDVHH curves is valid when the displacements are less than the PTV margin (i.e. <0.5 
cm).. Any displacement less than 0.5 cm would result in a dDVH very similar to the 
originall  dDVH. That does not imply the input reference dDVHs must be in increments 
off  0.5 cm or less. 

Althoughh the optimal number and spacing of the reference input dDVHs are not spe-
cificallyy investigated, the staggered, non-equidistant displacements used for the interpo-
lationn will tend to minimize the number of input reference dDVHs required for a rea-
sonablyy accurate interpolant. The probability density for the setup uncertainties is cen-
teredd around the mean (8=0 cm) with a given standard deviation. When calculating the 
averagee EUD for a given setup uncertainty, the most accurate interpolated dDVHs will 
bee found where the input reference dDVHS are closest together (i.e. 8=0 cm). 

Onlyy a ID displacement error (and not a true 3D displacement error) is studied and 
onee could argue the results will tend to underestimate the real dosimetric effects. How-
ever,, given all the "worst case" conditions described above, it seems unlikely that a full 
3DD displacement error interpolation would materially affect the results and conclusions, 
particuladyy if more realistic setup uncertainties are kept in mind (i.e. SD<1 cm). The 
variantt effect of contour changes and tissue inhomogeneities is most significant in the 
displacementt direction selected. Even with a full 3D displacement implementation, 
movingg the isocenter along the superficial-deep direction is primarily dependent on the 
inversee square law and is not highly dependent on tissue inhomogeneity and contour 
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changes.. Similarly, moving the isocenter along the superior-inferior direction is not as 

dependentt on variant effects since the long axis of the thorax is cylindrical in shape. 

Too verify a 2D displacement error with a similar spacing used in this ID displacement 

errorr would require approximately 225 dDVH calc curves (15 dDVH calc curves 

squared).. The recalculation of 225 dose distributions is impractical due to the prohibi-

tivelyy long computation time required. In principle, however, the interpolation for 2-(or 

more)) D displacement errors should be as accurate as the I D displacement errors as 

longg as the input reference data are similarly smooth. 

Too interpolate displacement errors in 3D, 3D reference dDVHs are required. For ex-

ample,, one could use isocenter shifts at ) and (0,0,0). These 9 reference 

dDVHss would take approximately 13 hours to calculate (using a similar dose grid as this 

study).. The calculation time required is long but determining the effect of variant 3D 

setupp uncertainties accurately, by any other means, will likely take substantially longer to 

calculate. . 

Thee largest RMS difference in relative dose between the interp and calc iDVH is 2.5% 

withh a maximum absolute difference of 16.9%. The large absolute difference is from 

thee relatively flat portion that corresponds with the steep gradient region of the dose 

distributionn of the DVH curve. These numbers compare favourably to the recom-

mendedd relative dose tolerance of 2-4% for the low dose gradient and up to 15% for 

steepp dose gradient regions [21]. We conclude that the interpolated dDVHs accurately 

approximatee the "true" variant calculated dDVHs with respect to displacement error, 

givenn the number and spacing of the input reference dDVHs used. In comparison, the 

largestt RMS difference and maximum absolute difference in relative dose between the 

invarr and calc iDVH is 5.5% and 65.2% respectively which is outside the recommended 

relativee dose tolerance. The application and validity of such recommendations are 

elaboratedd in the Appendix. 

Clearly,, the accuracy of the interpolation can be improved by using more input refer-

encee dDVHs spaced closer together but in the interest of efficiency, the lowest number 

off  reference dDVHs that yields an acceptably accurate interpolation is preferred. 

2.6.22 Efficiency 

Too assess how computationally efficient interpolation is compared to a straight recalcu-

lation,, one can examine and compare the calculation time between the two methods. In 

dDVHH calc, 15 dose distributions are required, consuming approximately 22 hours of 

dedicatedd calculation time. In contrast, dDVH interp requires 7 input reference curves 

thatt took almost 10 hours to calculate. These 7 dDVHs are then used for the interpola-

tionn and approximately 6.2 minutes is required to generate a control lattice. It takes less 

thann 1 minute to interpolate the corresponding 15 dDVH curves. On the basis of these 
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timee figures, interpolating is about 2 times more computationally efficient than recalcu-

lation. . 

However,, once the control lattice is created, then one can find the dDVH for any arbi-

traryy displacement within the lattice boundary. Approximately 82 minutes are required 

too interpolate 106 dDVH points (or about 1 200 interpolation points per minute). This 

translatess to 0.08 minutes per dDVH curve for the interpolation (ignoring the time re-

quiredd to calculate the input reference dDVHs) compared to 88 minutes per dDVH 

curvee for recalculation using the collapsed cone dose algorithm. Thus, interpolation is 

moree than 1 000 times faster than recalculation in this example. It can be made even 

fasterr if larger dose bins are used and if the MATLAB code is more rigorously opti-

mized. . 

