A technique for the quantitative evaluation of dose distributions
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The commissioning of a three-dimensional treatment planning system requires comparisons of
measured and calculated dose distributions. Techniques have been developed to facilitate quantita-
tive comparisons, including superimposed isodoses, dose-difference, and distance-to-agreement
(DTA) distributions. The criterion for acceptable calculation performance is generally defined as a
tolerance of the dose and DTA in regions of low and high dose gradients, respectively. The dose
difference and DTA distributions complement each other in their useful regions. A composite
distribution has recently been developed that presents the dose difference in regions that fail both
dose-difference and DTA comparison criteria. Although the composite distribution identifies loca-
tions where the calculation fails the preselected criteria, no numerical quality measure is provided
for display or analysis. A technique is developed to unify dose distribution comparisons using the
acceptance criteria. The measure of acceptability is the multidimensional distance between the
measurement and calculation points in both the dose and the physical distance, scaled as a fraction
of the acceptance criteria. In a space composed of dose and spatial coordinates, the acceptance
criteria form an ellipsoid surface, the major axis scales of which are determined by individual
acceptance criteria and the center of which is located at the measurement point in question. When
the calculated dose distribution surface passes through the ellipsoid, the calculation passes the
acceptance test for the measurement point. The minimum radial distance between the measurement
point and the calculation pointexpressed as a surface in the dose—distance sisaeemed they

index. Regions where>1 correspond to locations where the calculation does not meet the accep-
tance criteria. The determination gfthroughout the measured dose distribution provides a presen-
tation that quantitatively indicates the calculation accuracy. ExamplassoMV beam penumbra

are used to illustrate ther index. © 1998 American Association of Physicists in Medicine.
[S0094-240898)01905-1
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[. INTRODUCTION culated doses. A dose-difference distribution can be
displayed™> that identifies the regions where the calculated
The commissioning of treatment planning systems routinelyjose distributions disagree with measurement. In high dose
requires the comparison of measured and calculated dose digradient regiongassuming that the spatial extent of the re-
tributions. The physicist first determines a set of irradiationgion is sufficiently large a small spatial error, either in the
conditions for which the treatment planning system is to becalculation or the measurement, results in a large dose dif-
evaluated. Measure@ften planar dose distributions are ob- ference between measurement and calculation. Dose differ-
tained for these geometries, and the corresponding isodogsices in high dose gradient regions may therefore be rela-
distributions are subsequently displayed or printed. tively unimportant, and the concept of a distance-to-
The qualitative evaluation of the treatment planning sysagreement(DTA) distribution is used to determine the
tem calculation is made by superimposing the isodose distriacceptability of the dose calculati6n? The DTA is the dis-
butions, either using software tools or by hand using printedance between a measured data point and the nearest point in
isodose distributions and a light box. This evaluation high-the calculated dose distribution that exhibits the same dose.
lights areas of significant disagreement, but a more quantitaFhe dose-difference and DTA evaluations complement each
tive assessment may be needed for final system approval. other when used as determinants of dose distribution calcu-
Quantitative evaluation methods directly compare thdation quality.
measured and calculated dose distribution values. Van Dyk A composite analysis developed by Hareisal.”*° and
et al! describe the quality assurance procedures of treatmebased on the concepts of Shetial* as applied by Cheng
planning systems and subdivide the dose distribution comet al.'? uses a pass—fail criterion of both the dose difference
parisons into regions of high and low dose gradients, eachnd DTA. Each measured point is evaluated to determine if
with a different acceptance criterion. In low gradient regions both the dose difference and DTA exceed the selected toler-
the doses are compared directly, with an acceptance toleancede.g., 3% and 3 mm, respectivelyoints that fail both
ance placed on the difference between the measured and catiteria are identified on a composite distribution. Because
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Fic. 2. Geometric representation of dose distribution evaluation criteria us-
ing the combined ellipsoidal dose-difference and distance-to-agreement
(b) tests.(a) Two-dimensional representatiotb) One-dimensional representa-

tion.

