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We have studied the accuracy of statistical parameters of dose distributions in brachytherapy using
actual clinical implants. These include the mean, minimum and maximum dose values and the
variance of the dose distribution inside the P{planning target volume and on the surface of the

PTV. These properties have been studied as a function of the number of uniformly distributed
sampling points. These parameters, or the variants of these parameters, are used directly or indi-
rectly in optimization procedures or for a description of the dose distribution. The accurate deter-
mination of these parameters depends on the sampling point distribution from which they have been
obtained. Some optimization methods ignore catheters and critical structures surrounded by the
PTV or alternatively consider as surface dose points only those on the contour lines of the PTV.
D min @nd Do are extreme dose values which are either on the PTV surface or within the PTV.
They must be avoided for specification and optimization purposes in brachytherapy. Dsing

and the variance ob which we have shown to be stable parameters, achieves a more reliable
description of the dose distribution on the PTV surface and within the PTV volume tharbdges

andD .- Generation of dose points on the real surface of the PTV is obligatory and the consid-
eration of catheter volumes results in a realistic description of anatomical dose distributions.
© 2000 American Association of Physicists in Medicir&0094-24080)01105-9
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I. INTRODUCTION Real 3D (three-dimensionalanatomy based multiobjec-
tive dose optimization methotisequires the iterative calcu-

In contrast to external beam radiotherapy dose distributiongation of dose-volume histogram@®VH) for the planning
those in brachytherapy are significantly more nonuniformztarget volume(PTV), body sections and critical structures
For external beam radiotherapy a few hundred samplingind the dose distribution on the surface of the PTV. The
points can achieve an accuracy of 3%This is not true for  DVHs are usually calculated by sampling the dose distribu-
brachytherapy. To date, no systematic studies exist for théon of a large number> 10°) of uniformly distributed ran-
accuracy of the statistical parameters of the brachytherapgom points inside the PTV, and within critical structures.
dose distribution. Brachytherapy treatment planning system®ther single cost function optimization algorithms include
in addition to DVHs(dose-volume histogramslso give sta-  those with constraints which are related to the dose distribu-
tistical parameters of the dose distribution, including thetion, to the PTV, and to critical structures. The latest meth-
minimum and maximum dose values inside the PTV. ods use sets of points distributed on the PTV surf#uat is,

Sampling of dose points, both for deriving the geometri-actually on the target contoyrsnside the PTV volume and
cal limits of the PTV and critical structures; and for using aswithin the critical structures. Classical treatment planning
points to specify the dose distribution, must play a centrabptimization includes statistical parameters suchDas,,
role in the optimization procedures for modern imagingD .. and D.x and the variance, or variants of these
based brachytherapy. parameters® whereD eanis Used indirectly
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In some cases, such as the prostate, a critical structure, in
this example the urethra, is surrounded by the PTV volume
giving a PTV that is not continuously filling the anatomical
volume enclosed by the PTV outer contours. In such cases,
points generated inside the 3D PTV contour surface must be
ignored if they are within any critical structure. In addition,
any points inside the PTV, critical structures and any tissue
volume, which are also inside the catheters, should be ig-

AL WN o

P

nored. These constraints are not incorporated within any cur- —>0
rent brachytherapy software. (%WDr» 3
The constraints are implemented by avoidance of points P > 4

. . . . - N g
closer than a given distance to the catheters, which is deter- P 1
mined by the outer radius of the catheters. It could also be a P 7 > 2

clinical decision to ignore small volumes adjacent to the (b) N—— ”

catheters by specifying an additional margin to the physical
catheter outer radius. Fic. 1. Schematic diagram illustrating a generalized pBimh relation to a

- - P . ._2D cross section through a polygés with and(b) without a critical struc-
The main aim of some dose optimization algorithms isy ' ide the cross section. The number of intersections is shown for each
that a defined isodose surface should ideally conform to thgoint.
shape of the PTV. Usually this shape is described by a set of
sampling points and the algorithms try to minimize the vari-

ance of the dose values at these dose points. To accurately Points within a volume

describe the 3D shape of the PTV surface, the sampling We assume that every volume is represented by planar

points have to be uniformly distributed on its surface. How- . : . .
contours which are obtained from parallel cross-sectional im-

ever, some methods which are based on the estimation of thae es using either Clcomputed tomographyr MRI (mag-
minimum peripheral doséMPD) or the equivalent of the 9 9 P grapmo 9

minimum target doseMTD),® and which use dose points netic resonance imagingWe also assume that when using

distributed on the PTV contours as a representation of the 3 riznpliaénsalrj;:i?]nt?rl:; Olzth\i/grllur?gégsusr:rsfa;if;:%r:ir?;t;";z kE)y
PTV surface, could give biased results, since they do no 9 9 9 P y