Thee gain in relative computational efficiency using the interpolation compared to recal-

culationn is related to: the dose calculation algorithm, the number of input reference 

dDVHss and the number of interpolated points required. Very sophisticated, time-

consumingg dose calculation algorithms applying Monte Carlo simulations would benefit 

thee most from interpolation. However, when a choice needs to be made between accu-

racyy and speed, interpolation may provide a workable compromise. 

Althoughh 7 input dDVHs were used for the interpolation, in more realistic clinical 

situations,, displacement errors greater than 3.6 cm are unlikely to occur. The practical 

rangee of setup uncertainties is patient and site specific but the vast majority of cases 

wouldd be limited to much less than 1.8 cm. In a review by Hurkmans et al [22], the 

statedd achievable setup uncertainty (1 SD) for lung tumors is less than 3.5 mm. If a 

similarr spacing is used, then only 3 input dDVHs (e.g. , 0 cm) would be required 

too cover 2 SD (2x3.5 mm). However, this 3.5 mm SD is the best achievable setup un-

certaintyy so it likely underestimates the typical setup uncertainty found in actual prac-

tice.tice. A more prudent approach would be to use more than 2 SD. 

2.6.33 Clinical Relevance 

Oncee the dosimetric differences between the invariant and variant situations have been 

quantified,, the question of clinical relevance naturally arises. Clearly there are differ-

encess (as demonstrated by the RMS deviation) but what effect, if any, might it have on 

outcome?? To answer this, the EUD can be used as a rough estimate of differing bio-

logicc effects from an inhomogeneous dose distribution. The EUD has been criticized 

forr being unrealistic and an overly simplistic approach [23,24]. Nonetheless, the EUD 

remainss a useful measure when comparing inhomogeneous dose distributions and is 

moree robust to parameter uncertainty than TCP. 

Inn our analysis, we determine the EUD for different displacement errors and the mean 

EUDD for setup uncertainties. The divergence of these curves represents the true vari-
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antt effect on EUD. Patient specific factors such as the actual contour shape and exact 

amountt of lung within and without the irradiated fields will vary for different anato-

miess and geometries and it is unlikely any variant effects can be generalized for all pa-

tients. . 

However,, some general observations can be made. Firstly, variant effects are smaller 

withh smaller displacement errors and setup uncertainties. Secondly, the variant effect 

increasess the EUD as the volume of irradiated lung increases. The decreased attenua-

tionn and increased lateral scatter (relatively) increases the effective absorbed dose and 

thiss results in a higher EUD. This is the reason why displacement errors directed to-

wardss more irradiated lung (i.e. 8>0 cm) have variant EUDs greater than invariant 

EUDss and vice versa. 

Thirdly,, asymmetric variant effects will tend to cancel out when the mean EUD is 

calculatedd as a function of setup uncertainty. The variant effects are asymmetric since 

theree is littl e lung in the irradiated field for the negative displacement errors and more 

lungg in the beam for positive displacement errors. As explained above, this asymmetry 

wil ll  cause the invariant EUDs to be greater than variant EUDs for negative displace-

mentt errors and vice versa for positive displacement errors. The variant effects as a 

functionn of displacement error are quite clearly shown in Figure 2-5A. 

However,, somewhat counter-intuitively, when the mean EUD as a function of setup 
uncertaintyy is determined, this asymmetry will tend to lessen the difference between the 
invariantt and variant mean EUD. Since the setup uncertainty is normally distributed, 
theree will be approximately the same number of positive and negative displacement 
errors.. The invariant EUD's "overdosage" for negative displacement errors and "un-
derdosage""  for positive displacement errors tend to compensate each other and will 
tendd to minimize the difference in EUD as a function of setup uncertainty between the 
variantt case. 

Thee importance of this effect is demonstrated in the mean EUD for the calculated 

dDVHs.. If Figure 2-5A is studied carefully, one can see calculated EUD points overlap 

thee interpolated EUD curve at the displacement errors that correspond to the reference 

inputt dDVHs (at , , , and 0 cm) which is expected. But for the other 

correspondingg displacement errors, the calculated EUD appears slightly greater than 

thee interpolated EUD. Even though this difference appears relatively small with respect 

too the displacement error, in Figure 2-5B, the difference between the calculated and 

interpolatedd curves has approximately the same magnitude as the difference between 

thee interpolated and invariant curves. Unlike the invariant curve in Figure 2-5A, the 

displacementt errors for the calculated curve do not tend to compensate each other 

(comparedd to the interpolated curve). The implication is that symmetric variant effects 
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havee a stronger influence on the EUD as a function of setup uncertainty than asym-
metricc variant effects. 

