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Friedrich Nietzsche: Viel Freude haben
Wer viel Freude hat, muf3 ein guter Mensch sein:
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CHAPTER 1. GENERAL INTRODUCTEON

I Treatment of cancer

Cancer is the unrestricted growth of cells in an organism, which can eventually
destroy organs that are needed for survival of the organism. Throughout human
history, cancer has been one of the major medical causes of death. At the moment,
there are about 840.000 cancer fatalities in Europe per year. It is estimated that in the
western world approximately 1 in 3 people will develop some kind of tumor during
their lifetime, and more than I in 5 will die of it. Although significant progress has
been achieved in the fight against cancer in the last decades, still about half of the
cancers cannot be cured.

Currently, the three main therapies for cancer are surgery (removing the tumor),
radiotherapy (killing the tumor cells with radiation), and chemotherapy (the use of
anti-cancer drugs). The first two are especially used for tumors that are well localized.
Surgery is straightforward but cannot always be applied, for instance when the tumor
is localized in or ¢lose to a vital organ. Furthernmore, invisible, microscopic extensions
of the tumor might be missed. In radiotherapy, those tumor extensions can be treated
more easity. Moreover, this therapy may be less demanding on the patient and
hospitalization is usually not necessary. When microscopic tumor cells have spread
from the primary tumor site fo different parts of the body, chemotherapy can be
applied. The blood circulation is used to transport the drugs are transported through
the body. In many cases, the different therapies are combined to improve the treat-
ment outcome,

II.  Radiotherapy

Radiotherapy is used for about half of all cancer patients. With radiotherapy, ionizing
radiation in the form of high energy photons, electrons or protons is aimed at the
tumor. These particles deposit some of their energy in the tumor cells, which can
cause ionization of DNA or surrounding molecules, This can induce irreparable
genetic damages in the tumor cells that either kill the cell directly or result in the so-
called apoptosis, i.e. cellular suicide. However, since radiation may kill healthy cells
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as well, one has to be careful fo deliver the radiation dose in the right place. Basically,
there are two ways the radiation can be delivered: by brachytherapy or by external
beam radiotherapy.

In brachytherapy, small radioactive sources are placed in or close to the tumor,
either by permanent implants or by inserting catheters that temporarily hold the
sources. The sources must be spread evenly in the tumor to ensure a homogeneous
dose distribution, so that all tumor cells are killed. Because the reach of the sources is
limited, the dose can be delivered closely conform the tumor and healthy tissues can
be spared quite well. Due to the invasiveness of the procedure, brachytherapy is
especially used for some smaller tumors, or for boosting only a part of a tumor.

linear H
accelerator H
radlation
EE:A/ bheam
rotation
axis

| [ frontal view, 3 beams |

side view, 1 beam

Figure 1-1 Schematic side and frontal view of external radiotherapy. A linear
accelerator produces fonizing radiation which is aimed af the patient Iping on the
table. To make the treatment more effective, the gantry of the accelerator can be
rofated to treat the patient from different directions (LILIL). Also indicated is the
electronic portal imaging device (EPID), which uses radiation that Is nof absorbed in
the patient to make a digital radiograph of the treatment. ldeally, the patient should
be in the exact same position during each fraction of the multiple-day treaiment.

External radiotherapy is applied more often than brachytherapy. With external
radiotherapy the dose is usually delivered by a linear accelerator, which can produce
radiation beams from different angles by rotating the accelerator “ann” (i.e. the
gantry). The patient is normally laid down on the treatment table in such a manner that
the tumor is in or close to the rotation axis of the gantry (see Fig. I-1). A linear
accelerator can deliver a radiation beam as large as 40x40 em®. However, the external
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delivery of the tumor dose will inevitably cause irradiation of swrounding healthy
tissues as well. In order to optimize protection of these normal tissues while obtaining
a homogeneous tumor dose, several strategies are applied in clinical practice.

First, the prescribed total tumor dose is normally delivered in multiple parts by
consecutive frradiation from different gantry angles (Fig, 1-1). This creates a “hot
spot” at the crossing point of the beams, which is where the tumor should be posi-
tioned. The surrounding healthy tissues get a smaller dose because they are not
covered by all beams. Angles which would hivadiate especially sensitive structures are
avoided as much as possible. Second, the irradiation fields usually closely encompass
the twmor outline, i.e. the normal tissues are blocked out by thick layers of radiation
absorbing material (like e.g. tungsten) in the beam. Third, the radiation intensity
within a treatment field can be varied. In this manner healthy tissues may be spared
and one can compensate for local variations in, for instance, patient contour. Fourth,
the energy and type of imradiation can be varied. Each beam type has its own typical
dose distribution in the patient for each energy. For instance, tumors close to the skin
are normally irradiated with low energy beams that do not penetrate so deeply,
whereas deeper lying tumors require higher energies. And finally, the total dose is not
applied in one time but in multiple fractions, normally on subsequent days. If the right
dose per fraction is used, the normal tissue will recover better in between the fractions
than the tumor. As a consequence, a radiation treatment can consist of over 30
fractions and can last 2 months.

In most cases a computer is used to simulate and plan the treatment before the
actual external radiation treatment starts. This so-called treatment planning system
uses beam characteristics of the accelerator, such as the dose distribution in water,
Furthermore, the patient anatomy is available, often in three dimensions (3D) in the
form of a series of successive 2D images of transversal patient slices. These images
are normally obtained by computed tomography (CT). The CT #mages should
represent the patienf anatomy during treatment and are used to outline the intended
tumor region and critical organs, Finally, the geometry of the total treatment situation
(patient and accelerator) is incorporated in the planning system as well. A dose
calculation algorithm can then be used to determine an adequate freatment plan, i.e.
the beam angles, field shapes, etc. are selected to yield the prescribed tumor dose
while sparing the healthy organs. However, due to geometrical uncertainties, the
position of the tumor with respect to the treatment beams in the simulation, can
deviate from the situation during the many fractions of the actual freatment. This has
to be accounted for in the planning of the treatment,
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set-up deviation l [ internal organ motion |

Figure 1-2 Schematic illustrations of the two types of geometrical variation using an
imaginary transversal patient slice. Indicated ave a prostate tumor (P}, a rectum (R),
and the leg bones (L). The solid lines and the beams (B) represent the intended
treaiment geometry, On the lefl, set-up errors ave illustrated; the whole patient has
moved (dashed lines) with respect to the planmed treatment beam. On the right, internal
organ motion is depicted; due to the increased vectum volume (dashed), the prostute
has moved upward with respect to the intended position. It is clear that in both cases
measures are needed fo ensure adequate tumor coverage.

III. Geometrical uncertainties in radiotherapy

For practical reasons, the main tumor movements with respect to the treatment beams
are normally separated in two types (see Fig. 1-2); the movement of the patient as a
whole (the external set-up variation), and the movement of the twmor within the
patient (internal variation). The set-up variations result from the daily positioning of
the patient on the treatment table, Normally, external reference points on the patient
skin, marked with pen or tattoo, must be aligned with fixed (laser) Hnes indicating the
center of the treatment beams. Furthermore, several tools like arm- and feg supports
can be attached to the treatment table to ensure a reproducible and stable patient
position. Despite these precautions, the set-up might deviate from the planned position
Therefore, special equipment has been developed to measwre the patient position with
respect to the beams. Especially the use of electronic portal imaging devices (EPIDs)
that can actually image the patient during treatinent has been greatly increased in
recent years. Portal imaging is based on the fact that the clinical photon beams that are
often used for treatment, are not completely absorbed in the patient (see Fig. 1-1).
Only a small part of the exit radiation is needed to display the patient anatomy, similar
to a normal x-ray photo. The position of the patient during treatment as indicated by
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the bony structures in the images, can then be compared to the intended position,
possibly even before the bulk of the fraction dose is delivered.

The internal variations are the tumor motions with respect to the extemal
reference marks and bony anatomy. For prostate cancer patients for instance, the
variations in rectum and bladder volumes affect the position of the prostate, which is
located in between these organs. Since the tumor ifself is normally not visible in portal
images, other techniques to determine internal dl‘gan movement are under develop-
ment. It is for instance possible to implant radio‘opaque markers in the tumor to atiow
tumor movement detection with an EPID. Moreover, other imaging modalities like
ultrasound, CT or magnelic resonance imaging (MRI) can be applied without these
markers, A disadvantage of CT and MRI is that the necessary equipment is normally
not present in the treatment room. Studies on the extent and frequency of possible
tumor movement can be performed with these machines, but correction of the fumor
position prior to delivery of each treatment fraction would be very complicated.

Whatever measures are taken to minimize the organ motions and set-up varia-
tions, there will always be some uncertainty left. Therefore, safety margins must be
applied around the tumor during treatment planning. The intended tumor region (i.c.
the visible fumor ptus microscopic spread) as delineated in the CT slices is normally
called the clinical target volume (CTV). The CTV extended with the safety margins
for geometrical uncerainties is called the planning target volume (PTV). The treat-
ment is then planned in such & manner that the PTV receives the required tumor dose,
In this thesis, the way to calculate these CTV-t0o-PTV margins, and some ways to
minimize them, have been investigated,

IV. Summary of the thesis
a. Automatic 3D expansion of the CTV to generate a PTV

In Chapter 2 is described how a required CTV-to-PTV margin can be applied. The
CTV, which is delineated in multiple axial CT slices by the radiation oncologist, is a
3D volume. Since geometrical variations can occur in all directions, the safety
margins aiso have to be applied in 3D, Because it is impossible to accurately draw a
3D margin in multiple-2D CT slices manually, an algorithim has been developed for
automatic 3D extension of the CTV with a prescribed CTV-to-PTV margin. The CTV
contours delineated in the CT slices are used to fill a 3D calculation grid {matrix);
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volume elements (voxels) that are part of the CTV are designated 1, others 0. All CTV
voxels are subsequently extended with an ellipsoid with diameters equal to the
margins required in the three orthogonal directions, which yields the PTV, From this
PTV, 2D contours are extracted and placed back in the CT slices. This automatic
procedute significantly increases the accuracy and the speed of the PTV delineation.

In Chapter 3 the clinical benefit of the 3D CTV-10-PTV expansion algorithim is
studied. Since manual 3D margin drawing is impossible, the third dimension (perpen-
dicular to the CT slices) is often ignored in clinical practice; margins are applied slice-
by-slice and within the slices only (i.e., multiple 2D). For ten patients with prostate
cancer, the errors made by this procedure were quantified. Depending on the shape of
the CTV, it appeared that the multiple-2D approach could lead to margins being
underestimated locally by more than 1 em, which in turn could yield serious under-
dosages and a decrease in the expected probability of tumor control of 15%.

b. Automatic calculation and verification of 3D margins based on patient data

A more complete manner of margin calculation is proposed in Chapter 4. The size and
shape of the margins for a particular patient is based on the actual knowledge of the
geometrical uncertainties of a representative patient group. The CTV matrix men-
tioned above is convolved with the distributions of the known uncertainties, for
translations as well as rotations, yielding a so-called coverage probability matrix. This
matrix has voxel values between 0 and | that indicate the probability that a voxel is
covered by the CTV. Specific “iso-probability” volumes are then chosen as the PTV.
Once the dose distribution has been planned around the PTV, the same coverage
probability matrices can be used to quickly calculate the expected dose distribution in
the CTV, taking in consideration all types of uncertainties. In case of deviations from
the intended dose distribution, the PTV can be adjusted by choosing a different iso-
probability volume. For three different tumor sites, it appeared that the “systematic
variations” (i.e., deviations from the planning situation that occur every treatment
fraction) are about three times more important for the CTV-to-PTV margin than the
“random variations” (i.e., deviations that vary from fraction to fraction).

In Chapter 5 fwo treatment posifions for patients with prostate cancer were
compared with respect to the required CTV-to-PTV margins. One half of a group of
30 patients was treated in prone treatment position, the other half in supine position.
Internal as well as external geometrical uncertainties were measured. Internal varia-
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tions were determined by making 4 CT scans of the patients during the 7 week
treatment period. The delineated CTVs were subsequently registered using a fully
automatic 3D matching technique, which yielded the translations and rotations of the
CTV. External set-up variations were measured from portal images and combined
with the internal variations to determine the CTV-to-PTV margins. Although at first
glance the prone position seemed superior, adequate separation of systematic and
random variations resuited in ahout equal CTV-to-PTV margins for both groups.

¢. On-line correction of geometrical uncertainties

In Chapter 6 the feasibility of on-line corrections of external set-up deviations was
investigated for a group of 14 patients with gynecological tumors. These patients are
prone to relatively large set-up errors, even when a (routine) off-line correction
protocol is applied. Off-line corrections reduce the systematic deviation of a patient by
determination of the average deviation for the first fractions, followed by corrections
for all subsequent fractions, With on-line corrections, the patient position during each
fraction is assessed from a portal image acquired using only a small part of the total
fraction dose. If necessary, corrections are applied before the bulk of the fraction dose
is given. In this manner systematic as well as random deviations are minimized. It
appeared that at the cost of some extra treatment time, the set-up deviations for
gynecological patients could be reduced to very low values. Application of on-line
cotrections would therefore justify a significant CTV-to-PTV margin reduction.

The possibility of delecting internal organ motion with routine portal images is
examined in Chapter 7. Apart from bony struciures, gas pockets in the rectum are also
clearly visible in portal images of patients irradiated in the pelvic region. The idea is
that gas pockets visible in the lateral images, can be used to determine the anterior
rectum wall and, since the prostate rests on the rectum, the prostate position. The CT
data sets for the 15 supine patients from Chapter 5 were used to simulate this. Portal
images were digitally reconstructed from the CT data sets and the movement of the
rectal wall was estimated from the ventral edge of gas pockets in the images. These
movements were correlated with the “real” rectal wall shifis, as obtained fiom
delineations int the CT scans, and with the prostate movements determined from 3D
matching. Especially the rectum wall shifts could be accurately derived from the
portal images, which might therefore be used for online adjustment of the treatment

geometry,






CHAPTER 2, AUTOMATIC CALCULATION OF THREE-DIMENSIONAL
MARGINS AROUND TREATMENT VOLUMES IN RADIOTHERAPY

PLANNING

J.C. Stroom and P R M. Storchi
Phys. Med. Biol. 42, 745-755, 1997

I. Abstract

Following the publication of the ICRU-50 report, the concepts of GTV (gross tumor
volume), CTV (clinical target volume) and PTV (planning target volume) are being
used in radiotherapy planning with increasing frequency. In 3D planning, the GTV (or
CTV) is normally outlined by the clinician in CT- or MRI-slices. The PTV is deter-
mined by adding margins to these volumes. Since manual drawing of an accurate 3D
margin in a set of 2D slices is extremely time consuming, software has been devel-
oped to automate this step in the planning. The target volume is represented in a 3D
matrix grid with voxel values | inside and 0 outside the target volume. It is expanded
by centering an ellipsoid at every matrix element within the volume. The shape of the
ellipsoid reflects the size of the margins in the three main orthogonal directions.
Finally, the PTV contours are determined from the 50% iso-value lines of the
expanded volume. The software tool has been in clinical use since the end of 1994 and
has mostly been applied to the planning of prostate irradiations. The accuracy is better
than can be achieved manually and the workload has been reduced considerably (from
4 hours manually to ca, 1 minute automatically).

II. Infroduction

Radiotherapeutic treatment of cancer is most effective if a high and homogeneous
dose is given to the tumor while surrounding normal tissues are maximally spared. In
conformal radiotherapy the radiation beams are shaped conform to the target volume.
Accurate determination of the (smallest possible) volume to be irradiated is therefore
essential. To avoid ambiguity in the definition of the radiotherapy target volumes, the
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Infernational Commission on Radiation Units and Measurements (ICRU) has defined
a number of treatment volumes for use in radiotherapy planning [54]. The gross tumor
volume (GTV) is the gross palpable or visible malignant growth, which is normally
outlined by hand in CT- or MRI-slices. The clinical target volume (CTV) is the GTV
plus a volume containing subclinical malignant disease, and the planning target
volume (PTV) is the CTV plus a margin taking into consideration all possible
geometrical variations of the CTV during treatment, such as internal organ motion and
patient positioning errors during subsequent fractions.

Many authors have described alteinatives ways of incorporating geometrical
inaccuracies in RT planning [38,43,63,67,74,98,107] and/or have discussed the
required size of the margins [7,13,25,42,69,114,119]. However, to our knowledge the
problem of actually implementing margins, once their size has been established, has
not yet been discussed in detail. Although the ICRU concepts are clear, their applica-
tion can cause some problems. In most cases the PTV is also outlined manually by
adding a margin in three dimensions around the GTV (or CTV). Tt is however all but
impossible to accurately draw 3D margins in 2D slices, especially if the shape of the
GTV varies significantly from slice to stice. It would even be difficult to draw 2D
margins in a slice if the margin in the lfateral direction must be different from that in

the ventro-dorsal direction.

A frequently applied method to avoid the drawing of 3D margins is by using
beams eye view (BEV) projections which are available in most commercial planning
systems nowadays. The 2D beam shape is directly determined from the back projec-
tion of the GTV to the accelerator head, with margins added for subclinical disease,
geometrical inaccuracies and beam penumbra, However, this is not so obvious in case
of anisotropic margins and oblique fields. In addition, the BEV procedure does not
define a 3D PTV. Tt will then be difficult to evaluate and compare dose distributions
using dose volume histograms. It is therefore more convenient to use all ICRU
planning volumes and determine the 3D PTV from GTV and/or CTV and use it for
subsequent planning,

Hence, a computer program has been written to increase the accuracy and speed
of this step in radiotherapy planning. The program, which has been called CTV2PTV,
is able to expand 3D target volumes in three dimensions. Different margins can be
added in the three main directions (lateral, cranio-caudal and ventro-dorsal), generally
within one minute.
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IH. Method

The program can be divided into four steps. (i) The input volume to be expanded
(GTV or CTV) is originally represented as a set of slices with contour points which
are obtained from the planning system. For each slice a rectangular 2D coverage
matrix is determined with values equal to the fraction (0 fo 1) of the pixel area that is
inside the input contour. The 2D coverage matrices are then combined to yield a 3D
matrix representation of the selected volume. (ii) The margins are represented by an
ellipsoid which is also imbedded in a 3D calculation grid. Voxel values are 1 if the
voxel center is inside the ellipsoid, If not, voxel values decrease to 0 with increasing
distance of the voxel center to the ellipsoid. The shape of the ellipsoid is determined
by the size of the margins in the three main directions. (iii) A margin is added to the
input volume by scanning the ellipsoid within the 3D coverage matrix. If an input
voxel value is farger than 0, it is expanded by the ellipsoid centered at that voxel.
Hence a 3D margin is added and an output coverage matrix (PTV), also containing
values from 0 to 1, is created. The method will be referred to as the ellipsoid expan-
sion algorithm. (iv) The output contours are obfained from the oufput matrix by
applying a 0.5 isovalue search algorithm to all slices. The resulting contour points are
transmitted to the planning systent.