: uchset all° or Boissonnaet al!! The triangulation is as-
obviously cover the whole PTV. sumed to cover the whole surface, including the surface of
Points inside the PTV and critical structures are used fo ' g

both ends of the object
the calculation of the volume which is required for the nor- o ,
malization of the DVHSs, and this can be achieved with a The catheters are considered as a special category of

high ; b imple Monte Carlo intearation t hnonanatomical 3D objects and are defined as a list of
\gh accuracy by a simpie Vionte L.ario integration tech- ., qiqr describing pointi® 3D space as described by Tsal-
nigue. Due to the high dose gradients, many more samplin

ints ar nerally required in brachvther for th gatouroset al'? and by the catheter outer radius with or
ance saﬁ:jla%iei)neo? gvﬁglihgm in ex?ecrn)z/atl lfezmlra? diotr?e?accuwnhom an additional clinical margin. For catheters with a
pytypical very small outer radius of 1 to 2 mm, the triangula-

We _p_resent In th'§ paper a numper of new algonthms fortion is not a suitable method for reconstruction of the volume
the efficient generation of dose points which are uniformly

o o o surface. Because of their typical cylindrical geometry the
distributed on Fhe surface of t.he PTV; f|rstly within the_ PTV, urface and the volume encompassed by the catheters is de-
and also within organs at risk or other tissues of mteresf

. ) : ermined analytically.
where the constraints relate to catheter location and diameter. The verification procedure consists of determining

The 3D anatomical volumes are represented by sets of Crosgs

tional contours. The results of implementation of th hether a point is inside the volume as described by the
sectional contours. 1he Tesults o plementation o eS‘f)lanar contours and its triangulated surface. The basic part of

19”22?;3 dlgi:czr;%ed Oz;nﬂl?rllcealblemngi‘igtoﬂﬁztfg; :Ir eoﬁ:ﬁ%his procedure is essentially reduced to a 2D verification of
are described ’ 9 Whether a point is inside a given contour on a given plane.

1. Test of if a point is within a 2D contour

We consider a 2D contour as a closed polygon made up of
N vertices §;,y;)i,el,...N. There are several methods
II. METHODS which can prove if a poinP = (x,,yp) is within such a poly-
gon but the most efficient method is the topology-based
In this section a method is presented which generatemethod. In order to determine if a poiRtis inside the poly-
sampling points inside a triangulated surface of the PTV andgjon we consider a horizontal ray emanating frBriowards
other objects. This includes the exclusion of volumes insidehe right, see Fig. 1.
sources or catheters. Additionally a method is presented We count the number of intersections of a ray with all
which generates sampling points on the whole surface of thedges of the polygon. If the number of edges of the polygon
PTV. intersected by the ray is even then the pdtris outside the
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polygon, and if the number of intersections is odd then the m
point P lies inside the polygon. This is a consequence of the -
Jordan curve theorem in topology and a proof is given by
Courantet al!® There are some special cases when a ray
passes exactly through a vertex. These situations can be con-

sidered using tie breaking rules or by a method such as de-
scribed by Edelsbrunnet al4

No_}is z,inside the bounding box of
the contours ?

Yes*

Find Zyetore and Zaper

2. Test of if a point is within a volume — +

We have to determine whether a point is inside or outside Is P ";flg:zszf contour  {Yes
a volume. The previously mentioned 2D algorithm for a test No*eore
of a point inside a polygon can be extended to a test for a — -
point inside a polyhedron. Due to the very high number of Yes| IS projection of P outside 2D

. - «—] contour at z=Zpc(re and outside

triangles, that is facets of the polyhedron, such a method 2D contour at z=Z,e
would be computationally very inefficient. For this reason
we use the following procedure to check if a poiwith N°¢
coordinatesX;,,Y,,Zp) is inside the triangulated surface of a Is projection of P inside 2D Yes
volume. We assume that the planar contours of the volume contour at z=zy,.,re and inside |—
are parallel to the axis and in the rangzin »Znad- We test 2D contour at Z=Zafer
if the point is inside the bounding box described by the con- Noy
tours. If the result is positive then the point is between two Calculate interpolated 2D
image planes containing these contowrss [ Zyetore: Zatter - contour at 2=z,

In cases where the point under consideration lies on a v
plane containing the contour, we set the defaultzgs,. No| Is P inside the interpolated 2D
=Zaer=2Zp- We then test if the point is in the plane at - contour at z=z,,
=Zpeiore If the result is positive we test if it is inside the Yes‘<
corresponding 2D contour. Otherwise,# Zpesore, W€ test :No s the volume not the body or s .4

the projections of the point on the cross-sectional planes at

P outside all other volumes

Zpefore @Nd Zgge, relative to the volume contours in these Yo SL
planes.
If the projections of the point are inside both planes then :No Is P outside all catheters
the point is considered to be inside the volume, or if they are
outside both planes then the point is considered to be outside v Yes‘
the volume. If this is not the case which is relatively rare, Pis P is inside
then the object contour at=z,, is calculated by interpolating outside
between the object contourszat z,gqoeaNdZ=Z45,aNd in @
further procedure, it is verified whether the point is inside or
outside the interpolated contour. This contour is obtained M

from the intersection points of the triangles of the triangu-
lated object surface and a plane perpendicular tatids at ~ Fie. 2. Flow chart of the algorithm for the generation of dose points inside
z=z,, that is, through the poirif a volume.