Inn general, the variant effects are relatively small, particularly with respect to setup un-
certaintyy where the maximum absolute difference is <1% of the maximum EUD, sug-
gestingg that the incorporation of contour changes and tissue inhomogeneities (i.e. vari-
antt effects) can be ignored. Since the variant effects on EUD are negligible for this 
"worstt case" scenario, then, by implication, they can also be ignored for all "better 
case""  scenarios. Although these results need to be interpreted with caution, it appears 
thatt the effects of a variant dose distribution on EUD may be ignored in the majority 
off  clinical cases. 

Thee results also suggest invariant dose blurring convolution-type functions could be 
used,, even for extreme situations such as this clinical example, without significantly im-
pactingg the accuracy of the calculated EUD. Engelsman et al [9] also investigated the 
effectt of random setup uncertainties on the EUD for lung tumors and found that in-
creasingg the random setup uncertainty from 0 to 1.5 cm reduced the EUD 7.3% (70 to 
64.99 Gy). In our data, we found a EUD reduction of 12.8% for the variant (2.03 to 1.77 
Gy)) and 13.3% (2.03 to 1.76 Gy) for the invariant situation when increasing the setup 
uncertaintyy from 0 to 1.5 cm. Not surprisingly, our "worst case" example has larger 
relativee reductions in the EUD. Substantial work in this area has been published by sev-
erall  authors [4,9, 25-28]. 

Thiss analysis concerns only the target volume and ignores the surrounding normal tis-
sue.. Although the effect on adjacent organs at risk was not the aim of this study, larger 
setupp uncertainties will clearly spread the dose outside the target, potentially leading to 
moree normal tissue complications. 

2.6.44 Application 

Givenn that the EUD and DVH can be calculated assuming either an invariant or a vari-
antt dose distribution, when can the variant effects on the target volume be ignored and 
whenn are they important? The significance of the variant effects depends strongly on 
whatt is being evaluated, namely displacement errors versus setup uncertainties as well 
ass DVHs and EUDs. Setup uncertainties are more robust to variant effects compared 
too displacement errors. 

Withh respect to DVHs, variant effects can be significant even for displacement errors as 
smalll  as 0.6 cm. If DVHs are being used to evaluate the merit of a particular treatment 
plan,, then, in principle, variant effects should be included for all displacement errors. 
However,, if the target volume's EUD is used to evaluate the treatment plan, then the 
variantt effects could be excluded, particularly for small setup uncertainties. In general, 
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althoughh the dosimetric differences may not be significant, variant calculations are more 
accuratee than the invariant approach. 

Thiss apparent inconsistency highlights the importance in selecting an evaluator for a 
treatmentt plan and in distinguishing between displacement errors and setup uncertain-
ties.. Our results are consistent with other authors [4,9] who conclude that systematic 
errorss are more significant than random errors. Ignoring the variant effects (as is true 
forr invariant dose distributions) exaggerate the dosimetric differences for different dis-
placementt errors. However, this is not true for setup uncertainties since they partially 
compensatee for these variant effects. For some parameters, such as EUD, the variant 
effectss are so small they can be ignored. This is consistent with the observation that 
EUDss are less sensitive to dosimetric changes compared to DVHs. 

2.6.55 Future Directions 

Thee B-spline interpolation is extensible to multi-dimensional data. In principle, other 
geometricc variables, such as rotation, could be interpolated. Other authors have used 
6DD transformation errors (3 translational and 3 rotational for x, y and z-axes) [5]. The 
nextt logical step would be to incorporate and test the interpolation approach with dif-
ferentt variables. A more flexible interpolation is possible by using the dose grid directly. 
Insteadd of (volume, dose, displacement) dDVHs points as input (as per this paper), 
dosee grid data points consisting of (dose, x, y, z, displacement) could be used. The re-
quiredd dDVH or isodose surface could then be calculated directly from the interpolated 
dosee grid. Another advantage to this approach is that very complicated variables and 
effectss can be modelled such as organ movement, organ deformation and CTV margin 
width. . 

Thee major disadvantage with the multilevel B-splines is that the control lattice size 
growss exponentially with each additional variable. Each iteration doubles every lattice 
dimension.. Therefore, the number of lattice points increases by 2n with each iteration 
(wheree n is the number of independent variables). Several hundred megabytes of com-
puterr memory can be easily consumed during the generation of the control lattice so 
thee number of variables and input data points should be kept as small as possible. It 
alsoo follows that the selected independent variables be limited to those that are most 
significant.. Practical computational limits make it difficult to test some of these models, 
particuladyy dose grid interpolation, due to the extremely large number of lattice points 
required. . 