In the following paragraphs the operation of the program will be explained in
more detail.

a. The caleulation of a 3D coverage matrix

For each slice containing an input contour, a 2D axm coverage maltrix M is determined
with values equal to the fraction of the pixel that is inside the contour, The pixel size
of M is equal to the CT-pixel size 8, x 8,. The slice distance is defined as 6, M is
calculated by combining two intersection matrices, 4y and A,, which represent the
intersection points of the (closed) contour with the horizontal and vertical matrix grid
lines. The dimensions of A, and A, are nx(mt1) and (#+1)xm respectively, The
algorithm for the determination of 4, is given in a Nassi-Shneiderman diagram [82] in
figure 2-1. First all horizontal matrix lines are scanned for intersection points with all
segments of the contour (see figure 2-2). Line by line the sorted intersection points on
the current line are used to fill the intersection matrix A,. The first intersection pixel
on a line is given a value equal to the distance in pixel units of the intersection point to
the grid line (i.e. between 0 and 1). Subsequent pixels on the line are filled with values
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culated similarly.

The intersection matri-
ces are subsequently used fo
determine  the

matrix M. For each surface
element A, the area covered
by the contour can be calcu-
lated from the intersection
values of its four sides. The
element may be covered in
several ways, three of which
are shown in figure 2-2, Tt is clear that a contour line right through the middle of a
pixel results in a pixel value of 0.5, so a 0.5 isovalue search algorithm applied to the
2D coverage matrix will closely regenerate the original contour line. A 3D matrix of
the input volume is obtained by stacking the 2D coverage matrices in the correct
order, The voxel size of the matrix is then equal to the slice distance 8, times the CT
pixel size. The matrix size depends on the size of the input volume and of the margins

y is0=ist +1

"'-_-"'“'—___"""'——"i'“""’

coverage

Figure 2-1 A Nassi-Shneiderman diagram of the
algorithm used for the determination of the
intersection mairix A, in a 2D plane. Matrix A is
computed i a similar way. A Nassi-Shneiderman
(or box) diagram is a graphical design tool o
represent computer algorithms in a clear and well
defined manner.

to be applied.

b. The calculation of a 3D ellipsoid mairix

The ellipsoid which represents the margins in the three main directions (s, m,, ;) is
contained in a 3D calculation matrix £ with a voxel size equal to that of matrix M.
The voxels are also 1 inside and 0 outside the ellipsoid. The edge values are however
not equal to the coverage but depend on the minimal distance Dy, of a matrix grid
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point to the ellipsoid. Dy can be determined by minimization of the following
function:

2 2 2
D (5o, Yerzo M) = (¥ - %) H (3 - ye) P 4 (2 - 2e) A MEE + X+ Fe_yy 241
By H y mz

where (v-x.)’ + (pye)’ + (z-z.)’ is the square distance of a grid point (x,,z) outside the
ellipsoid to a point (x.,.,z.) on the ellipsoid and
22 2
Loy ey Ze - 22

2 2
f”,\‘ n'f_y iz

is the equation for an ellipsoid. A is the so-catled Lagrange parameter. Minimizing the

11
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8 / /] \\ A{105) = 0.28
SN/ |
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s |\ M, 1 mmdo. 0 AZ%O;? -0
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1 2 3 4 5 6 7 8 9 10 1%

X

Figure 2-2 Hustration of a closed contour on a 10x10 coverage matrix M. The
values of the elements My are assigned to the center of the surface elements. The
intersection pomts (S;,....,S4) on one horizontal grid line (y = 68) in matrix A, are
shown by circles. Furthermore three of the possible cases the algorithn considers,
when filling a surface element intersected by a contour line, are shown. The
shadowed regions show the part of the element that is inside the contour. One of the
elements is magnified to indicate how the intersection matrices A, and A, are used to
determine the coverage, which s in this case My, = 0.5 + A.(10,5) - A,(10,4). Note
that the calculated area s q little too small because of the presence of a contour
point in this element,



14 Chapter 2

cost function (numerically) for A < 0 yields the closest point on the ellipsoid (x¢,ye,2c)
and hence Do The value of Dy, 1s used to fill the matrix £ for every element e(x,),z)
as follows:

if eisinside the ellipsoid: E(e) =1

if Dmin(€) < 3norm : £{e)=(1-F)-(1- Dmin(e)) +F ]’1 - Diin () 23
Snorm dnomm

if Dmin(€) = Jnom 1 E{e)=0

with 8.,m being the grid size normalized along the line through the grid point (x,1,2)
and the ellipsoid center (0,0,0)

2 2 2
:‘ +Jl +Z 2_4

Snorm = .
2
\! 2 Lo ,?

5.7 8,0 8.7

Equation 2-3 and the F-factor (0 £ F < 1) in that equation have been determined by
trial and error to give the most accurate results in the ellipsoid expansion and output
contour acquisition (see next section). If only the linear term in equation 2-3 is used ('
= 0), the calculated margins are on average slightly too small while just the square
root term (7 = 1) results in too large margins,

¢. The 3D ellipsoid expansion algorithm

The elfipsoid matrix E is combined with the input volume matrix M, to yield an
output matrix My, which contains the input matrix plus a 3D margin. The method is
similar to a convolution. Firstly, all voxels in the output matrix are given the value 0.
Secondly, for all voxels in the input volume larger than 0, the ellipsoid matrix is
multiplied by the input voxel value and centered at the position of that voxel. If an
ellipsoid voxel value at a certain position is higher than the current local voxel value at
that position in the output volume, the ellipsoid value replaces the value in the output

voxel, i.e.

FOREACH v: Myy,(v)=0
FOREACH v:
IF My (v) >0
FOREACH e: M, (v +e) = MAX (M, (v +e), My {v) E(e))

2-5
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with v and e being the three-dimensional indices for volume- and ellipsoid voxels
respectively. The result is an expansion of the inpuf volume with a 3D margin. The
output matrix also consists of values I inside the new volume, ¢ outside, and values
between 0 and 1 at the boundary.

d. Calculation of output contours

The contour points of the output volume are obtained by applying a standard search
algorithim, for 0.5 isovalue curves, to all 2D slices of the 3D output matrix. The
algorithm is similar to those used in the determination of isodose contours from 21D
dose matrices and is able to handle more complicated situations as contours consisting
of multiple segments or contours crossing the borders of the matrix. The intersection
points of the isovalue curves with the horizontat and vertical grid lines are determined
by linear interpolation. Usually the number of output contour points is much larger
than the number of input points. To avoid problems with the storage of the contours, a
number of points may be deleted by a reduction algorithm,

e. Extra options of the model

The representation of volumes and margins in 3D matrices allows for handling of
more complicated probtems as well. If the GTV {or CTV) consists of several separate
targets, separate coverage matrices are calculated for each target. They are combined
into one 3D input matrix and the program continues with steps (ii) to (iv) to generate
one PTV. In addition, it is possible to vary margins by altering the shape of the
ellipsoid. Different margins for positive and negative directions can be entered and
cach octant of the ellipsoid is then created separately. The use of an asymmetrical
ellipsoid with, for instance, different size in positive and negative y-direction, will
yield output volumes with different margins in corresponding ventral and dorsal
directions, Asymmetrical margins can also be acquired by a translation of an outpuf
volume calculated with symmetrical margins. A translation might actually reflect the
clinical reason for the asymmetry; in case of organ motion for instance, asymmetrical
margins are required if the organ position during planning CT scan is on average
systematically shifted from the position during treatiment, Furthermore, the margin can
be adjusted locally, for instance in the neighborhood of a critical organ. The organ can
also be represented in a 3D matrix and a second ellipsoid can be generated for
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margins close to it. During the volume expansion the appropriate ellipsoid can be
selected depending on whether a voxel in the input volume is inside or outside the
organ at risk. Finally, margins can be subtracted if the voxels in the input volume are
inverted before the ellipsoid expansion, i.e. M pen(x30,2) = 1 - Moy ,2). After the
expansion of the input volume, the output volume should also be inverted to get the
final result.

IV, Results

In figure 2-3 results of two dimensional calculations are shown to illustrate the
accuracy of the program. An irregular shape has been contoured with and without the
addition of a margin. The 2D margin was 8 mum in the horizontal and 4 mm in the
vertical direction. The program is accurate in all situations, except at sharp comers; if
a pixel in the coverage matrix contains a contour edge point, the calculation of the
area tends to yield values which are too small {or too large) because of a rounding of
the corner {see also figure 2-

2). The zero-margin curve 56;
clearly shows this effect 485
which will generally yield £ ]
margins which are too small. £ 40
However, in clinical practice & 32 }
this is not a significant @' 24;
problem because anatomical & ]
organs with sharp edges do ,;Qu 16
not exist. o 5 ;
There are a couple of ‘
otl?er .inaccuracies in the 0 0 8 16 24 32 40 48 56 6;1
ellipsoid  expansion  algo- horizontal position (mm)

rithm, Firstly, the CT slice

, . L ignre 2- atf gin, 8
distance is often significantly Fignre 2-3 HMustration of a 2D margin mm

horizentally and 4 mm vertically, applied to a simple
larger (5 - 10 mm) than the geometrical shape (inner thick contour). The zero-
pixel size (ca. 2 mm), so the  argin contour is also calculated and shown by the
voxels will be stretched., inmer thin comtour. Note the rounding at the edges of
the zero-contour by the approximation shown in

Despite the use of the
figure 2. For clarily three ellipsoids are shown.

normalization factor 8nom in
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equation 2-3, the accuracy in the cranio-caudat direction is smaller than the accuracy
within the slices, The problem can be circumvented by decreasing the slice distance of
the input volume; extra slices can be generated by interpolation, Secondly, as de-
scribed in the method-section, the ellipsoid expansion algorithm is not exact, but has
been determined semi-empirically. The position of the edge afer the addition of the
margin and determination of the (0.5 isovalue curves can differ a little from what
would be expected. By changing the F-factor in equation 2-3, the shape of the
ellipsoid is somewhat changed and hence the outcome of the expansion. From one-
dimensional computer simulations for 10,000 different combinations of edge position
and margin size, the best value for F appeared to be 0.5. This yielded an average error
of 0.00 £ 0.12 pixel (1 SD}.

Figure 2-4 illustrates

the problems with the . 4.0 ! ___i_ E i é[m:;n i 5 ! J} E
determination of a 3D g ) : l : ) ‘[ s j E i : ; :
margin in a normal clinical 7 30] ol - NI T A T
situation. A sagittal cut .8 ] J ; P l —:} E : E
through a 3D geometrical é 2 4] : 1 i \| o | | l f i{
volume is shown. The w 1 | [ _| R
margin added by the %J 16 A _E\\ . 2
program was 6 mm in all -g e i \\ . 1R
directions, Also indicated £ o I\ AL i
is the margin added in the g 08 J | Lol N | iR | | fE
transversal slices only, that ] | ! oo b - E_ | ! ii
is in 2D. The latter 00' ' 08 16 24 32 40 45'

situation is how one tends slice position (cm)
to add a 6 mm margin
manually, i.e. slice by slice
and without taking into
account neighboring slices.

Figure 2-4 Hlustration of a logical error made when
drawing margins manually without taking the 3D aspect
of the problem into account. A sagittal cuf through a 3D
geometrical shape is shown. Margins of 6 mm in all
However, if input contours  girections are required. Visible are the 3D margin as
in neighboring slices vary  calculated by the program (solid line) and the margin as
would likely be dravwn by hand in 2D slices (dotied line).
The manually determined margins are too small in the
diagonal sections and foo large at the cranial and
caudal edges of the volume.

in size or shape, one slice
will influence the margin in
the other. Ignoring this will
result in margins that are
too narrow. They appear
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correct within a slice but are too small perpendicular to the swrface of the 3D input
object. This is clearly visible in the diagonal sections of the object in figure 2-4,
Furthermore, when drawing margins manually in transversal slices one is inclined to
forget the natural rounding at the cranial and caudal edges of the object; to get a
cranio-caudal margin the outer slices with input contour are simply copied further
outward. This generally yields excessive contours in the outermost slices.

In figure 2-5 clinical results are shown for a prostate planning., A 3D margin of 1
cmn is applied to the GTV which has been determined manually by the clinician. In
figure 2-5 (a, b and ¢) transversal slices through the prostate at different cranial-caudal

ayz=-3cm b)yz=0cm
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Figure 2-5 Hiustration of a elinical example of the program,
A 3D margin is applied to a prostate GTV which is shown in
three transversal slices (a, b, and ¢} and a sagittal slice (d).
The transversal slices are respectively a caudal, central, and
crantal slice. The GTV (white), bladder {black), and rectum
{black) are drawn by the clinician, the PTV (dashed) is
calculated by the program, Note the apparently too large
margin in {a) and (c).

z-positions are shown.
The GTV, bladder, and
rectum are drawn by a
clinician, while the PTV
is calculated by the
algorithm. The pixel size
is 2 mm and the slice
distance 5 mm. It is
clearly visible that the
margin is always equal
to or larger than | cm.
The large deviation from
I cm at the ventral side
of the GTV in figure 2-
S5¢ is caused by the
completely different
shape of the prostate in
neighboring slices (5b)
to that of the vesiculae

in this stice. This makes
it sometimes difficult to
interpret the results in
2D slices; margins may
be judged to be unac-
ceptably large but are
really a result of taking
into account the third
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dimension. Figure 2-5d shows a
sagittal cut through the middle of
the prostate which indicates that
the margin is equal to 1 cm in all
dimensions,

Finally, in figure 2-6 a 3D
representation of a more complex
cervix CTV with a 1 ¢m margin is
depicted. The CTV consists of the
primary tumor region, the iliacal
nodes, and the para aortic nodes.
The pixel size was ca. 2 mm and
the shice distance originally 1 cm.
In the calculations, the resolution
in the cranio-caudal direction has
been doubled by use of extra
infeipolated  slices. The figure
clearly shows the 3D effect of the
tool; the margin is constant in all

Fignre 2-6 Representation of a cervix CTV with
L. . a I em margin in 3 dimensions. The CTV
directions all around the various consisis of the primary tumor region (dark grey),
parts of the CTV. the iliacal nodes (grey), and the para aortic
nodes (light grey). The margin (black} is
constant all around the CTV,

V. Discussion

The largest benefit of the program is a decrease in time necessary for patient planning,
A completely manual outlining of a prostate PTV by adding 3D margins to the GTV
took on average four hours. Using CTV2PTV, this step is performed within one
minute for standard prostate targets onr a HP 9000/715 Unix work station. An appar-
ently more complex problem does not necessarily require more time; the calculation
of the cervix PTV as shown in figure 2-6 was almost as fast as the prostate PTV in
figure 2-5. The computation time depends mainly on the actual expanding of the
volume (formula 2-5), CT-scans for prostate patients are normally acquired with a 5
mm slice distance and ca. 2 nun pixel size. To apply a 1 cm margin, the size of
volume matrices in CTV2PTV are typically 60x60x25 (in- and output matrix) and
15x15x7 (ellipsoid matrix), so about 1.4-10° voxels have to be scanned in formula 2-5.
Time may be gained by excluding the voxels in the bulk of the input volume from the
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calculations and only computing the voxels near the edge. Bulk voxels can for
instance be marked during calculation of the coverage matrix.

Two other important advantages of the program are the accuracy, which is
generally within half a pixel, and the reproducibility of the results. These cannot be
attained manually for a 3D margin. Even in 2D (within one transversal slice), already
considerable effort would be demanded to draw a margin which is different in the
horizontal and vertical directions. See for instance figure 2-3; especially in the region
of the diagonal, drawing the transition from horizental to vertical margin would be
rather complicated. As mentioned before, it is difficult to assess the accuracy of the
calculations by analyzing the results in 2D slices; apparently excessive marging can
appear. It gets even more complicated if variable margins in combination with critical
organs are calculated. In those cases sagittal and frontal reconstructions, beams eye
view plots or 3D displayed volumes are necessary to judge the outcome of
CTV2ZPTV.

Until now it has been assumed that the margins are required in directions along
the main axes of the CT coordinate system. The studies to determine those margins
are normally performed using either the CT coordinate system (in case of multiple CT
scans to determine organ motion) or AP and lateral simulation photo's (in case of
poital imaging to determine set-up ervors). Although the CT coordinate system is the
most convenient, margins in an arbitrary direction might incidentally be necessary in
the future, for instance in case of margins for set-up deviations determined from portal
images made under oblique gantry angles. The currently described algorithm will
have to be extended slightly to enable this possibility. The obvious way is by a
straightforward coordinate fransformation of the input volume M, to the required
coordinate system. The required margin can then be added in the normal way, The
cutput volume M,,, must be transformed back to the original coordinate system before
the output contours are obtained.

In our institute 3D conformal radiotherapy is increasingly being used, especially
since the Racetrack Microtron MM-30 was commissioned at the beginning of 1994.
The demand for accurate 3D planning and planning volumes increased likewise. The
program CTV2PTV has been in clinical use for the last two years, mainly for the
planning of prostate patients. To account for subclinical disease and geometrical
uncertainties a constant 1.5 cm margin has been applied to the GTV in all three
dimensions. In practice the input to CTV2PTV has been half a CT-pixel larger (1.6
cm) because the clinicians wanted at all costs to avoid smaller margins, which might
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occur due to rounding errors near the corner points of the contour. At the moment the
program is beginning to be applied more frequently, for instance in the case of
gynecological tumors,

The program interface is especially designed for the CadPlan planning system.'
A simplified version of the algorithm (without the extra options described in the
methaod section) has been incorporated in the latest version of the system. In principle
the software will be made available as shareware. It has been set up in a modular way
50 it should be relatively easy to modify for other planning systems. For information,
the authors can be reached at their E-mail or regular address.