An additional test is then necessary to avoid the possibil-
ity that the point is at the same time inside any other con-

toured volume. An exception is the case when the volumé/alue distribution inside PTV has to be minimized. There is

under consideration is what we tetime body This includes always a problem |f.dose po”?ts are producgd within the
the PTV. normal tissue and critical structures catheter volumes which result in very short distances from

If this test succeeds, a final test is required to verify if thethe sources or even lying exactly at sources positions. The

point is outside any of the catheters. If this result is positive,dose values at these points are very high and depend on the

then the point is finally considered to be inside the volume mdwell Welghts assigned to the source dweII. posmons. These
interest. The flowchart for our algorithm is given in Fig. 2. very high dose values cause wide fluctuations in the mean

and maximum dose values and the correspongigalues.
These fluctuations must be reduced as much as possible.
This could theoretically be avoided by using a specific
Various optimization methods require a knowledge of thecut-off maximum dose value. The disadvantages of such a
average or maximum dose value that is within a given vol-method is that in the iterative process it is not known which
ume such as the PTV or various critical structur@sf in parts of a volume are excluded in the optimization process
addition the optimization objective is a homogenous dosend that the cut-off value is an arbitrary value. Another
distribution within the PT\? then the variance of the dose method of avoiding the numerical difficulties due to the pres-

3. Test of if a point is outside a catheter
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Catheter describing point for our catheters to define an additional margin to the tip of
the catheters.

Firstly, verification is carried out to determine if a dose
point P is within any of the spheres centered at the catheter
nodes, Fig. &). If this is the case, then the point is inside the
catheter: Otherwise the following procedure for the cylindri-
cal segments is initialized.

Given that the equation of the line for a catheter segment
through the sequential catheter describing pain@sndr; ;

Margin A, is:
(a)

OuterradiusR, T
of catheter

r(u)=ri+u(ri,,—ryp, 1)

Extended bounding box then the minimum distance of a dose poihatr, and the
segment is at the poimi(up,,) wherer ,—r(Um;y) is perpen-

Bounding box A dicular to the segment, Fig.(&. Therefore using Eqq1)
A A = | and(2) we obtain for the point (Upr)
/ (Figa=ri)-(rp=r(Umin)) =0, 2
V) : Upin= (I p=17) - (Fi 1= r/dist(r; . 1)?, )
N T where dist(; ,r; 1) is the Euclidean distance betwegrand
(b) € Catheter radius R rivq- If Uningl0,1] then the point (u,,,) is not on the seg-

ment betweem; andr; ., but on one of its extensions angd
Fic. 3. (a) Schematic diagram of the parameters required to test if a point i§s considered to be outside this segmenu Jf,e[0,1] then

inside a catheter with an outer radi® and marginAgr. (b) Schematic . . .
diagram of a bounding box. This is shown only for a single catheter but inwe calculate the distance of the PO“Bta”d the line segment

practice the box would include all catheters. dist(rp .1 (Upin))- If dist(r,,r (Umin)) <R then the point is con-
sidered to be inside the catheter and a test for the other seg-
ments is omitted.
, L ) , The length of each catheter segment dist( ;) is the
ence of singularities is the use of thermonic peripheral . computational time consuming operation in E8).

6

dose(HPD) proposed by Yd’ _ and, therefore, is calculated only once in a pre-processing
Both these methods deal with a problem in a Mannekten and the value of 1/dist(r; . )2 is stored
o .

which is not logical with regard to clinical practice. It makes |1 is hot necessary to calculate for every dose point its

no sense to calculate doses within a radioactive source Qfisiance from all catheter segments. The calculation proce-
within catheters since this are nontissue volumes. A mOrgy, e can be minimized by incorporating in the algorithm the
logical approach is the exclusion of dose points lying inside,,q ginates which define the limits of the catheter segments,
the source or the catheters. Because of this we have to testf, extending these limits by a distanceRjn each direc-

a point is outside a catheter. tion: This defines what we term th®unding boxA test is

We assume that cathetgrs are curved cyIinder; which capep, necessary to determine whether any dose points are
be approximated by cylindrical segments connecting sequetyithin this bounding box. If they are outside the box then

tial catheter describing poirifsand spheres centered at the they are obviously not within a catheter. If they are within
nodes: These are catheter describing points belonging t0 W@ e" oy then it must be verified that they are not within a
sequential segments, see Figa)3Given the outer radiuR, catheter, Fig. &). Using this algorithm, which is not com-

of a catheter, points closer tha=R. from every catheter jicateq the test inside a catheter requires only a few sec-

se.gmgn.t apd node must be excluded. In qr(_jer to tgst it 8nds for 100 000 sampling points.