Fic. 1. Geometric representation of dose distribution evaluation criteria for
the dose-difference and distance-to-agreement témtsTwo-dimensional
representation(b) One-dimensional representation.

distribution is queried for comparison. The mathematical for-

the composite distribution is a binary distribution, it does notmalism describing the dose-difference, DTA, and composite
lend itself to a convenient display. Therefore, by conventiondistributions has been presented by Haretsal.”° but is
the quantity displayed in the composite distribution is thesummarized here for clarity. The dose-difference criterion is
dose difference. While the composite distribution highlightsAD,,, and the DTA criterion isAd,, . The passing criteria
regions of disagreement, the display of the dose differencehown for the examples ar&Dy,=3% andAdy=3 mm
may accentuate the impression of failure in high dose gradibased on our internal clinical standards for photon beams.
ent regions. An additional limitation to this technique is that Figure Xa) shows a diagrammatic representation of the
there is no unique numerical index that enables the presemomposite analysis tool for two-dimensional dose distribu-
tation and analysis of a distribution that measures the calcuion evaluations. In this and all subsequent cases, the evalu-
lation quality. ation presented is for a single measurement pjntlying

An extension of the isodose comparison tools is presentedt the origin of the figure, and for clinical evaluations, the
that simultaneously incorporates the dose and distance criteomparisons are repeated for all measurement points. Two of
ria. It provides a numerical quality index that serves as ahe axes(x andy) represent the spatial locatiany of the
measure of disagreement in the regions that fail the accemalculated distribution relative to the measured point. The
tance criteria and indicates the calculation quality in regionghird axis(8) represents the difference between the measured
that pass. Unlike the existing composite distribution, the in{D,(r,)] and calculated D.(r.)] doses. The DTA crite-
dex can be presented in a graphical form to enable a rapidon, Ady,, is represented by a disk in thg—r. plane with
and efficient evaluation of the algorithm quality by the physi-a radius equal tady, . If the calculated distribution surface,
cist. An implicit assumption is made that once the passind(r.), intersects the disk, the DTA is within the acceptance
criteria are selected, the dose-difference and distance-tariterion, and the calculated distribution passes the DTA test
agreement analyses have equivalent significance when detet that point. The vertical line represents the dose-difference

mining calculation quality. test; its length is 2Dy, . If the calculated distribution sur-
face crosses the lifg@D(rm) —Dm(rm)|<ADy], the calcu-
. METHODS AND MATERIALS lated distribution passes the dose-difference test at the mea-

surement point. Figure () shows the one-dimensional
analog to Fig. ().

The method presented here uses a comparison between Figure 2 shows a representation of a method for determin-
measured and calculated dose distributions. The measurig an acceptance criterion that simultaneously considers the
ment is used as the reference information, and the calculatetbse difference and DTA. An ellipsoid is selected as the

A. Evaluation methods
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surface representing the acceptance criterion. The equation 1.2 e e
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soid defined by Eq(l)' the calculation passes @t . Fic. 3. Measured penumbra and the fit using E3).for a 10< 10 cn?, 6

Defining the acceptance criteria not just along thaxis MV photon beam.
and in ther.—r,, plane allows for a more general compari-
son between calculation and measurement than does the tra-
ditional composite evaluation. The quantity on the right-handGaussian distribution and ranges from a value of 0 at
side of Eq.(1) can be used to identify a quality indexat  x=— to 1 atx=o. The remaining parameter valués,
each point in the evaluation plamg—r, for the measure- x,, andD,) are explained below.

ment pointry, , To investigate the utility of the quality index(r,), two
— i curves, identified as calculated and measured, are required.

Y(r ) =mMin{T (1, 1) }V{rc}, @ The curve labeled measured uses the parameters, X,
where =0, andD;=0, yielding a penumbra with the collimator
F2(rmife) 62(rmifo) edge gtx=0. The utility of they index is in\_/egtigated. py

L(ry.ro)= \/ A + D2 (5) adjusting the parameterg x,, andD,, to mimic specific

M M clinical situations, including a normalization err@y), posi-
—r — tion shift (xo, which models the position of the collimator

F(Fma ) =[re=rml, (6) » ;

edge, equal to the 50% dose position wien0), and dosi-

and metric shift 0,). The dose-difference, DTA, ang index

S5(rm,re)=D¢(re) = Dm(rm) (7) are determined for these cases.

is the difference between dose values on the calculated and
measured distributions, respectively. The pass—fail criterid@ll. RESULTS

heref . .
therefore become Figure 3 shows the comparison of the measured penumbra

y(r,)=<1, calculation passes, and fit using Eq.(9). The fit matches the measured data
ithi 0, tti -
Yr)>1, calculation fails. ®) \é\{[l;rrnsna\?;:) over the range of 4 to 4 cm. The fitting param