VI. Conclusions

A computer program has been developed to automatically add margins in three
dimensions to treatment volumes. The input volumes are represented in 3D calcula-
tion matrices and expanded by centering an eltipsoid at every voxel in the volume,
The program has proven to be g useful fool in our institute, The accuracy is a fraction
of a CT-pixel which is generally more than sufficient and better than can be achieved
manually. Apart from straightforward 3D margins around a simple volume, also more
complicated cases with multiple input volumes and variable margins can be handled.
The tool has been in clinical use for two years now, mainly to calculate prostate PTV's
from GTV's. The workload for the planning technicians has been reduced enor-
mously; from several hours manual contouring to one minute automatically,
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CHAPTER 3. MULTIPLE 2-DIMENSIONAL VERSUS 3-DIMENSIONAL
PTV DEFINITION IN TREATMENT PLANNING FOR CONFORMAL

RADIOTHERAPY

J.C. Stroom, G.A. Korevaar, P.C.M. Koper, A.G. Visser, B.J.M. Heijmen
Radiother. Oncol. 47, 297-302, 1998

I. Abstract

Purpose: Te demonstrate the need for a fully 3-dimensional (3D), computerized
expansion of the gross tumor volume (GTV) or clinical target volume (CTV), as
delineated by the radiation oncologist on CT-slices, to obtain the proper planning
target volume (PTV) for treatment planning according to the ICRU-50 recommen-
dations. Methods and materials: For ten prostate cancer patients two PTVs have been
determined by expansion of the GTV with a 1.5 cm margin, a 3D PTV and a multiple
2D PTV. The former was obtained by automatically adding the margin while ac-
counting in 3D for GTV contour differences in neighboring slices. The latter was
generaled by automatically adding the 1.5 cm margin to the GTV in each CT-slice
separately; the resulting PTV is a computer simulation of the PTV that a radiation
oncologist would obtain with (the still common) manual contouring in CT-slices. For
each patient, the two PTVs were compared to assess the deviations of the multiple 2D
PTV from the 3D PTV. For both PTVs conformal plans were designed using a three
field technique with fixed block margins. For each patient, dose volume histograms
and tumor control probabilities (TCPs) of the (correct) 3D PTV were calculated, both
for the plan designed for this PTV and for the treatment plan based on the (deviating)
2D PTV. Results: Depending on the shape of the GTV, multiple 2D PTV generation
could locally result in a 1 cm underestimation of the GTV-to-PTV margin. The devi-
ations occurred predominantly in the cranio-caudal direction at locations where the
GTV contowr shape varies significantly from slice to slice. This could lead to serious
underdosage and to a TCP decrease of up to 15%. Conclusions: A full 3D GTV-to-
PTV expansion should be applied in conformal radiotherapy to avoid underdosage.
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. Introduction

To ensure a correct dose delivery to the tumor in radiotherapy treatment, the ICRU
has suggested a scheme for the determination of the planning target volume (PTV)
that should be used for treatment planning [54]. Initially, the gross tumor volume
(GTV), which is the visible and/ or palpable volume of malignant growth, should be
outlined in the diagnostic images. This volume is then extended to the clinical target
volume (CTV) which contains GTV plus areas of suspected subclinical microscopic
disease. Finally a margin is added to take into account geometrical uncertainties like
patient and organ movement, resulting in the PTV.

Although the ICRU concepts for definition of a PTV are clear, their application
can be problematic. The nature of the problem is demonstrated in figure 3-1. In figure
3-1a, a transversal CT slice through a prostate GTV is depicted. An isotropic 1.5 cmm
margin has been added in 2D around the GTV contour o get the PTV. The same has
been done in all other slices, i.e. a "muitiple 2D" PTV has been generated which
reflects a normal manual outlining procedure. However, due to GTV contour differ-
ences in neighboring slices this would yield too small margins in the cranial direction,
as is indicated in a sagittal CT reconstruction through the prostate {figure 3-1b). In

(®)

Figure 3-1 Hlustration
of the problem discussed §]
in this paper. Multiple
2D margins  (dotted
clrves) around a
prostale  GTV  (solid
curves) in a transversal
CT slice (a) may yield
oo narrow marging in -6

the cranio-caudal dirvec- ]
tions as shown n a
sagittal  reconstruction
(b The 3D margins
(dashed curves} may
appear too large in a
transversal CT slice {(c)
but are actually correct
(d). The arrows in ihe
sagittal reconstrictions
indicate the position of
the transversal CT slice.

89
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figure 3-lc, the correct 3D PTV has been generated by automatic expansion in all
three dimensions, In the anterior part of the PTV the margin is clearly larger than 1.5
cm but the sagittal reconstruction (figure 3-1d) shows that this margin is correct. It is
obviously all but impossible to accurately draw a 3D margin in 2D CT slices without
the aid of software tools. Consequently, several groups have pointed out the import-
ance of automatic 3D margin detineation [5,15,106].

In this paper we want to explore the geometrical and dosimetrical consequences
of the still common but incorrect multiple 2D PTV generation, by comparison with
the correct 3D PTV calculation for a group of prostate cancer patients, In the follow-
ing "3D PTV" will stand for the full 3D PTV and "2D PTV" will refer to the multiple
2D PTV.

III. Methods and materials

Ten prostate cancer patients were selected for this study. Three of the patients had
stage T1 tumors, the others had T2 tumors for whom the vesiculae seminalis were part
of the GTV. All patients were routinely CT-scanned in the supine treatment position
with 5 mumn slice distance. The GTV was outlined in all relevant slices by a radiation
oncologist. The position of the apex of the prostate was verified by the use of sagittal
reconstructions through the prostate. The GTV-to-PTV margin for subclinical disease
and geometrical uncertainties was at the time of the study taken to be 1.5 cm. For all
patients 3D and 2D PTVs were automatically determined.

The algorithim for automatic margin generation has been described in a separate
paper [106} and roughly works as follows. The GTV is represented in a 3D matrix
grid with voxel values equal to the fraction of the voxel volume that is inside the GTV
contours (i.e, in between G and 1). It is expanded in three dimensions by centering an
ellipsoid at every matrix element within the volume. The shape of the ellipsoid
reflects the size of the margins in the three main directions. The PTV is subsequently
obtained by extracting the 0.5 iso-value surface from the expanded volume. Depend-
ing on margin and volume size, the whole operation is generally performed within one

mintite,

The 3D PTV was generated by applying an isotropic margin to the GTV in all
three dimensions, i.e. the ellipsoid in the expansion algorithm actually was a sphere
with 1.5 em radius. The 2D PTV was calculated by expanding each GTV voxel by a
circle with 1.5 cm radius and orientation parallel to the CT slices. This procedure
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simulates the manual slice-by-slice contouring of the PTV (without taking the GTV
shape in neighboring slices into account). For the 2D PTV, the GTV extension in
cranial and caudal directions was obtained by copying the PTV contours at both ends
of the GTV to the next three slices without GTV. The geometrical differences
between the 3D PTV and corresponding 2D PTV were assessed from sagittal and
frontal CT reconstructions through the PTV and by comparisen of the volumes.

For each patient our standard isocentric three-field treatment plan with conformal
blocks was designed for both PTVs. Tt consisted of one anterior-posterior beam and
two lateral-oblique beams. The lateral beams were partly delivered with a 60° degrees
motor wedge and were slightly tilted posteriorly in order to minimize rectum irradi-
ation. Beam weights were such that each field contributes equally to the dose at
isocenter. For all plans, the orientation dependent block margins between the beam's-
eye-view (BEV) PTV-projection and conformal blocks were at the time of the study:
5 mm in the lateral direction of the AP fields, 9 mm in the ventro-dorsal direction of
the lateral fields, and 15 mm in the cranial candal-direction of all fields [32]. All plans
were made for the 25 MV photon beam of a Racetrack Microtron MM50 (Scandi-
tronix) and complied with the ICRU recommendation for dose homogeneity in the
PTV, i.e. the variation of the dose in the PTV is kept within +7% and -5% of the
prescribed dose [54]. '

To analyse the consequences of the use of the 2D PTV in treatment planning, the
dose distribution as resulting from the beam shapes determined for that PTV was
assumed to have been delivered to the (correct) 3D PTV. Differences in dose volume
histograms (DVHs) and tumor control probabilities (TCPs) with the treatment plan
that was designed for the 3D PTV were calculated. The model that was used for TCP
calculations is described by Munzenrider er al. [81]. The parameters for the TCP
calculations were TCPg = 70% (based on data of our own institute), Y, = 1, and Yua
= § [70]. Since the TCP values are mainly determined by the average dose, all plans
were norinalized so that the average dose in the original PTV became 66 Gy.

All treatment planning was performed on HP 9000/7xx work stations using the
CadPlan planning system (Varan-Dosetek). The software for 3D extension of
planning volumes delineated in CT slices was developed to run with CadPlan and is
now routinely used for most patients that are 3D planned. Part of the software has
been integrated in the latest CadPlan version (2.7.7).
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IV. Results
In figures 3-2a and 3-2b sagittal and frontal reconstructions through the center of the

prostate in a plane near the isocenter are shown for all patients, and the GTV, 2D
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Figure 3-2 Sagittal (4) and fiontal (B) reconstructions through the centre of the prostate
for ten patients. The GTVs are indicated by the black curves, the 2D PTVs by the grey
curves, and the 3D PTVs by the dashed black curves. Large differences between 2D and
3D PTVs occur in areas with large GTV contour differences between neighbouring CT-
slices.
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PTV, and 3D PTV are depicted. As expected, the 2D PTV generally follows the GTV
at exactly 1.5 cm in lateral and ventro-dorsal directions. The seemingly larger margins
that sometimes occur (especiatly near the seminal vesicles) are due to the data being
presented as reconstructions in 2D planes; certain parts of the GTV responsible for a
GTV-to-PTV extension as seen in the reconstruction may in itself be invisible in that
reconstruction, However, figures 3-2a and 3-2b clearly show that for some patients the
multiple 2D extension of the GTV results in extremely narrow margins between GTV
and 2D PTV in the cranio-caudal direction, see for example patients 4, 7, and 10 in
figure 3-2a. These deviations occur in areas with large GTV contowr differences in
neighboring slices. The 3D PTV does not suffer at all from this problem due to the
full 3D extension of the GTV. The spikes that are visible in the cranial part of some of
the contours (see for instance figure 3-2a, patient 7) are due to a graphical artifact of
the planning system. If the volume of interest divides into more than one branch (like
the vesiculae), the planning system requires that the separate GTV contours that are
delineated in one slice are connected with a line. These Hnes can appear as spikes in
sagittal or frontal reconstructions but contain no volume and are subsequently ignored,

The average volume of

the 3D PTV is 519 £ 59 (1 patient slage AV {cc)  ATCP (%)
S} cc whereas the average L T2 68 4
2D PTV is 456 + 54 (1 SD) 2 Tl 55 1
cc, i.e. there is a mean differ- 3 Ti 7 13
ence of 62 £ 10 (I SD) ce 4 TI 68 15
(see Table 3-1). This implies 5 T2 g1 13
that on average at least' 12% 6 o~ 57 g
?f the 3D ?TV volume is not 7 T2 56 10
included in the 2D PTV.
Actually this percentage is 8 12 58 4
slightly larger because the 9 L= 50 3
1G T2 67 7

copying of the outer PTV
slices of the 2D PTV some-  Mean(SD) - 62(10) 9(4)

what overestimates the mar-  Tapte 3.1 Volume and TCP reduction for the ten
gin, and hence the volume, at  prostate patients described in this study. AV is the
volume difference between the 3D PTV and the 2D
PTV. ATCP is defined as the TCP for the 3D PTV

In figure 3-3 two BEV  esulting from the plan designed for the 3D PTY,
plots of the 3D PTV of minus the TCP for the 3D PTV resulting from the

patient 4 are shown together — plan designed for the 2D PTV.

the cranio-caudal edges.
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Fignre 3-3 AP (4} and lateral (B) beam's eye view plots of the 3D PTV (dashed lines}
with conformal blocks designed for the 2D PTV for patient 4. The solid lines are the BEV
projection of the GTV. Over large areas the block margins are too narrow fo account for
the beam penianbra. In some arveas the blocks even overlap the PTV.

with the conformal blocks designed for irradiation of the 21D PTV. In large areas the
blocks overlap or fit too tight around the 3D PTV, leaving too little room to account
for the beam penumbra. Applying these blocks will therefore result in underdosage of
the 3D PTV. This is further ilfustrated in figure 3-4 by the average DVHs for the 3D
PTV resulting from the treatment plans designed for the 2D and 3D PTV respectively.
The average minimum dose in the 3D PTV decreases from about 62 Gy for the plan
designed for the 3D PTV to about 51 Gy for the plan designed for the 2D PTV. The
average TCP difference between the correct plan and the plan designed for irradiation
of the 2D PTV was 9 £4 (I SD)% {see Table 3-1).

V. Discussion

The magnitude of the observed TCP reduction when the PTV marging were assumed
to be two-dimensional, depended mainly on the shape of the GTV. There appeared to
be a relation with the tumor stage; all patients with stage T1 tumors had TCP reduc-
tions of over 10% whereas only one of seven T2 tumors showed this phenomenon.
One would expect large variations in GTV delineation especially with T2 tumors,
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Figure 3-4 Cumulative DVHs for the 3D PTV, ©On the treatment technique.

averaged over the ten patients. The dashed curve  The more conform the 95%

represents the averaged DVH of the plans designed  isodose volume encloses the
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designed for the 3D PTV. There is a Sysffzmanc will be when 2D PTVs are

underdosage of the 3D PTV when planned with the )

beams designed for the 2D PTV, used instead of 3D PTVs.
The difference between our

three-field technique and, for instance, a four-field technique with similar block types
will therefore be small. However, if rectangular fields would have been used instead
of conformally shaped fields, the multiple 2D procedure would not result in under-
dosage. The rectangular field size is normally determined by the outermost tumor
extensions and these are the same for the 2D PTV and the 3D PTV. If the beams
would have been shaped by multi-leaf collimators, the block marging around the PTV
would on average be farger than for conformal blocks and hence the errors due to 2D
PTYV determination would be smatler.

A possible 2D altemative for treatment planning based on a 3D PTV is beam's
eye view planning [87]. Using this technique, the PTV- and block margins around the
BEV projection of the GTV are automatically calculated in 2D in the BEV plane.
Consequently, the BEV technique does not result in a 3D PTV. Straightforward
evaluation of the dose distribution in the PTV, as recommended by the ICRU [54], is
therefore not possible. Moreover, the projection of the GTV volume to one plane may
yield over- or underestimation of the margin if the outermost extensions of the GTV
are not at the level of the BEV plane, as is demonstrated in figure 3-5 for a hypotheti-
cal tumor. Due to the divergence of the treatment beams, the magnitude of the
required 3D margins is altered when projected to the BEV plane. This effect is not
taken into account by the BEV method. In normal ¢linical situations {with the BEV
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Figure 3-5 Hiustration of a drawback of

2D BEV planning (based on a BEV

projection of the GTV} compared to

planning based on a full 3D PTV, The  (loolarge) !
GTV-to-PTV margins are indicated by 2D BEV margin ’r:-": Y

E (too small)
the arrows and the dotted and dashed ? i\ 2D BEV margin
lines indicate the projection to the BEV / 3

plane of the GTV and 3D PTV respec-
tively. Due to the divergence of the
beam, two-dimensional extension of the
GTV in the BEV plane may yield too
large (4} or too small (B) margins
compared to the (correct) margins that T '
restlt from projections of the 3D PTV. full 3D margin

plane through the GTV, a GTV "diameter” of about 10 em, and a focus-BEV plane
distance of about 100 cm) the errors are refatively small (maximally 1 mm). A final
objection to the BEV method is that it is quite impractical in case of anisotropic
margins and/or oblique fields, especially when the direction of the margins is not

perpendicular to the field.

In conclusion, for ten prostate cancer patients we have shown that multiple 2D
calculation of PTV margins instead of full 3D calcuiations can lead to serious
underdosage and TCP reductions of up to 15%. The same conclusion holds, of course,
for other than prostate tumors. Delineated GTV- or CTV contowrs normally vary from
slice to slice and hence full 3D PTV margin calculation is required when conformal

radiotherapy is used.

VI. Acknowledgements

The authors want to thank the Dutch Cancer Society (NKB-project 92-86) and the
Revolving Fund of the University Hospital Rotterdam for sponsoring the research
described in this paper. Furthermore, the suppoit of John van Somsen de Koste during
the various treatment planning sessions and the useful suggestions of Filicity Yorke
during the writing of the paper are greatly appreciated,






CHAPTER 4. INCLUSION OF GEOMETRICAL UNCERTAINTIES IN
RADIOTHERAPY TREATMENT PLANNING BY MEANS OF
COVERAGE PROBABILITY
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I. Abstract

Purpose: Following the ICRU-50 recommendations, geometrical uncertainties in
tumor position during radiotherapy treatments are generally included in the treatment
planning by adding a margin to the clinical target volume (CTV) to yield the planning
target volume {(PTV). We have developed a method for automatic calculation of this
margin. Methods and materials: Geometrical uncertainties of a specific patient group
can normally be characterized by the standard deviation of the distribution of system-
atic deviations in the patient group (Z) and by the average standard deviation of the
distribution of random deviations (o). The CTV of a patient to be planned can be
represented in a 3D matrix in the treatment room coordinate system with voxel values
one inside and zero outside the CTV. Convolution of this matrix with the appropriate
probability distributions for translations and rotations yields a matrix with coverage
probabilities (CPs) which is defined as the probability for each point to be covered by
the CTV. The PTV can then be chosen as a volume corresponding to a certain iso-
probability level. Separate calculations are performed for systematic and random
deviations. Iso-probability volumes are selected in such a way that a high percentage
of the CTV volume (on average > 99%) receives a high dose (> 95%). The conse-
quences of systematic deviations on the dose distribution in the CTV can be estimated
by calculation of dose histograms of the CP matrix for systematic deviations, resulting
in a so-called dose probability histogram (DPH). A DPH represents the average dose
votume histogram for all systematic deviations in the patient group. The consequences
of random deviations can be calculated by convolution of the dose distribution with
the probability distributions for random deviations. Using the convolved dose matrix
in the DPH-calculation yields full information about the influence of geometrical
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uncertainties on the dose in the CTV, Results: The model is demonstrated to be fast
and accurate for a prostate, cervix, and lung cancer case. A CTV-to-PTV margin size
which ensures at least 95% dose to (on average) 99% of the CTV, appears to be equal
to about 2Z+0.7c for three all cases. Because rotational deviations are included the
resulting margins can be anisotropic, as shown for the prostate cancer case. Conclu-
sion: A method has been developed for calculation of CTV-to-PTV margins based on
the assumption that the CTV should be adequately irradiated with a high probability.