point is inside a catheter we calculate the minimum distance

between the point and any catheter segment. If it is smaller ) ) "

than R then this point is inside the catheter and has to be* Generation of points within a volume

excluded. Using the previously described algorithms we can gener-
The clinicalmargin Ag specified by the physician, can be ate sampling points inside an object. We produce points in-

expressed as an additional shell surrounding the catheter rside the bounding box of the object and test using our algo-

sulting in a corresponding increase of the effective catheterithm if they are inside the volume. The sampling points

outer radius increasing this ®whereR=R.+Ag. For the inside a volume are generated using triplets of Sobol se-

catheter typesmicroSelectron HDR, Nucletron B.V., Veen- quences. These are known as quasi-random sequéDBEs

dendaal, The Netherlandse use clinically, there is a dis- Deterministic low discrepancy sequences LDS, which fill the

tance of 5-10 mm between the catheter tip and the firsBD space more uniformly than uncorrelated random points.

possible source dwell position within the catheter, dependingVe use the Numerical Recipes Routisebsegwhich pro-

on catheter type. Knowing that the first catheter describingluces Sobol sequencE<Dbtaining these sequences does not

point is adjusted to describe the catheter tip there is no neesignificantly lengthen the computing time compared with a

Medical Physics, Vol. 27, No. 5, May 2000



1038 Lahanas et al.: Generation of uniformly distributed dose points 1038

time to produce the same number of pseudorandomly distrib-
uted sampling points using standard routines. It is also
known that Monte Carlo integration using QR converges
faster than using pseudorandom distributed sampling
pointsl217

The use of an aligned minimum bounding rectangular
box'® of the volume can further increase the speed of the
generation of points inside the object. The production of
points inside the minimum bounding box will increase the
efficiency of the procedure by reducing the probability of
generating points outside the object. This effect becomes
very significant if the main axes of the object are not aligned
with the coordinate system in use.

B. Points on the surface of a volume

Some dose optimization methods use points on the sur-
face of PTV and optimize the dose distribution by requiring
that a given isodose surface should ideally conform to the
shape of the PTV. For these methods several disadvantages
can occur as follows. Dose points are considered to be equi-
distant only on the contour lines of PTA?,see Figs. @) and
4(b).

No dose points exist which are lying at the superior and
inferior ends of the PTV. If the points are limited to the
contours then increasing their number will not significantly
improve the accuracy of the calculated dose distribution on
the surface, even if there is convergence to some values for
the variance of the mean, for the minimum and for the maxi-
mum dose values. This does not necessarily represent the
true dose values on the whole surface of the PTV. The lack
of dose points on the major part of the surface of the PTV
and the restriction of dose points on its contour lines is a
severe limitation if the quality of the optimization relies on
the variance on the surface dose distribution. If the distance
between the contours is large and there is a significantc. 4. Dose points produced equally spa¢axdon the contour lines angh)
change in the shape and size of the contours from plane ten the surface of PTV for the cervix implant. The total number of points is
plane, then the dose distribution derived from the dose point&® Same in both cases. The dose points on the surface of the PTV have been

. . produced using barycentric triangle coordinates and the Stochastic Universal
on the contour lines inaccurately represents the true doS€mpiing(sus algorithm.
distribution on the surface.

One approach is to use sampling points on interpolated
contours. However, this method is computationally complex
and requires the calculation of new contours if one wants to X=r- V1-s?-cog o),
increase the number of sampling points on the surface of the —

PTV. A different method hasptogbs used to fill the two ends Y~ ' V1=S"-sin(4),
of the PTV with sampling points. Z=r-sS.

There is in the current literature in general no analytic
method known for producing uniformly distributed points on ~ The principle underlying this algorithm is that for a
the surface of an object as for example in the special case &phere of radius, the area of a zone of width is always
a spherical object where points uniformly distributed on the2#rh, regardless of where the sphere is sliced. Therefore,
surface of the sphere can be produced by the following althe z coordinates of random points on a sphere are distrib-

gorithm. uted uniformly. Points obtained by using this algorithm are
Choose a random numbes uniformly distributed in  then uniformly distributed on the surface of the sphere.
[—1,1] and a random numbep uniformly distributed in[O, We have developed a simple method to generate points

2m]. Thex, y andz coordinates of the point are given by:  randomly and homogeneously distributed on the entire sur-

Medical Physics, Vol. 27, No. 5, May 2000
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Fic. 6. Example of the production of three dose points on the surface of a
tetrahedron with the SUS algorithm. We have four triangles and we select
the triangles using the three markers which are denoted by open circles: By
one times triangle 1 and two times triangle 3. Each time a triangle is selected
a random point is generated inside it.