An important feature of this method is that in the final as-
sessment of the dose distribution quality, the value/(of,,)
can be displayed in an ispdistribution. The regions where B,=0.456 cm?,

y(r,,) is greater than but nearly unity will be apparent rela- (10

A=0.173,

— ~1
tive to the regions of more significant disagreement. B,=2.892 cm,
T=0.010.
B. Evaluation distributions The measured and calculated dose distributions for a position

shift of 0.25 cm(xy=0.25 cm for the calculated dose distri-
bution) are shown in Fig. @). The dose-difference and DTA
rare also shown. The dose difference is multiplied by 10 such
‘hat the position on the graph of the dose-difference criterion
%) appears at the same location as the criterion for the
DTA (3 mm). The passing criterion is shown as a thick dot—
D(x)=n{T+(1-T)(A erf[B;(Xg—x)] dashed horizontal line at 0.3.
The DTA is a constant 0.25 cm, as expected. The dose
+(1-A)erfBy(xo—x)])}+Dy, O difference rises rapidly at the penumbra, peaking beyond the
where D(x) is the dose at position, A, B;, andB, are  scope of the graph, with a value of 0.33. Because the DTA is
fitting coefficients, and is the transmission of the collima- always less than 0.3 cm, there are no regions that fail the
tor. The error function erk is the integral of the normalized composite evaluation.

An examination of the dose distribution evaluation meth-
ods is made using the penumbra of axi cn?, 6 MV
photon beam. For convenience and presentation clarity, t
evaluations are shown for one-dimensional dose distribution
and the data fit to the equation

Medical Physics, Vol. 25, No. 5, May 1998



659 Low et al.: Dose distribution comparisons 659

1.2 IIII'II" 1.2 e e
. L : . - \ : :
% . Measured Dose § | X . . Measured Dose
a 1 Calculated Dose 3 1 . . Calculated Dose
o E . ajculat a I EEREE] Dose Difference
2080 B I Dose Difference 2Es - - —- - Distance-to-Agreement
s « | =+ = - Distance-to-Agreement -l
g508 AN : 3=x08 [ \ 3
T EL . @ F 1
£ < \ L
=88 . g 29 Region Exceeding )
32506 [ : . 25206 | —3%and-3mm \ -
8s g : § g E; [ Tolerances ‘. ]
2389 : 236 ' 1
s5g04 [ R ] Segod4r 4 -
Py . o33 aen -7 9
220 ——— e — - — - - [ PR 2% I T e o — —
%D b e —_— L ‘5-5 ......... - ]
Q 0.2 [ : - 8 0.2 .
2 . T 2 o
0 Leneberetl o ] ] rm= 0 S S T T BN Mororar- = -
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
(a) Distance (cm) (a) Distance (cm)
1.2 preee e 1.2 preer e
[ b n
[ ! ] i 'n‘ 1
1 -—--—-I—-—-—-—-— 1 -I-——--—-—-—-—

. Measured Dose
Calculated Dose

" Measured Dose
\ Calculated Dose

(=]
@

Measured and Calculated Relative Doses
Gamma
o
»

Measured and Calculated Relative Doses

. Y| BT D Y s Region Exceeding Gamma=1
L ! . g .
B . B £0.6[ —
- . ] o - B
C : | O [ ]
0.4 . | ] 0.4 .
A .'. 1 ] :
0.2f | . . 0.2 ]
0.-r'.'.-l.....I....I.--.I....I....n.. LT 0 ettt | T— ——
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4

(b) Distance (cm) (b) Position (cm)

Fic. 4. (a) Superimposed dose, dose-difference, and distance-to-agreemepjs. 5. (a) Superimposed dose, dose-difference, and distance-to-agreement

distributions for the penumbra distributions modeling a 0.25 cm spatial shifdistributions for the penumbra distributions modeling a 0.25 cm spatial shift

between calculation and measuremeftt) Superimposed dose, dose- and 2.5% normalization difference between calculation and measurement.

difference, andy-index distributions for the same conditions as(@ (b) Superimposed dose, dose-difference, arddex distributions for the
same conditions as ifa).