II. Introduction

Geometrical uncertainties in radiotherapy treatments cause differences between
intended and actually delivered dose distribution in the clinical target volume (CTV),
as defined by the ICRU [54]. The uncertainties primarily consist of external set-up
deviations and internal organ movement. Both deviations consist of a systematic
component, i.e. the same for each fraction of the treatment, as well as a random
component, i.e. varying from day to day. The size of the patient set-up deviations can
be assessed by comparison of images acquired during the treatment (with megavolt-
age portal films or electronic portal imaging devices) with those of the intended
treatment (simulator radiographs or digitally reconstructed radiographs generated by
the planning system). By imaging several patients of a specific patient group regu-
larly, the typical size of the systematic and the random positioning deviations for that
group can be determined [£1,25], which may indirectly lead to improved set-up
techniques and/or equipment. In principle, systematic deviations of an individual
patient can be estimated during the first few fractions and couch corrections can be
applied for subsequent irradiations [12,14,126]. This so-called "off-line protocol"
reduces systematic deviations while random deviations remain unchanged. Both
systematic and random set-up deviations can be reduced to negligible values if on-line
corrections are applied [31,105]. In this case, the patient position is verified at each
fraction using a small number of monitor units, If necessary, the couch position is
adjusted before the remaining dose is given. At the moment however, on-line correc-
tion procedures are too time consuming to be routinely used in clinical practice.

Internal organ motion is the movement of an organ relative fo the bony struc-
tures. For instance, the prostate can move due to variations in bladder- and rectum
filling. These movements can not be assessed directly by portal imaging since the
tumor is generally not visible. By implantation of radio-opaque markers in or near the
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CTV the internal organ motion can be visualized which enables on-line positioning
corrections [7,28]. In other clinical studies repeated CT-scans have been acquired to
get an indication of internal prostate movements {95,119, Intra-fraction movement of
the tumor will add to the random deviation, Due to breathing and cardiac motion &
tumor in thorax or abdomen can vary significantly in position in a matter of seconds
[97]. Complex techniques like real-time couch movement, respiration gated irradia-
tion or breathing control might limit the consequences of this variation [62,79,124].

Whatever is done to minimize the geometrical uncertainties, to some extent
inaccuracies are unavoidable. Once the typical values for a specific group of patients
are known they should be included in the treatment planning for individual patients
from that group. Patient set-up deviations not only affect the dose in the tumor region,
but in neighboring, possibly critical, organs as well. For random deviations, the effect
of this deviation can be simulated by a convolution of the dose distributions with the
distribution of movements in three dimensions. Several groups have implemented this
for translational deviations [52,98]. Systematic deviations are more of a problem since
they are a priori not known for a specific patient and only the distribution of system-
atic deviations for the patient group can be determined. The effect of systematic
deviations on the dose distribution is more significant than that of random deviations,
hence relatively small systematic deviations should not be ignored. One possible way
to deal with systematic deviations has been proposed by Goitein [43]. He suggested
three parallel planning calculations, one with nominal set-up deviations and the others
with extreme values, and allow only those plans for which all three dose distributions
are acceptable in terms of tumor coverage and critical organ sparing. Recently this
idea has been further developed by Mageras and colleagues, especially fo include
internal organ motion in radiotherapy planning {74]. Killoran and colleagues simulate
systematic and random uncertainties simultaneously by multiple Monte Carlo
simulations which result in multiple dose volume histograms (DVHs) that are used for
evaluation of the treatment plan [60].

The above techniques operate directly on the CTV and are more sophisticated
than the conventional approach as proposed by the ICRU [54], i.e. using a planning
target volume (PTV) which is defined as the CTV plus margins for all geometrical
uncertainties. However, the practical application of the concept of PTV is not always
clear. First of all, it is rather cumbersome to manually draw inargins in three dimen-
sions around an imregularly shaped tumor volume [[04]. Therefore several groups
have developed algorithms for automatic margin calculation, either multiple 2D [5] or
fully 3D [15,106]. Fuithermore, the geometrical uncertainties can originate from
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rotations as well as translations, Rotational deviations will yield anisotropic margins,
i.e. the size of the margin will vary depending on the position with respect to the axis
of rotation. None of the aforementioned algorithms have incorporated this, Finally the
exact margin size necessary fo ascertain adequate coverage of the CTV depends on
the kind of deviation (systematic or random) and on the dose distribution. How this
must be taken into account has up till now not been specified,

We have developed a model that calculates the CTV-to-PTV margins step by
step, based on clinically measured CTV position deviations and on the requirement
that the dose distribution delivered to the CTV will satisfy the ICRU recommenda-
tions for dose homogeneity with a high probability. Internal organ motion as well as
external set-up deviations, translations as well as rotations, and systematic as well as
random deviations are included in the model. Once the dose distribution has been
planned around the resulting PTV, the same algorithms can be used to calculate the
influence of all geometrical uncertainties on the dose in the CTV and hence to verify
the planned dose distribution, The use of the model will be demonstrated for a
prostate, cervix, and lung cancer planning,

HI. Methods and materials
a. Pavameters required

Since the geometrical uncertainties of an individual patient which is to be planned are
not known, measured data of a group of similar patients must be used. Clinical studies
performed in our department and elsewhere have shown that translational deviations
in patient positioning of a specific group can be approximated by normal distributions
of systematic and random deviations in the three main directions, e.g. [11,25]. For
each patient in the study the average set-up deviation and the standard deviation (SD)
of the distribution around that average is determined. The random variation ©
characterizing a certain patient group is then defined as the SD of the day-to-day set-
up positions, averaged over all patients in the group. The systematic variation X is
defined as the SD of the distribution of average set-up deviations per patient in the
group of patients, The overall mean deviation M is the average value over all fractions
and all patients. If the reference set-up {during simulation) can be considered as a
sample from the random distribution, M will be close to zero and 2 will be close to ©.
Rotational deviations around the three main axes can in principle be described
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similarly. The study of internal organ motion can yield random and systematic
deviations for translations and rotations as well, Hence a set of twelve (x/y/z *
rot/trans * int/ext) standard deviations X and ¢ and six rotation axes are necessary to
describe all geometrical uncertainties of a specific patient group. These values are the
input parameters of our method and do not only depend on the tumor sites, but also on
set-up techniques and treatment protocols {and possibly even on more specific
variables like tumor stage, patient weight, accelerator etc.).

The parameters are used to calculate margins around a CTV which is initially
represented by a set of input contours as outlined in 2D CT-slices. The contour data
points are used to determine a 3D volume in a cubic calculation grid in the treatment
room (i.e. CT) coordinate system. The algorithm has been described before [106] and
can be swmnmarized as follows. For each slice, intersection points of contour lines with
21> grid lines are calculated to fill a 2D matrix with values equal to the fraction of the
grid element that is enclosed by the contour. The slices are stacked with increasing
slice position so that a 3D matrix Mcr{x,3,2) is created with values 1 inside the
volume and O outside the volume (and between 0 and [ at the edge). This matiix is
used for subsequent calculations.

b. Coverage probability calculation using convolutions

Two separate, equivalent methods have been developed to calculate a matrix with
coverage probabilities (CPs) which is defined as the probability for each point to be
covered by the CTV and which will be used for PTV margin determination. They will
be designated as the convolution method and the Monte Carlo method. The convolu-
tion method uses a straightforward convolution of the CTV matrix with normal
distributions describing the geometrical uncertainties. The effect of translational and
rotational deviations is calculated separately. The normal distribution of mutually
independent deviations in translations is given by:

1 X 2 ( b )2 Z ?
a{ {(— ) (—
F (G () )

V8n3 de'de'Sdz

N(x,p,z)= ‘ 4-1
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with sd., sd;, and sd, the standard deviations of the distributions in the three main
directions. The input matrix Mcr{(x,,2) is convolved numerically with the prob-

ability distribution:

Map(p2) =2 X 2 Moy (VY2 )N(x-¥,y-y,2- ) Ax Ay bz 42

Xy oz

with AxAyAz the voxel size. In the output matrix Mc{x,y,2) the original contents of
the voxels is spread out according to the distribution of translations. The value in each
voxel of this "coverage probability" matrix represents the probability of the voxel
being covered by the CTV.

Inclusion of rotational positioning deviations is cumbersome in the orthogonal
coordinate system. To be able to handle rotations around axes in the three main direc-
tions, an input matrix Mcr{x,1,2) is transformed fo cylindrical coordinates Mcr{(#,0,a)
using bilinear interpolations, where @ is x, y or z for rotations about x-, y-, or z-axis
respectively, The center of the new matrix (+ = 0) is taken to be at the (user-defined)
position of the rotation axis. A one-dimensional distribution matrix M8} is defined
similar to N(x,),z) and the convolution is performed:

Mep(n9,a)= 2, My (19, a) N(B-6') AD 4-3
<

with A6 the bin size, Subsequently the output matrix Mcp(r,8,4) is transformed back to
orthogonal coordinates Mcplx,3,2). The transformation to a different coordinate system
and back, on a discrete grid, will already smooth the CTV mafrix, even without
convolutions, To limit this effect, the pixel size in the cylindrical coordinate system is
kept four times smaller than in the original. To minimize the number of cylindrical
matrix elements and keep the element size approximately equal for all values of r, the
number of angles 6 increases with 7, Le. the (r,0)-calculation grid is not rectangular
but rather triangular in shape,

In case more than one rotational deviation is present, the above procedure is per-
formed again using the output matrix of the first calculation as input for the second,
etc. The order is arbitrary for distributions that are mufually independent and for the
small rotational deviations (< 10°) that are nsual in patient set-up and organ move-
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ment (as will be justified later on, see figure 4-4). In case both rotational and transla-
tional deviations must be considered, the rotations should be performed first,

¢. Coverage probability caleulation using a Monte Carlo approach

The Monte Carlo method simulates the fractionated radiotherapy freatment more
directly by sampling the translations #,, 1, ¢, and rotations 7y, ry, r; from their respective
distributions. Subsequently all points in the CTV matrix (x,y,z) are moved to a new
position (x’yz") according to:

.1',= x-+ e + -\‘r,)' (COS(?‘)’) - 1) + Yoz (COS(]‘Z) - 1) - yr,z Sin(rZ) + Zry Sill(?'),)
Y=y, (c0s(r) - D+, (05(r)- - 2y sin(r) #x,, sin(ry) A4

2=z 41,42, (cos(r,}- 1) +2,, (cos(r,) -1}~ x, sin(r,) + p_ sin(r,)

where x;, = (X-Rx;), X, = (x-Ry.), etc. the coordinates of the matrix point with respect
to the x-, y-, and z-axes of rotation, respectively (R, R,\), (Re;Ryy), (ReoRy). The
input value at point (x,3,2) can be assigned to the eight grid points nearest to (x'3'z")
using trilinear interpolations or assigned completely to the one nearest point which is
faster but less accurate, Hence a new matrix M, (x,3,2) is calculated with # being the
sample number, The procedure is repeated many times (> 1000) and the resulting
matrices M, (x,y,z) are averaged over the number of samples to yield the final result
Mep(x,0.2).

A difference between Monte Carlo and convolution method is the way in which
rotational deviations are incorporated. The Monte Carlo method handles all rotations
at once. The voxel displacement resulting from each rotation is calculated assuming
the same starting position for all rotations, i.e. the input voxel position for the second
rotation is not the output from the first. The computation of translations is similar for
both metheds; all three directions are handled simultaneously. Comparison of the
methods will give an indication of their accuracy.

d. Interpretation of coverage probabilify

As mentioned before, the elements in the CP matrix M (of which the values vary
from 0 to 1) represent the probability of a fixed point in space to be actually covered
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by the CTV. For sufficiently large volumes (larger in diameter than about 2 SD of the
distribution of deviations), the CP value of a certain voxel also represents the prob-
ability that the volume border lies outside that voxel; i.e. if a point is covered by some
part of the CTV, the CTV border must lie outside of that point (or exactly on it). Iso-
coverage probability volumes are therefore logical candidates fo define the PTV.
Considering translational deviations in one dimension and given a selected coverage
probability CP, smaller than 0.5, the probability {P,) that any point of the CTV
volume is outside the PTV will then be equal to 2 CP.. For translations in more
dimensions and for rotations the relationship between CP; or the margin size and P,
becomes less straightforward, A special case may however serve as an estimate for the
general case.

That special case is a spherical CTV with an isotropic margin m to represent the
PTV. The probability P, that any point of a CTV with normally distributed transla-
tional deviations sd in ail three dimensions will be outside the PTV can be calculated
analytically:

2

= 2 b

PO— m r:';»l:/sd ne dr

4-5

with # being equal to V(x* + ¥ + z%). The integral can be solved using partial integra-
tion. For deviations in two dimensions a similar expression can be derived. In figure
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4-1 P, is displayed as a function of the margin in units of sd, for the one-, two-, and
three-dimensional case. The coverage probability values CP; that should be selected
to obtain a margin m(sd) are displayed along the upper horizontal axis. The relation
between CP; and misd) is normally independent of CTV shape as long as the volume
is sufficiently large (> 2 sd, as indicated before), For 3D translational deviations, the
probability of the CTV being partly outside the PTV is considerably higher than for
1D deviations. For instance, a PTV margin of 1 sd (or CP, = [6%) has a P,-value of
32% for deviations in one dimension as opposed to 80% when deviations in all three
dimensions are considered. However, not only the probability of CTV miss but also
the extent of that miss is important. Even for large P,-values, the fraction of the CTV
outside the PTV is small and the dosimetrical consequences are limited,

e. Influence of systematic deviations on the CTV dose: dose probability histograms

To investigate the effect of the geometrical uncertainties on the dose distribution in
the CTV, different approaches for systematic and random deviations are required.
Systematic geometrical misses will cause underdosage of the same part of the CTV
for every fraction of the treatment, whereas random deviations will cause underdosage
in different parts of the CTV for each fraction. For systematic deviations, the CP
matrix can be used to estimate the influence of systematic deviations on the DVH of
the CTV. A normal cumulafive DVH is constructed by summation of all CTV voxels
that receive more than a certain dose, for all dose values D:

V(D)= Y, SHDENAY =AF Y, Sp(D(F)Mery(F)
FeClV Fe®R,

Ifor D'(F)zD
Ofor D'(#F)<D

4-6
with Sp(D'(F)) =

with D'(7) the dose value at position 7, AV the voxel volume, and Mcr(F) the

previously defined CTV matrix. # ¢ CTV and 7 e R; are those positions which are
member of the CTV and the whole 3D space, respectively. At the time of planning the
systematical deviations in CTV position are unknown for a specific patient but the
probability of the CTV being systematically at a different position is determined by
the systematic variations X of translations and rotations for the patient group. The
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average DVH, taking all systematic deviations of the CTV position with respect to the
dose distribution into account, can then be determined to be:

(F(DY)=AV 3, N(T) 3, So(D'(F)Micrv(F)

feRy FeR,

= AV 3, Sp(D'(F) 2, N(OYMicri(F) 4-7

Fe®y TeRs

=AV D, Sp(D'(F) Mep ()

TeER,

with / being a transformation (translations and rotations), N(#) the probability for a

certain transformation / (see Eq. 1), and M} crvy the transformed CTV. In the last

step of the derivation Eq. 2 is used. Hence instead of counting voxels receiving a dose
2 D, as for a normal DVH, the average of the DVH for all systematic deviations of the
CTV is obtained by summation of the coverage probability values for each dose =2 D.
Therefore the results of those calculations will be denoted as dose probability histo-
grams (DPHs), It should be emphasized that the CP matrix Mcp in Eq. 7 is calculated
using the systematic variations Z. A dose histogram of a CP matrix for random (day-
to-day) variations of one patient has no physical meaning since DVHs of different
fractions should not be added; information about the position of the dose, which is
essential when adding dose distributions of different days, is lost in a DVH.

In figure 4-2 a clinical example of DPH calculations is shown. For an arbitrary
prostate cancer patient planned according to the ICRU dose specification rules {i.c.
block margins are such that the 95% isodose volume encloses the PTV), DPHs of
CTV have been calculated for six different 3D translational variations X, Naturally,
the probability of CTV underdosage increases with increasing variations. Since the
ICRU suggested a maximal tumor underdosage of 5% [54], an additional dashed line
is drawn to indicate the 95% dose. The DPH curves for the CTV now immediately
indicate that the 95% isodose will enclose on average a large part of the CTV (> about
99%) as long as the CTV-PTV margin is al least 2. This implies a high probability of
the 95% isodose enclosing the whole of the PTV. For smaller margins there will be an
increasing probability of underdosage of the CTV. The DPH as an average of the
DVIs for all systematic deviations seems therefore a reliable tool to determine the
margin size required to cover for these deviations for a specific treatment plan. Also
indicated in figure 4-2 are similar curves for variation in rectum position. The same
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DPHs for different 3D translational variations
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Figure 4-2 Example of dose probability histograms for six different systematic variations
in translation (X) for a prostate case planned to conform io ICRU recommendations with
a 1.5 cm CTV-to-PTV margin. With increasing variation in CTV position there will be a
higher probability of underdosage. The rectum will on average also receive less dose as
the variations increase, although the maximum dose increases. On the right the CTV
curves near the 95% dose are magnified.

variations are assumed without any change in rectum shape. As expected, the maxi-
mum dose of the DPH increases as the variations increase; the probability that the
rectum will be part of the higher dose regions will be higher. At the same time
however, the lower dose volumes decrease with increasing variations. This is due to
the fact that for isotropic movements in all directions, the probability of the rectum
moving toward the higher dose regions is lower than for moving away from them.

[ Influence of vandom deviations on the CTV dose

The random deviations displace the CTV with respect to the dose distribution
differently for each fraction of the treatment. This can be simulated by convolution of
the dose distribution matrix with the probability distributions, as has been described
before [13,52,98,107]. The same algorithms as for the CP calculations can be applied.
If the input file in Bq. 2 (Mcry) is a dose distribution instead of the CTV, the output
will be a dose distribution which is spread out locally as a result of random deviations.
This distribution is the best estimate of the actually detivered distribution during the
radiotherapy treatment. In general the higher iso-dose regions will decrease in size,
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while the lower iso-dose regions will increase. The extent of shrinkage of the 95% iso-
dose volumes should give an indication for the size of the required margin [13), If
only the random set-up deviations are considered, one calculation will be sufficient to
determine its effect on CTV and critical organs simultaneously. If the internal random
deviations of the critical organs are different for different organs, separate convolu-
tions of the combined distributions of random set-up and organ movement should be
performed with the local dose matrix swrounding each organ. Compared to CP
calculations, dose modifications are more accurate because gradients in dose matrices
are considerably flatter than those in CTV matrices.

g PTV maigin determination

The goal of a PTV is to create a volume around which the 95% dose can be planned
so that the CTV is adequately irradiated, which can be verified using DPHs (see next
section). In principle one might find the correct PTV by trial and error but CP
calculations can also be used to calculate a good PTV to starf with. Because of the
different effect of the systematic and random deviations on the CTV dose (X and o
cannot be added), the PTV is calculated in two steps.