Our aim is to generate uniformly distributed points on the
object surface. Because of this the Stochastic remainder sam-

Fic. 5. (a) Dodecahedron and its unfolded surfads). A self-overlapping pling, that is,roulette wheel selectidRis not the appropriate
unfolding of a polyhedron which is a truncated cube. The dodecahedron and

the truncated cube have been obtained using a Mathematica notebook §_p|ect|on method because as _already proyed, this method is
Namiki and FukuddRef. 19. biased for a low number of poinf.We decided to produce

a point on a surface using the Stochastic Universal Sampling

Algorithm (SUS.2! We assign for each triangle obtained by
face of a volume described by contours. A triangulation ofthe triangulation of the PTV surface a sector on a circle
the volume is assumed. covering a fraction of the total circle area equal to the frac-
tion of the PTV surface that is represented by the area of the
triangle. On the periphery of the cirché equally distributed
markers are set, wheiis the number of points we want to

We assume that the surface of the PTV is approximategenerate on the PTV surface. All the markers are rotated by
by a triangulation of the contours describing the PTV withthe same random angkg on the circle periphery which will
the triangles of the PTV surface forming a polyhedron. Theguarantee that on the average each triangle is selected with
logical idea to produce uniformly distributed points on thethe appropriate probability independently of the sample size.
unfolded surface of this polyhedron and then to fold it backAt the end the number of markers lying inside the different
with the distributed points is in general not possible. For asectors corresponding to the available triangles is recorded.
convex polyhedro® with e edges and faces unfolding oP  Figure 6 shows a schematic representation of the SUS
is defined as a planar cell complex obtained from the boundalgorithn?? for a tetrahedron with four triangular facets. The
ary complex ofP by cuttinge-(f+1) edges of and bend- length of the circumference of each secqi )-A(4) is pro-
ing it along the remaining edgé% Fig. 5a). portional to area of each triangle. The number of markers

There is no method known for unfolding non-convex ob-falling into each triangle is on average proportional to the
jects and even for very simple convex polyhedra there is #ength of each sector corresponding to the triangle.
possibility that the unfolding produces a self-overlapping Thereafter in each triangle a number of randomly distrib-
planar compleX? Fig. 5(b). In order to overcome this limi- uted points is generated equal to the number of recorded
tation, we have developed a method which replaces the exnarkers within the corresponding circle sector according to
plicit folding described by a surface mapping method, thathe following procedure.
could be considered as an indirect folding procedure, and If t, t,, t; are real numbers[0,1] so that their sum is:
which can be applied for any type of 3D objects and surt;+t,+t;=1 then the point
faces.

Our method assumes that the surface of the object is tri-
anggj I?)t.ﬁd' Tnanglies Olf thi syrface <:;|1_rhe then'fselelctzq W'tt)h fes on the plane of triangl& with the verticev, v,, and
E{gda:a'n'%ﬂc’%?:t'gg?ewtde'r a[je_a. id e?hunl olrmtyd |ts_tr| '|v3 and is inside this triangle. The numbers ,t,,t;) are

P proguced inside the selected angig, o thebarycentric coordinateof P with respect toT.

If vy, vy, andv, are the three vertices of a trianglghen : inside the trianale can be exoressed uniquelv b

its areaA is given by ény point P nside g Xp quely by
g. (4). In principle there are only two independent random
A=0.9(vy—vq) X (v3—v1)|. numbers, the barycentric coordinatgsandt,, and these are

1. Generation of points on the surface of the PTV

P=t1~v1+t2-vz+t3-v3, (4)

Medical Physics, Vol. 27, No. 5, May 2000
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TasLE |. Characteristics of the five clinical implants.

PTV Number  Catheters Number of Dwell Number

Implant PTV surface of per dwells positions  of dose  Catheter

site (cn) (cm?)  catheters cn® positions  per cn? points  material
Neck 17.7 40.7 5 0.28 51 2.87 1481 plastic
Prostate 20.7 50.3 4 0.19 20 0.96 665 metallic
Breast 123.1 142.4 10 0.08 219 1.78 1954 plastic
Cervix 221.4 228.7 9 0.04 162 0.73 1404 metallic
Rib 504.0 421.4 12 0.02 177 0.35 2838 plastic

used to generate a random point inside a triafiglEhe third  B. Prostate implant
barycentric coordinatd; is then calculated byt;=1-t;
—t,. If t;+t,>1, thent; is replaced by +t; andt, by
1-t,. Using Eqg.(4) we then obtain the random poifft
insideT.

_Points g_engrated in_side a tria_ngle with this method_ ares Breast implant
uniformly distributed. Since the triangles are selected with a
probability proportional to their area the points on the trian-  This example is a breast implant made with a PTV vol-
gulated surface will also be uniformly distributed, Fighy ~ ume of 123.1 crh The 3D PTV contours and the source
As in the case of the volume, we also have for a surface thadwell positions within the catheters are shown in Fig. 9.
the points which are generated are accepted only if they are
not inside catheters or inside structures. D. Cervix implant

This example is a prostate implant made with a PTV vol-
ume of 20.7 cr The 3D PTV contours and the source dwell
positions within the catheters are shown in Fig. 8.