2.77 CONCLUSIONS 

Sincee a "worst case" example is selected, we conclude that, in the majority of clinical 
cases,, the variant effects of contour changes, tissue inhomogeneities and setup uncer-
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taintiess on EUD are negligible. Interpolation is a valid, efficient method to approximate 

dDVHs. . 
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SECTIONN 2.10 CLINICALL RECOMMENDATIONS ON DOSE TOLERANCE 

Appendixx A 

2.100 CLINICAL RECOMMENDATIONS ON DOSE TOLERANCE 

Onee of the problems with the interpolation approach is qualifying the accuracy of the 
interpolantt compared to the "true" value. Stated another way, when do the differences 
betweenn the interpolated and the calculated dose-volume histogram (DVH) curves be-
comee significant? Or, more generally, how does one determine if the differences be-
tweenn 2 DVH curves are significant or not? 

Onee method is to extrapolate the recommendations from other related situations to 
DVHs.. For example, the tolerance allowed between the calculated and the measured 
dosee could be used as a guideline to determine when dosimetric differences become 
clinicallyy significant. 

Thee recommended dose tolerance between calculated and measured relative dose calcu-
lationss vary between 2-4%, depending on the complexity of the treatment setup and 
deliveryy as well as which part of the beam is being measured [21]. Measurements per-
formedd within the build-up region of the beam penumbra have steep dose gradients so 
smalll  deviations in position can dramatically affect the measured dose. These recom-
mendationss are based on beam profile and percentage depth dose data. 

Onee can, however, make some reasonable assumptions regarding these recommenda-
tionss and apply them to DVHs. Beam profiles and percentage depth dose curves 
graphicallyy describe the dose at number of given points. We can interpret the 2-4% 
dosee tolerance recommendation as the dose at every point within the volume of inter-
estt (VOI) is within 2-4% of the measured dose. Thus, as a first order approximation, 
thee calculated dose at every voxel within the VOI should also be within 2-4% of the 
measuredd dose, at least within the low dose gradient volume within the VOI. 

Forr integral DVHs (iDVHs), the common interpretation is that it defines the relation-
shipp between some volume and some dose (i.e. 75% of the volume receives at least 
50%% of the prescribed dose). However, iDVHs can also be interpreted as all the voxels 
off  the VOI ordered by dose. To illustrate this point of view, imagine a VOI with ex-
actlyy 100 voxels with some dose distribution. Conceptually, every percent of the relative 
volumee can be thought of as a "volume bin" (analogous to dose bins but along the 
otherr axis) and directly corresponds to a voxel. By reading the dose at each volume bin, 
onee can find the dose for every voxel. In effect, each volume bin in the integral DVH 
(iDVH)) behaves like a voxel. Strictly speaking, the maximum absolute difference in rela-
tivee dose for between 2 iDVH curves should also lie between 2-4% if they are not 
clinicallyy different. 
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Onee should also recognize that such a criterion, if applied to the volume bins of differ-

entt I D V H S, is less stringent than if applied to each voxel due to the loss of spatial in-

formationn in iDVHs. Because the voxel volume bins are ordered by dose, one cannot, 

inn principle, determine the dose for an individual voxel. This is related to the degener-

acyy associated with iDVHs. The same iDVH can result from many different dose dis-

tributionss and, therefore, iDVHs have a higher degree of freedom. As a consequence, it 

iss possible for a given voxel to have a difference in relative dose greater than 4% but 

stilll  have an iDVH with a difference less than 4%. 

Anotherr consideration is what the 2-4% recommended dose tolerance actually repre-

sentss in practical terms. If the relative dose for all points within the VOI can be in-

creasedd by 4% and the resulting iDVH is not considered clinically different, then one 

cann use the RMS of the difference (i.e. RMS<2-4%) instead. The advantage with the 

RMSS deviation is that a few volume bins can have a dose difference greater than 4% yet 

stilll  result in an overall RMS less than 4%. This is particularly useful for regions with a 

steepp dose gradient such as the beam penumbra. In fact, the recommendations recog-

nizee that for steep dose gradients, a tolerance of 2-4% is not always possible and allow 

upp to a 15% difference (which corresponds to a distance of 3 mm). 

However,, if the differences in relative dose between the calculated and measured dose 
distributionss are random and normally distributed, then the recommended tolerance of 
2-4%% should be viewed as an extreme value. In other words, most of the differences in 
relativee dose should lie between . Under this assumption, the majority (e.g. 2 
SD=95%)) of the absolute differences should be less than 2-4%. Therefore, one could 
interprett the standard deviation (SD) of the difference as 1-2%. This is equivalent to 
sayingg the RMS of the difference in relative dose between 2 iDVHs should be less than 
1-2%. . 

Obviouslyy this criterion is more stringent than maintaining an overall RMS of less than 
4%.. Which criterion is correct depends on which interpretation of the recommenda-
tionn is preferred. 
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