For systematic geometrical uncertainties a high irradiation probability is obtained
by choosing the margin according to a low iso-probability volume, From figure 4-2 a
margin equal to about 2% would seem reasonable and from the upper horizontal axis
in figure 4-1 can be deduced that this corresponds to iso-probability curves of about
2.5%. Hence the first step in the PTV calculation (PTV1) is the determination of the
2.5% iso-probabilify volume of the CTV (i.e. the volume bounded by voxels having a
CP equal to 2.5%), using the systematic variations X as input to the model. From
figure 4-1 this implies that for a spherically symmetric situation and deviations in all
directions, there still is at least a 28% chance of the a part of the CTV is outside PTV{
for all fractions. In other words, there is maximally a 72% probability of complete
enclosure of the CTV by the PTV1 during the radiotherapy treatment. However, the
DPH curves of the example in figure 4-2 indicate that the 95% isodose will enclose
the CTV in practically all cases. The internal and extemnal deviations can be handled
simultaneously by adding the respective standard deviations in quadrature.

To cover for the remaining random deviations only a moderate increase in the
margin will be necessary. The total random variation equals the quadratic sum of in-
and external random variations. The procedure is similar to that for the systematic
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deviations, this time using PTV1 instead of the CTV as input volume. The difference
is that random deviations do not affect the dose distribution in the fumor as much as
systematic deviations. Therefore the margins can be smaller and the selected iso-
probability volume can be higher. Bel ef a/. studied the dosimetric consequences of
random translational variations ¢ for their prostate patients and concluded that a 0.7¢
margin would be sufficient to keep the minimal CTV dose above 95% [13]. Based on
those results we considered the 25% iso-probability volume appropriate for random
deviations. This means that PTV 1 will be partly outside the PTV in over 90% of the
fractions (see figure 4-1). Once this final margin is added to PTV, the calculation of
the PTV is complete. Naturally, the choice of the iso-probability volume for either
PTV1 or PTV margins is to some extent arbitrary and can be varied according to the
individual preferences of the clinician. Eventually it should be based on quantitative
models for the tumor control probability.

h PTV margin verification

Normally, the patient will be planned with certain block margins arcund the PTV to
account for the penumbra of the beam. The concepts described can be applied to
evaluate and judge the effect of geometrical uncertainties on the dose distribution in
the CTV. Firstly, to calculate the expected dose disfribution actually delivered during
the treatment series, the dose matrix is convolved with the distribution of random
deviations. The 95% isodose volume will shrink but should still enclose the PTVI
volume. Secondly the systematic deviations are used to determine the DPH of the
CTV (and possibly critical organs), using the dose modified for random deviations.
This DPH indicates whether the dose distribution is adequate to iradiate the CTV,
given the systematic dnd random deviations. If the patient has been planned correctly,
the average CTV volume receiving > 95% dose must be high (e.g. > 99%). In case the
probability of underdosage is too high, the 95% isodose volume is too tight around the
CTV and either the PTV margin or the block margin is too small. The plan can be
recalculated using lower iso-probability contours as PTV margin or larger block
margins. In case the DPH is practically equal to the original DVH (i.e. systematic
deviations have no influence on the dose in the CTV), the PTV margins might be too
large and the plan should be recalculated using higher iso-probability values as PTV
margins (or smaller block margins). In this iterative manner the size of the block-to-
CTV margins is directly optimized for iradiation of a specific CTV and DPHs of
CTV instead of DVHs of PTV are used to evaluale the planning.
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i. Hardware

The method has been implemented using the C programming language on a HP
9000/712 (100 MHz) workstation. It runs as a separate application next to the
CadPlan planning system2 and hence uses CadPlan contour and dose files as input.
The results are written back to CadPlan files for visualization and further planning. At
the moment, the voxel sizes in the caleulations are equal to those used in the planning
system, which vary in practice from about 2 mun for CT pixel size to maximally 10
mm for the slice distances. The dose matrices normally have a resolution of 2.5 or 5
mn1. Geometrical uncertainties smaller than about 1 mm {1 SD) are consequently not

reflected in the calculations.

IV, Results
a. Accuracy of the methods

To get an indication of the accuracy of the convolution and Monte Carlo method,
results of the two methods are compared for a schematic example. Figure 4-3a depicts
a 2D geometrical object which represents a target volume. The simulated random
translational variations are different in horizontal and vertical direction and the
coverage probabilities are calculated for both methods. The number of runs in the
Monte Carlo method was 1500. The iso-probability contours of the different methods
coincide well, only the 1% iso-probability curves deviate slightly, In figure 4-3b an
additional variation in rotation is simulated. As expected, the area within the higher
probability curves decreases while that in the lower increases. Due to the rotations the
distance from one curve fo the next becomes anisotropic. Near the upper right part of
the object the lower iso-probability curves actually shrink compared to the curves in
figure 4-3a; because of the rotations there is a lower probability that voxels in that area
are enclosed by the object. The differences between the two methods become slightly
larger, especially near the low probability curves, This is attributed to the limited
munber of runs of the Monte Carlo method which yields poor statistics in those
regions,

? Varian-Dosetek
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Figure 4-3 Comparison of convolution and Monte Carlo method. The schematic 2D
CTV is the object outlined by the thick solid contour, the pixel size is 2 by 2 nim. A) A
horizontal 12 mm (I SD) and vertical 8 mm variation in translation has been
simulated. The 1, 5, 20, 50, 70, 95, and 99% iso-probability curves of both methods
are shown, the thin black lines represent the result of the Monte Carlo method (1500
runs), the thick grey dashes the convolution method. B) A 5 degrees (1 SD) variation
in rotation is added. The rotation axis is at the lower lefi corner of the figure (-12, -12
cm). The iso-probability curves of the two methods still coincide well.

The largest differences between the two CP calculation methods are expected for
coverage probability calculations with large rotational deviations. Hence an exagger-
ated (and unrealistic) variation in rotations around the three orthogonal axes through a
point in the lower left and cranial corner of the input matrix is calculated for a lung
tumor CTV in the upper thorax. Figure 4-4 shows the 5% iso-probability curves for
both methods in a transversal, sagittal, and frontal slice near the center of the CTV.
The two contours do not overlap in all areas but the differences are small; maximally
2 mm {1 CT pixel) while the margin is on average 2 cm. In slices near the edges of the
volume the maximum differences that are found are 4 mm which is adequate consid-
ering the irregularity of the Monte Carlo contours. The difference between the two 5%
iso-probability volumes is 4 cc (1%). In clinical practice rotational deviations of
extreme values are rare and the occurrence of more than one deviation simultaneousty
is unlikely. Consequently, this close agreement may serve as assurance that the
calculation of rotational deviations is reliable for both methods.
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Figure 4-4 Comparison of the two methods for an exiveme case of rotational
deviations. A Iung CTV (thick black lines) has been modified with rotational devia-
tions of 10, 8, and 6 degrees (1 SD) around the three major axes in a point abouf 8
em left, cranial, and below the CTV center. The 5% iso-probability curves for the
convolution (thick grey dashes}) and Monte Carlo method (thin black lines) are
displayed in a transversal (a), sagittal (b), and fromtal cut (c) through the CTV,
Although the two methods handle the effect of rotational deviations differently, the
results are quite similar.

Although Eq. 5 was derived for a spherically symmetric case, the results are a
reasonable approximation for more general clinical situations. For translational
deviations, computer simulations for a prostate CTV indicate that, even if the margins
become anisotropic, the deviations from the values in figure 4-1 are small (< 5%). A
restriction is that the CTV volumie should be devoid of sharp edges, which is usually
satisfied. Another limitation is that rotational deviations are not included in the
calculations, hence Eq. 5 underestimates the P,-value if rotations are present,

b. Clinical examples

In three clinical examples the stepwise PTV calculation and the verification procedure
will be illustrated. The values for the geometrical uncertainties are taken from
literature or have been measured in our institute, In all cases it is assumed that the
application of an off-line protocol (as mentioned in the introduction} hatves the
systematic translational set-up deviations [12]. The values used are summarized in
Table 4-1. All calculations are done with the convolution methed and all rotation axes
are through the center of the CTV unless specifically stated otherwise. CT slice
distances are 5 mm and CT pixel size are about 2 x 2 mm. The grid size of the dose
matrices is in all cases 2.5 mun in the plane of the CT slices and equal to the CT slice
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distance in the direction
perpendicular to the CT
planes. All three patients
were planned with multi-
teal  collimators. Block
margins were such that the
95% isodose closely fitted
the PTV and the dose
homogeneity in the PTV
satisfied the ICRU 50
recommendations (i.e. dose
variation of maximally 95%
- 107%).

¢, Prostate cancer case

Due to variations in rectun
and bladder filling, the
range of the internal pros-
tate movements is consider-
able. The wvalues that are
used in our calculations
have been estimated from
several studies available in
the literature [7,28,119].
The lateral rotation axis was
taken to be near the apex of

variation translation rotation
{mm, [ SD) (degrees, 1 SD) faxis
direction LR CcC AP LR CC AP

Prostate

Cext 20 20 20 i 1 1
Tent 12 12 14 [ 1 1
Oint 1 2 2 4’ 2 1
Zim 1 2 2 4' 2 i
Cervix
Cext 3.5 40 3S 3 1.5 2
Tt 20 25 20 2 1 1
Oy I 1 1 I 1 1
Tt 1 i 1 t 1 1
Ling
Gery 30 30 3.0 2 2 2
Fent 20 20 2.0 1 1 l
Gint 4 2 2 2
Zim 2 1 1 1

Table 4-1: Overview of geometrical uncertainties used
as input for the model for three different tumor sites.
Systematical (X} and random (o) variations are indicated

Jor translations as well as rotations and internal orvgan

movement (int) as well as external set-up deviations
{ext). All votation aves are assumed to be at the center of
the CTV except for those indicated by * which are as-
sumed to be af the caudal apex of the CTV.

the prostate as suggested by van Herk ef af. [119]. The values for external set-up
deviations are faken from routine portal imaging data of 228 patients treated at owr
clinic. The final PTV is constructed in several steps as shown in transversal and
sagittal slices through the tumor {figure 4-5), The CTV has been outlined manually by
a radiation oncologist. This volume is expanded with a margin to cover all systematic
deviations; a CP matrix is calculated using the quadratically summed internal and
external systematic variations (Table 4-1). PTV1 is taken to be the volume enclosed
by the 2,5% iso-probability contours. To get the final PTV a subsequent margin is
added to PTV1 from the calculated 25% iso-probability volume with the quadratically
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summed random variations as input for the CP calculations. The random deviations
add only an extra 1 - 2 mm (which is close fo the pixel size). In total, the margin
around the CTV varies from minimally 6 in the caudal fo maximally 13 mm in the
cranial region of the PTV. The anisotropy is due to the significant rotation around the

position {(cm)

position (cm)

Figure 4-5 Prostate planning example of the stepwise PTV
caleulation in a cranial transversal slice (a), an isocentric
slice (b), a candal slice (c), and a sagiital reconstruction
(). The geometrical uncertainties are from Table 4-1, The
CTV (grey curve) Is extended with a margin to cover for the
systematic deviations by selection of the 2.5% iso-
probability volume of the CP matrix (PTV1, dashed curve).
The final PTV (White curve) results from the 25% iso-
probability volume of the CP matrix of random deviations
applied to the PTVI1. Especially in the sagittal slice the
influence of the rotations around the apex is clear; the PTV
margin in the caudal part is significantly smaller than that
in the cranial part of the prostate. The critical organs
(bladder and rectum) are depicted by the thin black curves.

apex of the prostate.

The
of the contours in the
two-dimensional  slices
is sometimes misleading
due to the 3D aspect of
the marging; they may
appear too large in one
slice due to the influence
of a differently shaped
tumor contour in  the
next slice as, is espe-
cially apparent in the

interpretation

{cranial) transversal
slice. This effect is also
visible in the cervix and
lung cancer case that

follow.

A three  fleld
technigue was applied to
plan the patient. To
verity the dose distribu-
tion in CTV, rectum,
and bladder, DVHs have
been calculated for each
volume and are shown
in figure 4-6, Subse-
quently, the dose distri-
butions around  the
volumes of interest have
been convolved with the
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Figure 4-6 DVHs and DPHs for the prostate cancer
patient in figure 4-5. The original DVHs of CTV,
bladder and rectum are indicated by the thin black
lines. DVHs for the dose distributions adjusted for

assumed to be constant,
Resulting DVHs show that
the effect of random
deviations on the CTV dose
is negligible, whereas the

random deviations are represented by the dashed grey
curves, The effect of random deviations on the CTV
dose is negligible, whereas the bladder and rectum
high dose volumes decrease. The DPHs (dotted curves)
for the systematic deviations have been determined
using the dose distributions modified for random
uncertainties. There is only a noticeable effect on the
CTV but the curve does not intersect the 95% dose line
{dashed) so the probability of underdosage of the CTV
is negligible.

bladder and rectum high
dose volumes are somewhat
reduced. Finally, the DPHs
for the systematic devia-
tions have been determined
using the dose distributions
modified  for
uncertainties, Standard de-
viations are taken from
Table 4-1 similar to the random deviations. The DPH of the CTV is different from the
original DVH but the DPH-curve does not quite intersect the 95% dose line, ie. the
probability of underdosage of the CTV is negligible. The DPHs for the critical organs
do not deviate from the DVHs.

random

d. Cervix cancer case

Compared to prostate cancer patients, external set-up deviations play a major role in
the planning of (post-operative) gynecological cancer patients, Positioning accuracies
of cervix cancer patients are also determined by studies in our own institute, one of
which is described by Creutzberg ef al. [25]. Also in contrast with the prostate case,
the internal organ movement is expected to be relatively small considering the
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Figure 4-7 Example of

the PTV calculation for 5
a cervix cancer plan.

The geometrical uncer-
tainties are from Table o
4-1. The same procedure
and line styles as for the
prostate case (figure 4-
3) are used except for
the small bowel that is
depicted instead of the
bladder. Three transver-
sal (a,b,c) and a sagittal
slice (d} through the
PTV are shown, The 0
overall CTV-to-PTV

margin becomes about | 5
cm.

position (cm)
&

=)

-5 0 5 -5 0 5
position (cm)

involved anatomy. In figure 4-7 four slices through the initially drawn CTV are
depicted. The PTV1 margins due to systematic deviations are calculated similar to the
prostate case and vary from 6 to 9 mm. They are mainly caused by the external
deviations. The addition of a margin for random deviations completes the PTV
calculation, The final CTV-fo-PTV margin is then about ! em. An additional feature
of margin calculation using coverage probabilities is the smoothness of the PTV
surface. This especially manifests itself in the sagittal view in figure 4-7d; the
inconsistencies in the CTV delineation disappear in the PTV.

The patient was planned in prone position with a three field technique. The
relatively large random positioning deviations are solely responsible for the random
deviations. DVHs and DPHs for CTV, small bowel, and rectum have been calculated
similar to the prostate case. The results are shown in figure 4-8. The effect of the
random uncertainties on the rectum and small bowel is again a noticeable reduction of
the high dose volume. The original DVH of the CTV indicates a less homogeneous
dose distribution than for the prostate case. It is however hardly influenced by the
systematic or random deviations and the final DPH proves that adequate margins have
been applied.



Inclusion of geometrical uncertainties in vadiotherapy planning

53

.m.wh% | CTV E\
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Figure 4-8 Dose distribution
verification for the gynecologi-
cal cancer patient in figure 4-7.

DVHs and DPHs for CTV,
small bowel, and rectton have
been calculated similar to the
prostate case of figure 4-6. The
effect of the random uncertain-
ties on the rectum and small
howel (dashed grey curve) is
again a significant reduction of
the high dose volume compared
{o the original DVH (thin black
curve). The DPH curves
{dotted} indicale that the CTV is
hardly  influenced by  the
systematic or random devia-
fions.
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e, Lung cancer case

A last example is a 3-field tung booster plan
designed to spare the right fung (figure 4-9). Due
to breathing and cardiac motion there is consider-
able internal tumor movement the magnitude of which has been estimated from
previously published values [97]. Values for external set-up deviations are based on
the preliminary results of a lung cancer patient positioning study recently conducted in
our own institute. The manually outlined CTV is expanded with a 6 - 9 mm margin to
cover intemal and external systematic deviations. The random deviations require an
additional 3 - 5 mm margin for the final PTV and the total margin becomes 10 - 13
min,

Variations in position of the hungs and the spinal cord are asstined to consist
only of set-up deviations, In the DVHs of CTV and lefl lung the random-deviation-
adjusted dose distributions display similar differences with the original as the cervix
cancer case {figure 4-10). However, the spinal cord is an exception. Since the beams
in the three field plan are positioned (too) close to the spinal cord, there is a strong
dose gradient just next to it causing an increase of spinal cord dose in the random-
deviation-adjusted plan, To a lesser degree the same holds for the right lung. The
DPHs for the critical organs are again practically equal to the DVHs, except for the
spinal cord; due to the position of the beams the systematic movements of the spinal
cord cause a (slight) increase in average spinal cord volume receiving high dose, The
DPH of the CTV is different from the DVHs but the high probability of sufficient
dose homogeneity indicates that the PTV and block margins were adequate.
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Figure 4-9 Example of
the PTV calculation
for a lung cancer plan,
The geomelrical
uncertainties are from 0
Table 3-1. The same
procedure  and line
stples  as  for  the
prosiate case are tised
{figure  4-3). Two
fransversal  {ab), «a
sagittal (¢}, and a
frontal cut (d) throtugh
the PTV are shown.
The overall CTV-to- 0
PTV margin becomes
about 10-13 mm, The
crifical organs are the
fwo  lungs and the E
spinal cord. 5 0 5 5 o ' 5
position (cm)

&n

position (cm)

o

J- Computer performance

The calculation speed depends on the selected method and input. The margin and
DPH calculations normally take about 1-2 minutes with the convolution method. Gen-
erally the Monte Carlo method is about three to six times slower since a large number
(> 1000) of samples have to be taken to obtain sufficient accuracy in the low prob-
ability regions. Therefore the Monte-Carlo method is only used for verification in case
of questionable results. For both methods the computation time increases linearly with
the size of the input and convolution matrices. Since the dose matrices are cutrently
fixed to the standard CadPlan format {160 x 112 x number of slices), dose modifica-
tions are slower. (In principle only that part of the dose matrix that surrounds the
volume of interest needs to be included in the calculations). Besides, almost all
elements of the dose matrix are non-zero whereas volume matrices contain a substan-
tial part of zero e¢lements that are ignored in the calculations. The normal time
required for dose modifications with the convolution method varies from two (without
rotations) to about ten minutes which is a fraction of the time needed for volumetric
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dose calculations. Hence the

method is sufficiently fast to Cw‘l
. . . 1
be wused in the iterative 1
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useful for designing PTV )
Figure 4-10 DPHs and DVHs of a plan which spares

the right lung for the lung cancer patient from figure 4-
conformal therapy studies. g 7, effect of the random uncertainties (dashed grey
Based on knowledge (or curve) on the CTV and lefi lung is similar io the
intelligent guesses) of a set of  prostate and cervix case. However, for spinal cord and
right lung the effect of random deviations is a slight
increase in the high dose volume. The DPH curves
o {dotted) indicate that the dose distribution in the CTV
uncertainties  of the CTV influenced by the systematic deviations but the 95%
position, the CP values will  isodose is still adequately placed around the PTV.

give an indication where the

CTV of an individual patient will be positioned over the course of treatment, How-
ever, repeated calculations within a specific patient group will normally yield equal
margins for all patients independent of the shape of the CTV. For normally distributed
deviations and in absence of significant rotational deviations, our choice of iso-
probability volumes, which is based on the assumption that on average a high percen-
tage of the CTV volume (> 99%) should receive a high dose (> 95%), yields margins
of about 2% + (.76, Consequently, the margins might also be applied directly to the
CTV by straightforward CTV expansion algorithms [5,15,106], without having to
perform the CP calculations each time.

margins I case of new

standard deviations describing
all  possible  geometrical

One difference between rigid margin addition and the CP method might reveal
itself at sharp edges. If no smoothing is performed, the former method will normally
closely follow all irregularities in the CTV surface so all random deviations in the
delineation of the CTV will be present in the PTV as well. The latter method will in
itself tend to smooth the surface and can yield a slightly smaller PTV due to rounding
of the comers as has been shown in figure 4-3 and figure 4-7d. Another difference
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will oceur at small volumes or near smatl extensions of a volume. For volumes with
diameters less than about 2 SD of the distribution of deviations, a CP value will no
longer represent the probability that the volume will be partly outside of it. The actual
probability will be larger. Therefore, choosing an iso-probability volume as new PTV
will yield too small margins. Rigid margin addition is insensitive to the size of the

input volume,

In clinical practice one might prefer a tighter CTV-t0-PTV margin near a dose-
limiting structure, In the model described in this paper, nearby critical organs are
currently ignored in the PTV calculation. However, a critical organ might also be
represented by a 3D volume matrix which can then be used to modify the CTV-to-
PTV margins locally, as has been described in a previous paper about straightforward
margin calculation [106}. The dose probability histograms can of cowrse still be used
and the influence of the local margin changes on the average dose volume histogram
can immediately be visualized.