This example is a cervix implant made with a PTV vol-
ume of 221.4 cri The 3D PTV contours and the source

dwell positions within the catheters are shown in Fig. 10, see
1. MATERIAL also Fig. 4.

The material used in this study are five real clinical im- E Rib implant
plants and not theoretically devised examples. They repre-=" 1o 1mp

sent a typical clinical range of PTVs frori20 cn? to >500 This example is a rib implant made with a PTV volume of
cn®, of 4—12 catheters and of 20 t8200 dwell positions, 504 cni. The 3D PTV contours and the source dwell posi-
see Table I. tions within the catheters are shown in Fig. 11.

A. Neck implant V. RESULTS

This example is a small volume lymph node implant in
the neck with a PTV volume of 17.7 émThe 3D PTV
contours and the source dwell positions within the catheters Our study has involved calculating the dose on the PTV
are shown in Fig. 7. surface using only dose points on the PTV contours and then

using only dose points on the PTV surface. A comparison of
these results is made with a reference which is the normal

A. Dose points on the PTV surface

Fic. 7. 3D contour lines of the PTV with the source dwell positions within
the five flexible plastic catheters of the head and neck implant. The active
dwell positions inside the PTV which have been selected for the treatmenfic. 8. 3D contour lines of the PTV for the prostate implant including the
planning are of a minimum distance of 5 mm from its surface. urethra as a critical structure.

Medical Physics, Vol. 27, No. 5, May 2000
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Fic. 9. 3D contour lines of the PTV for the breast implant.

Active

method in clinical practice. This has enabled us to assess the Fic. 11. 3D contour lines of the PTV for a rib metastases implant.

accuracy of normal practice. The dose distribution is calcu-
lated assuming a 17 dependence and ignoring any spatial

anisotropy such as attenuation and any scattering effect. Thi A
Py y g tive of the dose distribution on the PTV surface. In our

is a reasonable approximation for this study. : :
We studied a high density of dose points per contour Iinemethod we have taken into account the outer diameter of the

4-10 points per cm, which were distributed uniformly on themEtaIIIC nee(_jles and flexible plastic cathetgrs.

PTV contour lines, see Figs. 7—11. The number of dose Table Il gives the results of our comparison between the
points used was ir,1 the range 665-2838, see Table I. W B method with our new SB method, from which it is seen
applied adose points onlypptimization method and obtained that t_r:je ?St agreer_nent;s ach|ev§d VOXRn burt] tg:ée can

a set of dwell position weights. Then we normalized thesé:)e wide discrepancies between the two methodsiige,,

- andVp .
weights so that the average dose value on the PTV surfa(Bme?‘“' D
was equal to unity. Figure 14 shows the dependence(a¥ D iy, (0) Dmax

We chooseadose points onlpptimization to estimate the (€) Dimear, and(d) Vp, calculated using our new SB method,

dwell weights in order to be able to consider the case wher@" the density of sampling pqlnts for all five 'cI|n|caI m-
§$nts. The results are normalized to the maximum surface

s The parameters we used were selected to be representa-

the dose points have a maximum influence on the result s ) . -
that we can achieve the best homogeneous dose distributi se point density. An accurate description of the true dose
istribution on the PTV surface using our SB method can be

on the PTV surface. . . .
achieved as follows. FoD,,;, a surface dose point density

The number of dose points uniformly distributed on the
PTV contours or on the triangulated PTV surface accordin 100/cnt, for D g, >50/cn, for Deay>5/cn? and forVp

to our method were varied from 50 to 50000 and corre- 100/cnf.

sponded to surface densities of dose points in the range 0.7— .F|gure 15 shows, using the breast |mplant as a represen-
1200 points/crﬁ tative example, PT¥123.1 cni, thatD ., is very sensitive

The observed minimum dose valls,,, maximum dose to user errors in mouse digitization and, therefore, great care

valueD,,,, mean dose valub,,.,,and variancé/,, based should be takep in clinical practice Dmin' is to be u.sed for
on the dose points generated by the classical contour basgﬁse prescription purposes. Indeed, in our opindR,
method (CB) using PTV contours and by our 3D surface should not be used.

based methodSB) on the PTV surface triangulation are

shown in Figs. 12 and 13. B. Catheters volumes

The following results have been obtained for the cervix
implant using the optimization results, the dwell weights,
obtained as previously described. We have calculitgg,

D max» Dmeann @ndVp within the PTV as a function of the
number of sampling points inside the PTV, and the outer
radius of the catheters. Our results are shown in Fig. 16.