Figure 4b) shows the measured and calculated dose dis-
tributions, and they index, for the same conditions as in Fig. 5(a). The y index exceeds a value of unity in nearly the same
4(a). The maximum value o is 0.83, corresponding to the region as the DTA and dose differences cross the passing
maximum value of the dose difference. The valueyaf all criteria in Fig. %a). The failure region lies between 1.53
regions is less than 1.0, indicating that the calculation passesnd —0.44 cm for they index, and—1.74 and-0.43 cm for
the acceptance tests, consistent with the composite evalutiie composite analysis. The maximum valueyofs 1.14,
tion [Fig. 4(@)]. indicating that the calculation fails the acceptance criteria by

Figure 5a) shows the measured and calculated dose dis14%.
tributions and the dose difference and DTA for the penum- The same analysis is made for a calculated penumbra dis-
bra, where there is a normalization difference of 2.5% and @ribution with spatial and dosimetric offsets of 0.25 cm
lateral shift of 0.25 cm(7=1.025,x,=0.25 cm for the cal- (xy=0.25 cm and 2.5% D;=0.025), respectively. Figure
culated dose distribution The DTA is no longer constant, 6(a) shows the superimposed dose distributions, dose differ-
with large values where the dose distributions differ by 2.5%ence, and DTA. As before, the dose difference exhibits a
and the dose gradients are small. For the regiorpeak valugof 0.35 near the origin. This time, however, the
x<—1.50 cm, the dose difference lies below the passing criDTA has a single minimum near the origin, with large values
terion of 3%, and the calculation passes the test. The dode both regions of low dose gradient. There are two regions,
difference has a similar pegknaximum value=0.35 to that  lying on each side of the origin, that fail the composite cri-
in Fig. 4(a). Both the dose difference and DTA lie below the teria.
passing criteria fox>0.74 cm, and the DTA lies below the The vy index is shown with the superimposed dose distri-
passing criterion betweer=—0.43cm andx=0.74 cm. butions in Fig. gb). The two regions that fail the criteria are
Both the DTA and dose differences fail the criteria in theclearly identified wherey>1. The calculated dose distribu-
region —1.74 cm<x<—0.43 cm. The calculation would be tion fails, based on the composite analysis, in the regions
said to fail in this region. —1.81<x<—0.38 and 0.3&x<2.08, while they index-

Figure §b) shows the measured and calculated dose disvalue test fails betweery—1.66<x<—0.41 and 0.3%Xx
tributions and they index for the same conditions as in Fig. <1.84. Once again, the region where the calculation fails
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1.2 e o AR AR AR measured dose distributions is due to the dose difference or
g . : : i ; DTA. A graphical representation of the angle should be in-
F . :," g:,f;i:‘;fgdf’gj:e vestigated to determine its clinical utility.
%220.8 L ‘-\ i L D e sement While an ellipse was selected as the determinant of the
3 %E [ Reagei/f';snﬁx:ferﬁ?nmg \ : pass—fgll criteria, the .sellectlon was pased principally on the
22506 [ Tolerances convenience of description and coding. Other shapes could
Seos be used, such as a right cylinder or cone, based on the user's
230 , ghtcy ,
s£g04 2\ dose-distribution test specifications. The relative importance
23 ° o ET-'--_-"'""'_ A | UL T of the dosg difference .and distancg-to-agreement tests .COl.Jld
- ' also be adjusted by suitable selection of the pass—fail criteria
o Doriiiinnn, AR surface. In addition, the dose-difference criteria could be
@ -4 -3 -2 'D:stange (Cm‘) 2 3 4 gen_eralized to a spati_ally dependent functio_n_ to account for
regions where dose differences are more critical.
1.2 e FORMMRRLAAARARARAS This manuscript serves as a description of4hiedex and
. N ‘:._“_ o _ comparisons of actual measured and calculated data are not
L.t el conducted. To enable evaluations of treatment planning sys-

. tem data, a two-dimensional application of theindex is
] being developed using the software platform developed by
— Harms et a_l.7'10 that will supplement the existing analysis
Calculated Dose tools. The index will be used to evaluate the dose calculation
‘ algorithm of three-dimensional treatment planning systems,

including an intensity modulated planning and delivery sys-
tem. Once this tool has been developed, experience will be
gained in the appropriate use of the tool with actual clinical
data.

Additional studies will be conducted to determine the
Fic. 6. (a) Superimposed dose, dose-difference, and distance-to-agreemetool’'s usefulness under clinical conditions. A study of the

distributions for the penumbra distributions modeling a 0.25 cm spatial shifjqax reliability and sensitivity to noise and further evalua-
and 2.5% dose offset between calculation and measureiierifuperim-

posed dose, dose-difference, apihdex distributions for the same condi- tion of its C"nicallmi”ty will be conducted and presented in
tions as in(a). a future manuscript. The effects of data smoothing and other
data manipulations will also be evaluated.
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