The described method asswmes that all probability distributions of franslations
and rotations are mutually independent and of a gaussian nature. The mutual inde-
pendence is however not always an accurate description of reality; for example, for
internal prostate movement a relation between rotations and translations has been
found [119]. This might more easily be incorporated in the Monte Carlo method than
in the convolution method. Instead of sampling from normal distributions, translations
and rotations should be simultaneously obtained from a data base of prostate move-
ments for a large group of patients [74]. This "brute force” method will require a large
data base and many samples and will therefore be time consuming. The gaussian
nature of the distributions has been verified repeatedly by studies on set-up position
verification, At present too few studies have been performed to gstablish whether this
is the case for internal organ movement as well or if differently shaped probability
distributions might be more appropriate. The algorithin does however not depend on
the type of probability distribution. Instead of using normal distributions for the
convolutions, other distributions can be implemented as well. The output of the
calculations will stilt be a 3D matrix with coverage probabilities which will still
represent the probability that the CTV lies partly outside the corresponding voxel,
Hence the same methods can be applied to obtain the PTV margins.
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b. Dose modifications

Dose modifications that account for random deviations cause a shift of high dose to
the lower dose regions. Consequently, the critical organs that receive a high dose in
the original plan, like the rectum and bladder in the clinical examples, will receive less
dose in the modified plan. Furthermore, from figure 4-2 is clear that the average DVH
curve for systematic deviations (i.e. the DPH) can also be lower than the original,
although the effect is limited for the clinical examples. This implies that the standard
DVHs of the planning CT slightly overestimate the dose in those organs. For the
critical organs that receive relatively low doses in the planning CT situation, the
reverse is true. In the example for the lung cancer patient the organs that have
specially been spared (i.e. the spinal cord and the right lung) will on average receive a
somewhat higher dose due to the geometrical uncertainties.

A consequence of the application running outside the planning system is that
dose inhomogeneity corrections are not included when calculating the dose distribu-
tion corrected for random deviations. The effect might be [ess significant for calcula-
tions in the pelvic area but the accuracy of planning in the thorax or neck region will
probably be affected. A finther simplification of the model is that the position of the
beam with respect to the direction of the deviations is of no consequence. In reality the
change in dose of a volume moving in the direction of the beam is determined by the
inverse square [aw and the slope of the depth-dose curve, which is not incorporated in
the algorithm. The errors will be relatively small [13], but, ideally, dose modifications
should be performed for each beam separately which would be a time consuming
procedure. In a multiple beam plan the emrors are less prominent, Nonetheless, the
effect of the set-up deviations might be slightly over estimated,

The application can also be utilized for a check of the delivered dose after the
irradiation series have been completed. Once all fractions have been delivered and
portal imaging has been applied, systematic and random set-up deviations can be
calculated and used as input to the application to evaluate the actually delivered dose
distribution. Thus it can be assessed whether the treatment has been performed
correctly and if complications or a different local control probability might be
expected. The same procedure can also be applied before the end of the freatment
series to verify the situation at that moment and possibly alter the course of the
treatment, e.g. change the PTV margin [126], Even the actual set-up deviations for
every fraction might be entered separately and the consequences of the treatment on
the dose can be computed more precisely,
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¢. Dose probability histograms

The concept of DPH is especially useful to determine whether the calculated dose
distribution guarantees adequate CTV inmadiation despite systematical uncertainties.
Since the dose has been planned conform the CTV, every variation in CTV position
will deteriorate the dose distribution in the CTV. Hence the spread in DVH curves due
to systematic deviations will be reflected in the average curve. The mean DVH will
therefore directly indicate the probability of CTV underdosage and hence the good-
ness of the plan in this respect. For critical organs however, positioning deviation in
one direction might improve the DVH, movement in the opposite direction worsen the
DVH, and the average will be equal to the original. Hence instead of the average
DVH for all systematical deviations, the spread of the DVH curves would be more
interesting [60,74]. This cannot directly be calculated using DPHs but it is possible to
extend the critical organ with a margin for systematical deviations so that an indica-
tion of possible dose values in the organ is obtained. This might for instance deterio-
rate the lung plan because extension of the spinal cord volume might yield a signifi-
cant probability of higher spinal cord dose than indicated in figure 4-10.

At first sight, there appears to be a discrepancy between figure 4-1 and the DPH
calculations in this paper. Figure 4-1 predicts that our choice of the 2.5% iso-
probability contour as PTV will for deviations in 3D result in the CTV being partly
outside the PTV in at least 28% of all patients, The average DVHs (or DPHs) in the
clinical examples indicate however that the probability of underdosage of the CTV
(dose < 95%) is at most about a few percent. This is because the extent of CTV
volume outside the PTV is small, Using a formula similar to Eq. 5, it can be calcu-
lated that the average distance that the CTV border will exceed the PTV border will
be about 0.5 Z for those 28% of patients. Since clinical X-values range from about 2 to
4 mm, a | to 2 mm thick slice of the CTV will be systematically outside the PTV for
those patients. This is about equal to the size of one CT pixel and since the 95%
isodose volume does normally not enclose the PTV exactly, the probability of
underdosage is significantly smaller than the probability of the CTV being outside the
PTV.

Since the tightness of the 95% isodose around the PTV will be dependent on the
treatment technique used (and on the beam characteristics), the required PTV margins
to guarantee a high probability of sufficient dose in the CTV despite systematical
deviations will be technique dependent as well. For instance, for conformal tecimiques
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slightly larger PTVs are required than for conventional techniques using rectangular
flelds to obtain the same DPHs. The same holds for the margin for random deviations.
If that margin is based on the shrinkage of the 95% isodose, this will also be technique
dependent. For patients groups with standard treatment techniques, the PTV and block
margins can be optimized using the DPHs of the dose distribution modified for
random deviations. Once the margins are standardized, the iteration process to obtain
optimal PTV margins will be superfluous for each patient separately.

VI, Conclusion

A model has been developed which allows for the inclusion of geometrical uncertain-
ties in the radiotherapy planning process. Required parameters are a set of twelve
standard deviations describing the various uncertainties. The model calculates PTV
margins based on the requirement that on average a large part of the CTV (> 99%) is
irradiated with a high dose (> 95%). The size of adequate margins appears to be
approximately equal to 2Z+0.70. Since rotational deviations are included, the margins
can well be anisotropic, Once the patient is planned, the influence of the systematical
deviations on the dose distribution in the CTV is determined by the average DVH for
all systematic deviations, using so-called dose probability histograms. The influence
of random deviations is determined by convolution of the dose distribution with the
probability functions. In an iterative process of planning and verification of the CTV
coverage, the CTV-to-PTV and block margins can be optimized for each patient
separately. For standard planning techniques of specific patient groups, the margins
can be standardized and the iterations omitted.
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I. Abstract

Background and Purpose: To compare supine and prone freatment positions for
prostate cancer patients with respect to internal prostate motion and the required
treatment planning margins. Materials and Methods: Fifteen patients were treated in
supine and fifleen in prone position. For each patient, a planning CT scan was used for
treatment planning. Three repeat CT scans were made in weeks 2, 4, and 6 of the
radiotherapy treatment. Only for the planning CT scan, laxation was used to minimize
the rectal content. For all patients, the clinical target volume (CTV) consisted of
prostate and seminal vesicles, Variations in the position of the CTV relative to the
bony anatomy in the four CT-scans of each patient were assessed using 3D chamfer
matching. The overall variations were separated into variations in the mean CTV
position per patient (i.e. the systematic component) and the average “day-to-day”
variation (i.e. the random component). Required planning margins to account for the
systematic and random variations in internal organ position and patient set-up were
estimated retrospectively using coverage probability matrices. Results: The observed
overall variation in the internal CTV position was larger for the patients treated in
supine position, For the supine and prone treatment positions, the random components
of the variation along the anterior-posterior axis (i.e. towards the rectum) were 2.4 and
1.5 mm (1 standard deviation, {{ SD}), respectively; the random rotations around the
left-right axis were 3.0 and 2.9 degrees (1 SD). The systematic components of these
motions {I SD) were larger: 2.6 and 3.3 mm, and 3.7 and 5.6 degrees, respectively.
The set-up variations were similar for both treatment positions, Despite the smaller
overall variations in CTV position for the patients in prone position, the required
planning margin is equal for both groups (about 1 cm except for 0.5 cm in lateral
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direction) due to the larger impact of the systematic variations. However, signiticant
time trends cause a systematic ventral-superior shift of the CTV in supine position
only. Conclusions: For internal prostate movement, it is important to distinguish
systematic from random variations, Compared to patients in supine position, patients
in prone position had smaller random but somewhat larger systematic variations in the
most important coordinates of the internal CTV position. The estimated planning
margins to account for the geometrical uncertainties were therefore similar for the two

treatment positions.

II.  Introduction

In order to optimally gain from conformal radiotherapy, the planning target volume
(PTV [54]) should be as small as possible. Since the PTV consists of the clinical
target volume (CTV [54]) plus a margin for geomeirical uncertainties in the treatment,
these uncertainties, mainly caused by variations in the CTV-position relative to the
treatment portals, should be minimized. For prostate cancer patients, deviations of the
actual CTV-position from the planned reference position can be separated into errors
in the set-up of the patient relative to the isocenter (using markers on the patient’s
skin), and errors due to vardations in the position of the CTV relative to the bony
anatomy (i.e. internal organ motion). Reports in the literature indicate that internal
organ motion [3,7,9,75,99,119,122] can be of the same magnitude as the set-up
variations [14,45,49,101,112). The difficulty in defining the CTV borders might be
considered as another serious cause of geometrical uncertainty in the treatment of
prostate cancer patients [24,37,94], but this paper is concerned with the actual CTV
movements only.

Patient set-up variations are normally measured by matching the bony structures
in portal images with comesponding structures in a digitally reconstructed radiograph
or a simulator image. Since the CTV is not visible in portal images, more complicated
procedures have to be followed to assess the internal organ motion, A possibility is to
implant radio-opaque markers in the CTV so that portal images can still be used
[3,7,122]. A disadvantage of this method is that it involves an invasive procedure.
Furthermore, the CTV-position is measured indirectly (markers may move within the
prostate) and incompletely (only a few markers in the whole prostate and no markers
in the seminal vesicles). Recently, Kroonwijk et al. [61] have demonstrated that
internal prostate motion due to large gas pockets in the rectum of patients can be
detected with an electronic portal imaging device (EPID), but this method still needs
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quantitative validation. Internal organ motion can also be assessed with repeat CT
scans {9,75,99,119]; CTVs are outlined in ali scans and manual or automatic matching
procedures are applied to determine the prostate positions relative to the bony
structures. A drawback of this method is its cumbersomeness in clinical practice; in all
reported studies only a few CT scans per patient were made and they were not
acquired just prior to a treatment fraction. Therefore, the data could not be used for
daily adjustments of the treatment according to the actual position of the CTV.

Recently, Zelefsky et al. reported that treatment in prone position reduces dose
delivery to the rectum, compared to the supine treatment position [129]. However,
their analyses were based on equal PTV margins for both set-up techniques, assuming
equal patient set-up uncertainties and internal prostate motion, Most of the studies on
internal  prostate motion deal with patients treated in supine position
[3,7,9,99,119,122]. Only Melian et al. {75] have described prostate movement in
prone position. Quantitative comparison of the performed studies is often very
difficult due to differences in applied protocols to control the rectum and/or bladder
filling and due to differences in the applied measurement- and analysis technigues.
Moreover, observed intermnal organ motion is sometimes reported in terms of rotations
and translations and sometimes in terms of translations only.

In this paper we report on a systematic investigation based on repeat CT-scans,
comparing the prone and the supine freatment position with respect to internal organ
motion. Apart from the treatment position, all parameters for acquisition of the CT-
scans and for the analyses were kept constant. The variations in intemal organ
position can be systematic, i.e. the same for each measwement, as well as random, i.e.
varying per measurement. Systematic deviations in the internal CTV position, which
are due to a non-representative planning CT scan, have a larger impact on the required
PTV-margin than random deviations. This is because a serious systematic deviation
will cause a shift of the dose distribution with respect to the planned distribution, i.e.
the tumor will be underdosed for all fractions of the treatment; random variations will
only cause a smearing of the planned dose distribution [102]. Therefore, we have
separated the systematic from the random component in the observed internal prostate
movements in the CT-scans. Time trends in internal prostate position, e.g. due to
radiation induced proctitis and/or cystitis, were also investigated.
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III. Materials and methods
a. CT-scans and patient treatinent

Thirty T3 prostate cancer patients participated in this study, Fifteen patients were
treated in supine position and fifteen in prone position. In supine position, which has
been our standard treatment position until this study, only a knee-roll and home-made
foot and arm supports were used to position the patient on the treatment table. In
prone position a home-made bellyboard in combination with a prone pillow was used.
The bellyboard was expected to improve immobilization (especially by minimizing
rotational variations), but a positive side effect might be a displacement of the (small)
bowel in superior direction and hence a reduction in bowel exposure (not studied in
this paper).

For all patients, a planning CT scan was used to design the 3D freatment plan.
Following suggestions in the literature [87,109], the patients were asked to take miid
laxative suppositories four hours prior to acquisition of the plamning CT scan in order
to minimize the rectal content. To study the internal CTV motion, three repeat CT
scans in treatment position were made in weeks 2, 4, and 6 of the treatment, For all
CT-scans the CT pixel size was 2 mm and the slice distance was 5 mm (for most
scans} or 3 mm, To avoid large variations in bladder volume, the patients were asked
to empty the bladder and to subsequently drink half a liter of water one hour prior to
all CT scans and treatment sessions, In all CT-scans, the outlines of the CTV (prostate
+ seminal vesicles), rectum, and bladder were manuaily contoured by the radiation
oncologist (PK). The length of the delineated rectum was equal to the superior-inferior
field length {i.e. the length of the CTV plus margins).

The variability in the outlining of the CTV has been minimized by visual
comparison and, if necessary, correction of the outlines in the four CT scans per
patient, before the start of the registration procedure. In this way, all CTVs of one
patient had similar shapes; possible errors that were made in the delineation were
made in all scans of one patient and hence had limited effect on the calculated
movements., This is not a realistic sifuation in clinical practice, but, as mentioned
before, the subject of this paper is to calculate the prostate movements; the variability
in the CTV delineation is a different subject [24,37,94].

To design the treatment plan, a recently developed algorithm [104,106] was used
for a full 3D expansion of the outlined CTV in the planning CT-scan with I cm,
yielding the planning target volume (PTV). All patients were treated with an isocen-
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tric technique using an anterior field and two laterally oblique fields; beam intensity
modulation was used to minimize the superior-inferior field length [32]. The patients
were treated to a total isocenter dose of 66 Gy, delivered in 2 Gy fractions, For all
patients, the minimaun PTV dose was 95% of the prescribed isocenter dose; the
maximum PTV-dose was always less than 107% [54].

b, Measurement of internal CTV motion

Differences in CTV position relative to the bony anatomy between two CT data sets
of a patient (i.e. internal organ movements), were determined by subsequent, 3D
chamfer matches of the two CTVs and of the two bony anatonies, followed by a
subtraction of the translational and rotational displacements in the bone match from
those in the CTV match. For the relatively smail rotations that will occur, this method
gives a good approximation of the “true” intermal CTV movement. Details of the
application of chamfer matching for 3D registration of volumes in two different CT
data sets have been given elsewhere [119]. Therefore, in this paper the explanation of
the method is limited to the following summary that uses the match of two CTVs as
an example. In one CT data set, the CTV is represented by a 3D set of contour points
while the other data set (the reference) is used to calculate a 3D distance matrix. The
voxel values in this mairix represent the distance from the voxel to the nearest CTV
outline. Projection of the contour points of the first CTV in this distance matrix and
averaging of the distance values under the points, yields the average distance of these
points to the CTV contour of the second (reference) scan. This difference indicates the
goodness of the match and the similarity of the two matched volumes, and is called
the cost function. The contowr points are translated and rotated in three dimensions
and a simplex search algorithm is applied to find the minimal cost function. The bone
matchies are similar except that antomatically extracted bone edges instead of deline-
ated CTV contows are used. The final result is a set of six parameters, three transla-
tionts and three rotations, which describe the relative positions of the two CTVs.