As expectedD i, is the same for all cases. The behavior
of D, can be explained by the characteristic property of the
quasi-random sequences, where successive points at any
stageknow how to fill in the gapi the previously generated
distribution. Therefore, by increasing the number of sam-
pling points one of the sampling points will come closer to
the minimum than does a sampling point in the previous
Fic. 10. 3D contour lines of the PTV for the cervix implant. case. But even for a dose point density of 500 point$/cm
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Fic. 12. Comparison for the prostate implant between results of the classical contour based (@Bjhawd of our new surface based metH&®) for (a)
Dmins (B) Dmax» (€) Dmeans @nd(d) varianceVp . The results are normalized.

corresponding to a mean grid size of 1.3 xin3 mmx1.3  small number of sampling points a good approximation of
mm we can not be sure that the true minimum has beethe true dose variance is observed,Rs 0 mm this quantity
found, Fig. 16a). fluctuates in a similar way @b eanr Vp for R=1 mm lies
The same behavior is observed @y, in the PTV, Fig.  within 5% of the convergence limit at a density 6f90
16(b), although the sudden increasef,,, now depends on points/cni. For R=2 mm this is the case for a density of 50
R. ForR=0 mm there is no limitation on thB ., whereas points/cni which is a grid size of 2.7 mx2.7 mmx2.7
for R=1 mm andR=2 mm, D, is reached after 20000 mm. ForR=0 mm even with a density of 500 points/&mo
sampling points. This corresponds to a volume dose pointonvergence is observed.
density of 90 points/cfwhich is a grid size of 2.2 mx2.2 Our study shows that the rejection of dose points inside
mmx2.2 mm. the catheters not only results in realistic dose distributions
For Dpeaninside the PTV, Fig. 1€) and forR=1mm inside the PTV but in addition it reduces bias and numerical
andR=2 mm, a smooth convergence to a limit is observedinstabilities produced by dose points inside catheters.
D neanfor R=0 mm changes much more with the number of  In Table Il the PTV volume is given for the five implants
dose points and it increases suddenly when a new maximufior the casega) where catheter volume inside the PTV is
dose value is reache®,c,nfor R=1 mm reaches a limit at included,(b) where catheter volumeR=1 mm) is excluded,
a density of 150 points/cirwhich is a grid size of 1.9 mm and(c) where catheter volume and an additional margin of 1
X1.9 mmx1.9 mm. ForR=2 mm this limit is reached at a mm (R=2 mm) is excluded. For the clinical implants con-
density of 30 points/crhwhich is a grid size of 3.2 mx3.2  sidered in our study the excluded volumes o+ 2 mm are
mmx3.2 mm. between 2% and 12%. This effect cannot be ignored in the
For R=0 mm even at a density of 500 points/tmhich 3D treatment planning procedure.
is a grid size of 1.3 mm 1.3 mmx1.3 mm, no convergence
is observedD o5, for R=1 mm andR=2 mm lies within
5% of the convergence limit at a density 20 points/cm V. DISCUSSION AND CONCLUSIONS
which is a grid size of 3.7 mx3.7 mmx3.7 mm. Methods of producing dose points based on anatomical
The variance of the dose values inside the PW,, is 3D information have been presented. The generation of dose
the quantity which is minimized in some dose optimizationpoints uniformly distributed on the surface of the PTV and
methods which attempt to reduce the dose inhomogeneity inot on the contours only, has shown that in general, more
the PTV. Whereas foR=1 mm andR=2 mm even with a accurateD yean Dmin, andD o dose values on the surface
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Fic. 13. Comparison for the cervix implant between results of the classical contour based it@#ahd of our new surface based meth@B) for (a)
Dmins (0) Dmax» (€) Dmeans @nd(d) varianceVp . The results are normalized.

of the PTV can be obtained. An improvement in the perfor-source dwell points is maximum. Therefore, the minimum
mance of the optimization methods which ugg or other dose value is usually observed on one or more of these
dose value parameters on the PTV surface can be expectedpnints. We could include these sampling points in the SB
the future. These algorithms are relatively uncomplicatednethod but this would not eliminate problems such as con-
and require only a few additional seconds of computing timeouring errors or source position inaccuracy which affects the
if the correct preprocessing has been made. D min Value more than it affect® jean

The dose distribution on the PTV surfad®,,can D min» The concepts of dose prescription at the minimum target
Dmax,» andVp, for the whole surface are less biased than thedose level(MTD) or minimum peripheral doséMPD) are
corresponding values obtained using dose points limited t@ery sensitive for even small inaccuracies in the PTV con-
the contours of the PTV. touring process. This is demonstrated in Fig. 15 where an

The D, values of the CB method show a good agree-error by the user in the mouse digitization process for a
ment with our SB method. The slow convergenc®gf,, for  single contour point is simulated. Even an error of 3 mm in
the SB method suggests that the CB method is superior fasne contour line point results for this implant in a change of
the determination oD ;,. This can be explained by the fact theD,, of 13%, Fig. 1%a). A pixel size of typically 0.5-1.0
that some of the sampling points on the contours are on thexm corresponds to an error of 3—6 pixels in the image. In
convex hull of the surface and therefore their distance to theontrast, the estimate® .., Shows for a single contour

point an error of 10 mm which is of less than 0.5%, Fig.

TaBLE Il. Differences between the dose parameters on the PTV surface fog's(b)' This indicates that such user entry errors do not SIg9-

the classical contour based meth@B) and our new surface based method n'f'cantly affect the value oD mean W€ have 'ntent'ona”y

(SB). used an example of current clinical practice with the CB
method as a demonstration. Figures 12 and 13 show that the

Implant D min D max Dmean Vo same results are obtained using the SB method as with the
site (%) (%) (%) (%) CB method
Neck 0.4 28.9 19 8.0 In addition to the problems which have been described,
Prostate 0.5 35.0 9.4 56.1  Yan Yu et al?? have reported thaD ,,, is very sensitive to
Breast 1.4 1.0 0.1 8.6 the accuracy of the placement of seeds in permanent prostate
Cervix 1.2 104.9 8.4 356.4 .
Rib 0.6 2.7 0.0 17 implants. Because of these results we, therefore, do not rec-

ommend thaD,;, is used to describe the dose distribution.
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Fic. 14. Dependence @B) D i, (B) Dmax, (€) Dmeans @nd(d) Vp calculated using the surface based method, on the density of sampling points for all five
clinical implants. The results are normalized to the maximum surface dose point density.

On the other hand, the most stable behavior is demon-
strated byD ,,.anWhen it is estimated on the true surface of
the PTV. An accuracy of better than 1% is already achieved
by surface dose point densities above 5 pointé/@ae Fig.
14(c). Even ifV convergences to a limit when the density is
above 100 points/cfnboth these parametei e nandVp
are from our study the optimum choice to document the dose
in 3D-based treatment planning for brachytherapyOur
study also shows that single extreme values sudbgsand
D . @re not appropriate to document or specify brachy-
therapy treatments.

For a comparison of the SB and CB methods we selected,
using our autoactivation algorithfi, only those sources
which are at least 5 mm below the surface of the PTV. With-
out this constraint the differences betwd2f..n D max, and
V4 for the SB and CB methods are even larger, possibly
because some of the source dwells could be closer to the
surface. This demonstrates that the SB method yields more
accurate descriptions of the dose distribution on the surface
of the PTV than the CB method.

The consideration of the catheter volumes and so the ex-
clusion of sampling points inside the catheters removes the
problems encountered by very high dose values from sam-
pling points inside the catheters and leads to true anatomical
dose distributions.

Our results for sampling densities within the PTV re-
quired for an acceptable accuracy, demonstrate that in con-

dose studie$? where grid sizes of 5 mm5 mmx5 mm, are
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Fic. 16. Influence of the sampling size and sampling density for the dose points and of the catheter out® eadius calculated dose distribution inside
the PTV for the cervix implant(@) D in, (0) Dmax: (€) Dmeans @nd(d) Vp . Three cases for the radilsare considered.

reasonable. In brachytherapy, grid sizes of 1 xrmmx1  without the need to re-compute the DVHs. Uniformly ran-
mm can be required. dom distributed points have the disadvantage of producing
The analysis of the dose distributions within the PTVs isvoids and clusters.
consistent with the results obtained for the PTV surface, in The use of deterministiclow-discrepancy sequences
that D i, and D 5, Should not be used for dose optimization (LDS), known as quasi-random sequences, avoids this
purpose$:®2* Only D ean and Vp can be calculated with problem!’ An important property is that they are spread out
sufficient accuracy for dose optimization, whdbg,e,, IS in a self-avoiding more uniformly distributed way. Since
usually indirectly used. These are the only two reliable pafpoints from LDS do not use wasteful samples due to clusters
rameters and we recommend that they are used in optimizand voids produced by uncorrelated random points, signifi-
tion procedures. cantly fewer sampling points can be used in the Monte Carlo
Current anatomy based optimization techniques are basedtegration techniques using LDS instead of pseudo-
on DVHs for PTV and normal tissudsDVHs are usually randomly distributed points? Even using LDS, large sam-
calculated from sampling points randomly distributed orpling densities are required to accurately describe DVHs.
from sampling points forming a regular grid. Random sam-The current dose optimization algorithms in clinical practice
pling points are preferentially used due to the problem that ifuse 300—2000 dose points in the optimization prodéssh-
the points are distributed on a regular grid then it is noterwise optimization time would require many hours.
possible to increase their number, i.e., reduce the grid size, However, it should be realized that an accurate descrip-

TaBLE Ill. Calculated PTV volumes and surface areas.

Implant PTV (cm®  PTV (cmd) PTV (cm®)  Surface(cn?  Surface(cn?®)  Surface(cnm)

site (R=0mm) (R=1mm) (R=2mm) (R=0 mm) (R=1 mm) (R=2 mm)
Neck 18.3 17.7 16.1 40.7 40.2 38.9
Prostate 21.0 20.7 19.9 50.3 49.7 48.2
Breast 125.1 123.1 117.2 142.4 141.6 139.4
Cervix 2235 221.4 215.1 228.7 228.3 226.7
Rib 507.2 504.0 494.7 421.4 420.5 417.6
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