In our analyses, the scaling parameters in the chamfer matches were kept
constant because the CT pixel size was equal for all scans (2 mm). The three perpen-
dicular rotation axes always intersected in the center-of-mass (CM) of the delineated
CTV, both for the bone and the CTV matches.
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¢. Fariations in CTV position

In each CT-scan, the position of the CTV relative to the bony anatomy is described by
six parameters: the CM-coordinates along the left-right- (LR), the anterior-posterior-
(AP), and the superior-inferior (SI) patient axes, and the rotation angles around these
axes. In Appendix I, a detailed description is given of the method to accurately
determine for each CT-scan of a patient the six coordinates, describing the CTV-
position relative to the average CTV-position in the four available scans per patient.
The four positions in all 15 patients were pooled to calculate standard deviations

describing the overalf variations (i.e. no
separation in systematic and random
variations) for the six coordinates (see
Appendix II),

The same relative CTV-positions
were also used to caleulate the random
and the systematic components of the
observed position variations (see Figure
5-1). For each patient the standard
deviations in the six CTV coordinates
during the three repeat scans were
calculated. For each coordinate, the
random variation (o) for a patient
group was then determined as the
square root of the average of the
variances for all patients. Per patient,
the difference between prostate position
int planning CT and the average position
in the three follow-up CTs was calcu-
lated as well. The mean-of-means (M)
was then defined as the mean of the
average movement for all patients; the
systematic variation (X) was determined
as the standard deviation in these
average movements. The intemal organ
movement for each set-up technique
was thus characterized by M-, - and o~

Figure 5-1 Schematic 2D overview of the
separation of the vartation of CIV
coordinales in a group of four (imaginary)
patients into a systematic and random
component. Indicated are observations
(vy) for several fractions. For each
patient i the reference CTV position (i.e.
the position in the planning CT) is situated
in the origin. The average position in the
repeatl CT scans are indicated by m;, and
the standard deviaiion sd; describes the
variation around this average. A patient
group is then characterized by the mean of
the averages, M, the standard deviation of
the averages, X, and the square root of the
average varfance, O.
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values for the three translations and three rotations. A more analytical description of
these parameters is given in Appendix II.

The difference between supine and prone treatment position was established by
testing the equality of the values for M, Z, o, and overall variations, using the Stu-
dent’s t-test for the equality of means and a standard deviation test described by Hoel,
[47] for the equality of standard deviations. The same tests were used to verify
whether M-values were significantly different from zero and whether X and o-values
were equal within one group.

d. Time trends and corrvelations

Without time trends, corrections, or specific differences in patient protocols and
geometrical accuracy between CT and accelerator, theoretically A should be zero and
Zshould be equal to & (see Appendix IT). Therefore, special attention was given to the
effect of the rectum laxation, which was given during the planning CT scan only, on
the CTV-position, The intention was that minimization of the rectum volume would
cause the prostate to be in its most dorsal position [87,109]. The prostate position
during acquisition of the planning CT scan would then not be a random sample from
the “normal” distribution during freatment, but from a smaler distribution (around a
more extreme position). The overall mean motion M would then deviate from zero,
but the systematic variation X might decrease (and become smaller than the random
variation). This might justify significant reduction in PTV margins (see the PTV
margins section). On the other hand, the radiation treatiment might cause a proctitis or
cystitis which could reduce variations in bladder and rectum velume, and conse-
quently in prostate position at the end of the treatiment. In this case, the random
variations might become smaller than the systematic variations, Time trends in CTV-
positions were investigated by establishing whether the average positions of the 15
patients in weeks 2, 4, and 6 were significantly different from the planning situation,

In order fo assess the influence of bladder and rectum volume changes on the
internal prostate position, mutual correlations were determined. Combinations of
bladder and rectum changes were also considered. In order to obtain the same
dimension for rectum and bladder change as for the CTV translations and in order to
obtain optimal correlations, rectum and bladder were represented by a diameter. The
rectum volume in those slices that also contained CTV (¥,) was assumed to be
cylindrical with length equal to the superior-inferior length (/) of the CTV; conse-
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quently the rectum diameter was taken to be 2-(V,/(n/))">. The bladder volume (V)
was approximated by a sphere with diameter 2-(3%/(4m))'”, Correlations between
bladder and rectum diameters in the planning CT scan and systematic prostate
movements were calculated to investigate whether these diameters can be used to
predict the average prostate position during treatment, as suggested by Lebesque e/ a/.
[66].

e. Patient set-up accuracy

Retrospective calculation of required treatment planning margins to account for
geometrical uncertainties also implies knowledge of systematic and random patient
set-up errors. For all patients in this study the set-up accuracy was assessed using an
EPID. Portal images were regularly acquired for each patient and observed deviations
from the intended position, as indicated in a digitized simulator film, were measured.
The deviations were used in an off-line set-up correction protocol to minimize the
systematic variations [12]. In this protocol the average set-up deviation in several
fractions is compared with an action level that shrinks with the square root of the
number of measwred fractions. When the action level is exceeded, a set-up comrection
is applied in the following fractions and the protocol is restarted. For the patients in
this study, the action level shrank from 8 to 4.6 mm in three fractions. After three
successive measwrements without corrections, images were acquired weekly; the
action level remained 4.6 mm and was applied to the sliding average of the last three
measurements. For the three main translations the final set-up accuracy in both groups
of fifteen patients was again characterized by a mean-of-means M, a systematic
variation 2, and a random variation o. (For definitions see previous section and
Appendix I}, From previous experience in our instifute, rotations were estimated to be
relatively small and are therefore not explicitly considered in the analyses.

| PTV margins

PTV margins can be determined using coverage probability matrices, which have
been introduced in a previous publication {102]. In short, for each patient separately, a
3D coverage probability matrix can be calculated by convolution of the CTV with the
distribution of geometrical uncertainties due to internal organ motion and uncertain-
ties in patient set-up. The distributions can either be sampled from actually measured
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CTV movements, or normal distributions characterized by standard deviations X or o
can be used. Advantage of the former method is that mutual correlations between the
different movements are included as well [74]. The voxel values in a coverage
probability matrix indicate the probability of the voxel being covered by the CTV (i.e.
they vary from 0 to 1). For objects without sharp edges (which is usually the case for
CTVs), a voxel value also indicates the probability that the CTV lies outside of that
voxel. PTVs are chosen as iso-probability volumes in such a way that on average a
large part of the CTV (e.g. > 99%) is adequately covered, Previous research has
indicated that adequate iso-probability values are 2.5% for systematic- and 25% for
random deviations [102]. In the absence of rotations and with the uncertainties
described by normal distributions, this corresponds to a margin equal to about 22, +
0.7 0y, with 3, and o, the quadratically summed contributions of franstational set-up
uncertainty and internal organ motion. This means that the systematic variations are
about three times more important than the random variations. In case of significant
rotations with non-spherical targets the required margins may become position
dependent. The overall mean deviation M is a constant factor (i.e. not an uncertainty)
and does not influence the size of the margins. However, in case of M-values signifi-
cantly different from zero, the calculated PTV should be shifted as a whole accord-

ingly.

IV. Results
a. Overall CTV motion and measurement accuracy

Per treatment position group, 240 CTV movements have been determined (i.e. 16 per
patient, see Appendix I). There was no significant difference in the chamfer match
accuracy between the two groups. For both treatment positions, the average minimal
cost function for the bone match was about 1.9 % 0.3 (1 SD) mum and for the contour
match 2.8 * 0.4 mm. This is adequate considering a pixel size of 2 mm and a slice
distance of 3 or 5 mm. The minimal cost function also gives an indication of the
similarity in shape of the two matched volumes. The cost function for the bone
matches was lower than for the contour matches due to the random irregularities in the
manual delineation of the prostate,

As described in Appendix I, four separate measurements of the internal prostate
position in each CT scan of a patient were used to assess the internal CTV mobility
for the two involved patient set-up techniques. For the CTV coordinates along the
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main axes and for the

Position variation Supine Prone )

- rotation angles around
LR translation 0.6 (-1.0-1.1) 0.5¢(-09-12)

. these axes, the observed
AP transfation 2.8(-85-42) 2,1(-6.9-4.9) average standard devia-
S1 translation 2.8(-6.8-72) 1.7(:3.6-2.6) tions in the four meas-

Rotalion LR-axis 34(-68-6.2) 39 (-10.1 - 6.1) urements, which  also
Rotation AP-axis ~ 09(20-16)  09¢L5-27)  gives an indication of the
Rotation Sl-axis £.6(-3.9-4.0) 13(3.0-2.8) accuracy of the registra-
tion  procedure  (seec
Appendix ), were about

Table 5-1 Overall variations in the six coordinates de-
scribing the internal CTV position (1 SD) for the supine
and prone set-up position in mm and degrees. Standard 0.5 mun and 0.9 degrees,
deviations that are significantly different bebween the two respectively. The uncer-

patient groups are shown underfined (p < 0.03). The tainty in SI coordinate and
range of the observed CTV coordinates is indicated

lateral rotation angles
benween brackets. e

were the largest because
of the slice distance being larger than the CT pixel size. The standard deviations
describing the overali variations in internal CTV position, as calculated with equation
3 in Appendix II, are presented in Table 5-I. Overall internal prostate motion was
significantly smaller in prone than supine position for translations in the SI (p = 0.04)
and AP (p = 0.0002) directions. The important rotation around the LR-axis was
slightly larger (not significant) in prone position.

b. Correlations

Correlations of CTV movements with rectumn and bladder diameter changes are given
in Table 5-2. Both the correlation of internal CTV displacements with bladder and
rectum diameter changes separately, and correlations of CTV motion with the
combined effect of changes in the rectum and the bladder are indicated. Mutual
correlations between different CTV movements are shown as well. In supine treat-
meni position, the infernal prostate position is only affected by rectum diameter
changes; correlations with bladder variations are not significant. For patients treated in
prone position, bladder and rectam diameter changes correlate with AP CTV transla-
tions equally well although the slope for rectum correlations is twice as steep as for
bladder correlations; an increase in rectum diameter of e.g. | cm, has roughly the
same effect on prostate position variation as a 0.5 cm decrease in bladder diameter.
Since there is no correlation between rectum and bladder variations, a cotibination of
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Observation pair Supine Prone

T ] T s
AP translation/ reclum diameler -0.76 -0.36 0.51 022
ST translation/ rectum diaimeter -0.47 0.20 - -
Rotation LR axis/ rectumn diameter -0.61 -0.34 0.65 0.5
AP translation bladder diameter - - -0.51 -0.11
AP translation/ ré&cb diameter -0.76 -0.36 0.67 0.19
SI translation/ réch diameter 0.52 0.20 - -
Rotation LR-axis/ r&b diameter -0.65 -0.34 0.7t 0.52
AP translation/ rotation LR axis - - 0.56 0.57
AP translation/ SI translation -0.69 -0.76 0.55 0.64

Table 5-2 Significant correlations (n = 45, p < 0.001) of internal prosiate position
variations with rectum and bladder diameter changes in supine and prone treatment
position, Indicated are the correlation coefficients 1t and the slopes s (in mm/mm or
degreesinmm). The selected combination of rectum and bladder diameters (indicated
by “r&b diameter ") was that combination that correlated best with the different CTV
coordinates.

the two diameter changes actually improves the correlations with AP translations in
prone position, The optimal combination was equal to the rectum diameter change
minus hatve the bladder change. Looking at the slopes of the correlations, a 1 min
change in rectum diameter induces an AP prostate movement of abowt 0.2 (prone) and
0.4 (supine) mm, i.e. diameter changes and prostate displacements are not equal. For
both set-up techniques, a correlation was found between AP and SI transiations. This
implies that the prostate tended to move in an oblique direction. In prone position
there was also a strong correlation (p < 0.001) befween AP translation and rotation
around the LR-axis. In supine position this correlation was far less significant (p =
0.029, r =0.325).

Rectum and bladder volumes, diameters, and diameter variations are presented in
Table 5-3. Both the inter-patient variation and the intra-patient variation are for the
rectum similar in both patient groups and are hence not the cause of the observed
differences in prostate movement. Since prostate movement is not correlated to
bladder diameter in supine position {Table 5-2), the difference between the two set-up
techniques in inter-patient bladder diameter variations does in itself not explain the
smaller prostate movements in prone position (Table 5-1). There are also differences
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in average diame-
ters. The reason  Organ
for the average Mya Zge Oma V. Man 2 Ou vV
rectum  diameter  rectom 35 3 6 123 40 5 5 166
being larger in  pladder 74 17 9 252 71 11l 8 207
prone  position

Supine Prone

Table 5-3 Average rectum and bladder diameters Mgy} and
> ) diameter variations In mm for supine and prone patients. The
plained by the dif- 0, vuniong have been split imto inter-patient variation (Ly,) and
ferences in anat-  jnwra-patient variations (Ga) similar to prostate movements (see
omy; in supine equation 5 in Appendix II) except that the mean and standard
deviation per palient were taken from the four absolute diameters
instead of the three differences with the reference scan (see equa-
tion 4 in Appendix I1). Mean volumes V (in cc) are alse indicated.

might be ex-

position the blad-
der and prostate
weigh down on
the rectum whereas in prone position the rectum may be able to sag more freely. The
reason for the difference in average bladder volume between supine and prone posi-
tion may be explained by the time trends as described in the next section. The average
CTV volumes were about 90 cc in both patient groups. The average intra-patient
variation was about 4 ¢c (1 SD) for both groups, ie. the CTV delineations were
sufficiently similar in the different scans of one patient, as was also indicated by the
final cost functions of the chamfer matches,

¢. Time trends

In Figure 5-2 average organ motions and bladder and rectum variations relative to the
plaming CT scan are shown as a function of the CT scan number for the 15 supine
and 15 prone patients. In supine position, there are obvious time trends in rectum
diameter and prostate translations. The mean AP position in week 2 and the mean SI
positions in weeks 2 and 4 are significantly different (p < 0.05) from their respective
values during the planning CT scan. Due to the laxation for the planning CT scan, the
rectum was relatively empty and the prostate was in a dorsal and inferior position.
Since no laxation was applied in subsequent scans, the rectum diameter in weeks 2
and 4 was on average significantly larger (p < 0.05). Consequently, the prostate is
moved in a superior and ventral direction. By week 6, the average rectum diameter
and prostate position returned to the planning CT situation, which may have been
caused by a proctitis resulting from the irradiation [87]. The significant (p < 0.05)
change in the angle around the LR axis in week 6 cannot be correlated with diameter
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variations and is as yet not understood. The bladder diameter is never significantly
different from its average value.
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Figure 5-2 Time trends for the average values (of 15 patients) of prostate position and
of rectum and bladder diameters, in prone and supine treatment position. Indicated
are the average values and standard ervors (i.e. SD/V15) for the planning CT (scan 0)
and the situation in the repeat CT scans (I, 2, and 3). For presentation purposes the
averages in week O are taken to be zero. If the average values or the standard ervors
in the repeat CT scans are significantly different from the planning situation (p <
0.05), they are shown in gray type. For the rofation around the LR axis, ventral means
that the rotation causes the vesicles to move in ventral divection. In supine position a
significant change in average prostate position and rectum diameter with time is
visible, In prone position there are no significant time trends in prosiate location,
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In prone position, there was no time trend in AP and SI prostate coordinates. The
relatively stable prostate position, especially in the first three scans, miglht be ex-
plained by similar but counteractive trends in bladder and rectum diameters in the first
three scans (although there is no significant correlation between the two); full
bladders, which would push the prostate in dorsal direction, seemed to go hand in
hand with full rectums, which would push the prostate in ventral direction. The
average angle around the LR axis displays a zigzag behavior that comesponds to
rectum diameter variations but they are not significantly different from the planning
situation. The trends in rectum and bladder diameter clearly differ from those for
supine patients which is possibly explained best by differences in dose delivery to
rectumt and bladder [129], which in turn might cause differences in the occurrence of
proctitis and cystitis. An increased bladder exposure in prone position could also
explain the gradual decrease of the bladder diameter in the course of treatment (in
week 6 significantly less than in week 0, p = 0.03) and hence the smaller average
volume as shown in Table 5-3.

d. Svstematic and random CTV position variation

The results of the

. Variation Supine Prone
separation of the overall P

CTV position variations M E oM z i
in  systematic and LR translation 04 05 06 01 04 05
random variations are AP translaton  -1.1 25 28 04 33 17
shown in Table 54, In Sl translation 21 27 25 06 22 LS
contrast to the prone rotationLRaxis 1.0 3.6 33 05 55 34
position, the time trends  ropaion APaxis 0.1 08 09 0.0 L1 08
in supine position result  roponsSIaxis 07 17 LS 00 08 L4

in a mean-of-means A
that is  significantly
different from zero for

Table 5-4 CTV coordinate variations split into overall
means (M), systematic variations (I), and random varia-
tions (G), in mm and degrees, for patients treated in supine
SI translations (p = gug prone position. Overall mean values that ave signifi-
0.02). The 1.1 nun candy different from zero, systematic variations that are
overall mean shift in  significantly different from the corvesponding random
variations, and random variations thai are significantly

-  different benween the two patient groups are shown under-
significant. On the other lined (p < 0.05)

hand, in prone position

ventral direction is not
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the systematic variations are significantly larger than the corresponding random
variations, i.e. the variation of the average position in the follow-up scan with respect
to the planning situation is larger than the variation within the follow-up scans. The
prostate movement in prone position appears to decrease somewhat in the second half
of the treatment, possibly due to inflammations of bladder and rectum. At the moment
of the planning CT scan, the variations are larger which is indicated by the error bars
in Figare 5-2; in prone position, the standard error of the average values at the
planning CT scan are generally larger than the standard errors at the follow-up scans.
In supine position they are about equal, so the gain of the laxation might actually be
that in supine position the variation at the planning CT scans has been reduced to
average values,

In both treatment positions

E 4 dorsal . T there was no correlation between
S 2 absolute rectum and bladder
k5 o] ) . diameters during planning CT
:I%) . . scan and subsequent systernatic
i -2 ‘., prostate position deviations, i.e.
ﬁ 4 . . * it was not possible to predict the
g 1 ventral average prostate posltlon. dur%ng
8 64 . . - treatment based on the situation
o . .

o 2 3 4 5 during the planing CT scan (see

Rectum diameter at planning CT scan {cm) Figure 5-3 for cotrelations with

Figure 5-3 Ilustration of the effect of the laxative rectal diameter of the patients

suppositories taken before the planning CT scans
only, The average CTV movements in AP
divection for the I3 patienls treated in supine
position are plotted as a function of rectum
diameter at the time of the planning CT scan. One
would expect only ventral movements because the
suppositories are supposed fo emplty the rectum
and cause the CTV to be in a maximum dorsal
position. However, 5 of the 15 patients display on
average a dorsal franslation.

treated in supine position). It
appeared that there was too much
variation between the individual
patients, even though on average
the laxation resulted in a small
rectum diameter (see Figure 5-2)
and in a mean position of all
patients during the planning CT
(ie. M) in cranial-posterior
direction from the average

position (see Table 5-4). Figure 5-3 also shows that five out of the fifieen patients had
a systematic franslation in the repeat CT scans in the dorsal direction despite the use
of laxative suppositories.
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e. Set-up variation

In Table 5-5 the patient set-up variations for the three main translations are given for
the supine and prone treatment positions, The systematic set-up variations are smaller
than the systematic internal organ movements, which is partly due to the applied
correction protocol. In supine and prone position on average 9 and 10 fractions per
patient were analyzed, respectively. The number of set-up corrections was different
between the groups: 6 for supine and 20 for prone treatments. The (retrospectively
calculated) wncorrected set-

Variation Supine Prone
up accuracy was clearly
. . M = ] M z o
worse in prone than in :
supine position (as reflected TR tanslation 04 13 16 -04 08 2.7
by the random variations), AP translation -10 15 22 -0.1 08 24
which is possibly due fo the Sltranslation  -1.6 14 .5 -06 08 24

difference in experience  gupp, 5.5 Set-up variation data (in mm) for patients
with the two techniques; the  sreated in supine and prone position, Just as for inter-
supine set-up technique has  #al organ motion (Table 5-4), overall mean values ihat
are significantly different from zero, systematic varia-
tions that are significantly different fiom the corre-

. sponding random varviations, and random variations
with the bellyboard  was that are significantly different between the two patieni
first used on the fifteen  groups are shown underiined (p < 0.05). The small
patients described in this  systematic variations are due to the use of a sei-up
paper. However, the larger ~correction protocol.

number of corrections for

the patients in prone position effectively reduced the systematic deviations such that
the final systematic variations were even smaller than in supine position (this is
inherent in the protocol). There is no satisfying explanation for the mean-of-means in

AP and S direction in supine position being significantly different from zero.

been in use for many years
whereas the prone technique

f PTV margins

Combination of observed variations for internal organ motion and patient set-up, and
application of the 2X+0.70—rule for the PTV margin [102], vields, for translational
deviations only, the margins as shown in Table 5-6. In supine position the whole PTV
should be shifted 2 mm in ventral and 1 mm in superior direction to comect for the
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mean-of-mean internal organ motions and

direction Supine  Prone  setup deviations (the 1 mm AP transla-
Left-right 4.0 37 tion for organ motion was included
Anterior-postetior 8.3 8.8 although it was not significant). Due to
Superior-inferior 82 6.6 the larger impact of the systematic

variations, the differences between
marging in supine and prone treatment
position are small despite the observed

Table 5-6 CTV-to-PTV margins (in nm)
required for internal organ molion and
sei-up deviations and ignoving the rota-
tions, for patients freated in supine and  differences in  random  variations.

prone position. Furthermore, in both positions the margin
in LR direction is significantly smaller
than in the AP and SI directions, due to the negligible organ motion in the LR

direction.

In order to take the significant rotations into account as well, coverage probabil-
ity calculations have been applied to calculate the margins needed in supine and prone
treatment position, for internal organ motions only. The actually measured prostate
displacements were used in the calculations, for both the random (45 observations per
group) and the systematic deviations (only 15 observations per group). A 2.5% iso-
probability level was selected for the systematic variations, and 25% for the random
deviations. An indication of the resulting margins is shown in Figure 54. Quantitative
conclusions should be drawn from this figure with some caution since only 15
observations were used to the detenmine the main part of the margins (systematic
variations are 3 times more significant than random variations); the 2.5% iso-
probability volume is for 15 measurements actually equal fo the enveloping volume of
all 15 CTV positions, which gives extreme positions a relatively great weight.
Nevertheless, especially in the sagitial slice some differences between supine and
prone margins become visible. The supine margin in the SI direction is larger than the
prone margin and is also shifted in superior direction. The effect of the rotations is, as
expected, larger for the prone margin; at the superior CTV end the margin can become
twice as large as at the inferior end. In the transversal slice, the PTV is very close to
the CTV in the lateral direction. This is due to the very small variation in lateral
direction (see Table 5-4) and the discrete voxel size (2 mm in LR and AP, and 3 mm
in SI direction).
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A) transversal ] ) sagittal V. Discussion

e

s a. Comparison with other

‘%

studies

In most other studies on
infemal  prostate  motion
" [(7,75,99,119,122], overall
4 2 0 2 4 4 2 0 2 4 gundard  deviations  of
LR position (cm) AP position (cm) prostate movements in AP
Figure 5-4 CTV (thin solid lines) with PTV margins as and SI directions are in the
determined by coverage probability calculations {221 order of 3 to 4 mm, and in
for the prone (thick dashed lines) and supine (thick
gray lines) internal ovgan motions. Systematic and
random variations are included. The 15 systematic
motions were the mean CTV positions with respect to used implanted
the planning situation {as determined from equation 4 and  multiple  simulator
in Appendix LI}, the 45 random variations were the images, appear to have
individual positions of the prostate in the repeat CT
scans relative ilo the corvesponding planning CT
scans. Especially in the sagittal slice, the differences
and agreements between the two margins are obvious, ~ mm in AP and SI direction.
They were however the only

group who conducted the study about (on average) two years affer the irradiation
treatment had been given. The prostate movement might have been less due to smaller
rectum variations or due to a radiation-induced fibrosis that could have restricted the
prostate movement. The values in the other studies compare reasonably well to our
own values as showed in Table 5-1. It should be noticed however, that in Table 5-1
standard deviations of prostate positions are given. To obtain the standard deviations
of the movemenis (i.e. the differences in position} which are calculated in most other
studies [3,7,75,99,122], our values should be muitiplied by V2. In none of the previ-
ously published studies an aftempt was made to separate systematic from random

prostate motions.

AP position (cm)
o
Sl position {¢m)

1
-

LR direction about 1 mm,
Only Althof et al. [3], who
1251 seeds

significantly smaller values:
standard deviations of 1.1

Regarding the supine treatment position, the study most alike our own was
performed by van Herk er a/. [119] analyzing multiple CT data of eleven patients with
chamfer matching. In contrast to our study, femurs were excluded in the bone match
in order to minimize the cost function and reduce the uncertainfy in the match results.
But considering that the whole of the pelvic bone is used in the match, misalignment
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of the relatively small leg bones is less significant. Furthermore, they used a slightly
different cost function for the CTV matches and instead of subtracting the bone match
from the CTV match, they acquired the CTV movement by matching the CTVs using
the bone match as starting point, They also treated with a fuil bladder but did nothing
to influence the rectum filling, The overall prostate movement, volume variations, and
correlations are very similar to our supine data. Our position variation in SI direction
was [arger than theirs (1.7 mm) which might be due to their smalier CT slice distances
(3 mm in the prostate region for all patients), differences in the registration procedure,
or to our laxation for the planning CT scan. Their AP position variation (2.7 mm) was
similar and the rotational variations (4.0, 1.3, 2.1 degrees around LR, AP and SI axes,
respectively} were slightly smaller in owr institute which might be due to the data
averaging that we performed to decrease the measurement errors (see Appendix 1},

To our knowledge, only Melian ¢/ o/, have perforined a study on internal prostate
movement in prone treatment position [75]. They also used multiple CT data and
found, for 13 patients, overall standard deviations for translations in LR, AP, and SI
directions of 1.2, 4.0 and 3.1 mm respectively, This is larger than our values (even
taking into account the V2 correction factor). There were however several differences
with the study described in this paper: they did not use laxation, they treated some
patients with empty bladders, they could not perform auwtomatic 31D matches, they
used translational coordinates fo determine rotations, and they made one of the three
follow-up scans with an artificially expanded rectum. In agreement with our data, they
also found correlations belween prostate movements and bladder and rectum volume

variations,

b. Systematic and random variations, fime trends, and margins

Compared to the aforementioned studies, which did not consider time trends, the most
remarkable finding of this study were the differences between systematic variations %
and random variations o. It appeared that the planning CT situation was not just a
random sample of the distribution of situations that occur during the rest of the
treatiment. In prone position, the prostate position variation at the planning situation
was significantly larger than the variation in the course of treatment (see Table 5-4),
despite the rectuwn laxation (if all patients have indeed taken their laxative supposito-
ries, there is no reason to believe that the laxation might actually be the cause of an
increase of the variation in prone position). Since the uncertainty in prostate position
at the planning CT scan determines the systematic variation X, which in turn is largely
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responsible for the CTV-i0-PTV margins, our currently applied margins of 1 em
cannot be decreased, One might even argue that they are too small in the superior
region of the CTV (near the vesicles). To get the same coverage there as in the rest of
the PTV, the margins should be increased fto 1.5 ¢cm or more as indicated in Figure 5-
4, There is however some discussion on the relevance of a small underdosage in part
of the vesicles (see for instance Pisansky et af. [89]).

Another noteworthy result of this study is the significant time trend in CTV
position for the patients treated in supine position (see Figure 5-2). Near the end of the
treatment the average rectum diameter seems to decrease and retwn fo the {laxated)
rectum diameter of the planning CT. The CTV position in AP and SI follow this trend.
At the moment, PTV margins are based on measured systematic and random varia-
tions. In theory, one could go further and adjust the PTV margins on a weekly basis;
the average prostate location changed from ventral to dorsal in the course of treatment
and the standard deviations, which are responsible for the size of the margins, changed
as well. As with all CT based studies however, the number of measurements per
patient in this study is rather low, in our case due the limited availability of the CT
scanner for research purposes. If more patients and more CT scans per patient can be
measured, the trends, and therefore time-dependent PTV margins, can be defermined

with a better accuracy.

The small number of CT scans per patient is not fully representative for a
prostate treatment of 33 fractions. Therefore only large differences in the measure-
ment data are aiso statistically significant, like e.g. the difference between systematic
and random variations for the infernal organ motion in patients treated in prone
treatment position (see Tabie 54). Based on the results of this study however, there is
no reason to prefer one positioning technique above the other; Table 5-6 shows there
is hardly any difference in planning margins for the translational variations. The
differences as shown in the more “qualitative” Figure 54, which include the rotational
variations, also do not clearly favor one technique; in prone position the rotations
appear to necessitate a larger margin in posterior direction (near the rectum), whereas
in supine position the cranial margin is larger. Therefore, considering the equality of
the PTV margins, the decision to treat in prone or supine position might actually be
decided by planning studies. Zelefsky ef al. [129] concluded that prone position was
to be preferred over supine position, but since the results may depend on hospital
specific issues like protocols for rectum and bladder filling, we are curently con-

ducting our own planning study.
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c. Patient data bases and protocols

In both treatment positions, mutual correlations of the different CTV movements
make independent margin determination in the different directions less accurate. The
measurements showed that the prostate tends to move obliquely from dorsal-inferior
to ventral-superior direction, as also observed by van Herk ef «f. [119]. Furthermore,
Figure 5-4 indicates that the axis of rotation is not at the center of mass of the prostate
but more likely at the inferior apex, as has been reported before {119]. The simple rule
for independent margins in LR, AP, and SI direction is then only a first order ap-
proximation. Mageras ef al. [74] suggested generation of a large database of prostate
movements, which can be sampled at the time of planning so the expected treatment
can be simulated. The question is whether this database could be used universally or if
every instifute should create its own, considering the complexity of the movement and
the dependency on institute specific freatment protocols. Although the overall
variations from separate institutes may appear similar, as indicated in a previous
section, detailed study of, for instance, systematic and random variations might yield
significant differences.

Considering the variation of rectum filling at the planning CT scan (see Figure 5-
3), one might ask if the laxative suppositories used in this study were effective
enough. Patients were asked to take them four hours before the CT scan but the
application and its effect might be too variable for individual patients. To be really
sure that the rectum is empty and the prostate at its most dorsal position, other laxation
methods like a rectal enema might be a more reliable (but more cumbersome) solution
[87]. Furthermore, the time of day on which the patients are treated might be impor-
tant. Due to the aforementioned Hmited availability of the CT scanner, alt CT scans in
this study were made early in the morning, This is however not always representative
for the irradiation sessions of prostate cancer patients which can be carried out at all
times during the day. Assuming regular bowel movements, particularly in the
beginning of the treatment, ideally all treatments, simulations, and acquisitions of the
CT scans should be carried out at the same time of day.
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d. Conclusion

The more elaborate analysis of our prostate movement data yielded significant
differences with previously published studies. Although at first glance the overall
prostate movement appeared to be less in prone than in supine position, separation of
systematic and random variations showed that this was predominantly because of the
smaller random variations. The systematic variations are about equal for both treat-
ment positions. Since systematic variations are fargely responsible for the PTV
margins, a margin reduction cannot be justified by treating the patient in prone instead
of supine position. More measurements should be performed to further confirm this
conclusion and obtain more certainty in the observed time trends for patients in supine
position,

V1. Appendices
a. Appendix I: Data and error reduction

Assuming that the CTV of a patient is basically a rigid body, its position relative to
the bony anatotny is fully described by six coordinates: the CM-coordinates along the
AP-, LR~, and the SI axes, and the rotation angles around these axes {the three axes
intersect in the CM of the prostate). As explained in the Methods and materials
section, internal CTV movemen{ was established by subtraction of 3D chamfer match
results for bony anatomy from the results of the corresponding CTV match.

Due to (small) differences in delineated CTVs in the different CT-scans of a
patient and due to the inability of the applied search algorithm to always find exactly
the same optimum match, there is some uncertainty in the results. Moreover, the two
CT-data sets in a matching procedure are used in rather different ways; the reference
CT-scan is used to calculate a distance transform matrix while the other data set is
used to construct a 3D set of contour points (see Methods and marerials section). In
this appendix, a description is given of the method that was used to calculate for each
CT scan of a patient the CTV-coordinates refative to the average CTV-coordinates of
the patient. With this method the effects of the above mentioned uncertainties can be
minimized,

The method is based on the results of 4x4 matches per patient; all CT-scans are

subsequently used as the reference scan » and matched with the three other scans and
with itself] yielding four sets of CTV displacements, each calculated with a different



Internal organ motion in prostate cancer patients 83

CT-scan as the reference scan. Application of Eq. 5-1 given below, yields for each CT

scan k of a patient four estimates pffy)‘k {one for each ») of the CTV position relative
to the average CTV position. (For convenience, no patient- and CTV coordinate fabels
are used in the formulas; the formulas are to be applied separately for every patient
and for each of the six CTV-coordinates).

i

3
puv,i\' = pr,k - pr.m' = Pr,k - 2 Pr,k 5-1

with p,, the position in scan k relative to the reference » (i.e. the result of one bone
match for scans » and & subtracted from the corresponding CTV match), and p, .. the
average CTV-position relative to the CTV-position in the reference scan r. The four
estimates of the CTV-position in scan k relative to the average position are finally
averaged

3

-1, r) -
pk_ pav.»(' 5-2
4 r=0

Hence, py (or p',f if the labels for coordinate i and patient j are denoted as well) is the
CTV position for an individual scan k with respect to the average CTV position of that

3
patient (i.c. Zkquk =0), In this manner, the 16 measured prostate movements per
patient are reduced to 4 prostate positions (one for each CT scan).

An estimate of the measurement accuracy is given by the standard deviation of
the four measurements, multiplied by a factor V(4/3) because the four measurements
contain the same average and are therefore not fully independent. It should be noted
that the effect of uncertainty in CTV delineation is not included in this standard
deviation; the same outlines were used for the different matches. The delineation
accuracy has been optimized by visual comparison and correction of the CTV outlines
in the different scans of one patient, as explained in the methods and materials

section,

b, Appendix I[I: Overall, systematic, and random position variations

The coordinates p:{, as derived in Appendix I, were used to calculate parameters
describing the overall CTV position variations and the random and systematic
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components, For both patient groups, the overall variations in the six CTV-
ceordinates were quantified using:

53 i
”‘Z_Z(PF:) , 5-3

15 ;=13 t=0

with SD' the standard deviations for CTV-coordinate i (e.g. the CM-position along
one of the axes) for all patients j and all scans k, describing the overaf/ variation of this
coordinate. Again the normal standard deviation is corrected by a factor V(4/3)
because the four measurements of each patient contain the same average.

The CTV position variations p;{ were also used to calculate, for each patient /
and coordinate 7, the average deviation #” of the three repeat CT scans (k= 1,2,3) with
respeet to the planning CT scan (4=0) and to determine the variation s¢” within the
three repeat CT scans:

R N . . & . " g
m"'“—*;Z pi—p, and sr!”'=\'/;2(pi—pg—m”)z 5-4
k=l k=1

Both patient groups were then characterized by their mean-of-means M, the system-
atic variation %, and the random variation o for each coordinate /, according to:

b . |43 .
Mi==Ywml = =Y -M'Y, ad o= |- (a7’ 55
15 J=1 14 J=1 L5 J=1

For the random variation o, the square root of the average of the variances is taken.
This value gives a better estimate of the population’s distribution than the average
standard deviation. In Figure 5-1 the occurrence of systematic and random variations
is explained in a graphical manner. Since the systematic deviation per patient (m?) was
determined by only three observations, a relatively large error equal to s@’3 was
made. This will also manifest itself in the systematic variation %, which was therefore

corrected according to:

Eirew = \/(E;Id )2 - (Gi/\/g)z ' 5-6

Ags a first approximation, one can assume equal distributions of possible prostate
positions during planning CT scan and during treatment. If it is then assumed that all
patients have about the same variations in prostate position, the prostate position
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during the planning CT scan, which will determine the average deviation m, can be
considered as just one sample of the distribution of prostate positions during the
treatment, which will determine the variation sd. The standard deviation of the
average deviations (i.e. Z) should then be equal fo the average of the variations sd (i.e.

o) and M should theoretically be zero.
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I. Abstract

Purpose: Positioning of patients with gynecologic tumors for radiotherapy has proven
to be relatively inaccurate. To improve the accuracy and reduce the margins from
clinicat target volume (CTV) to planning target volume (PTV), on-line set-up
corrections were investigated. Methods and Materials: Anterior-posterior portal
images of 14 patients were acquired using the fArst six monitor units (MU) of each
irradiation fraction. The set-up deviation was established by matching three user-
defined landmarks in portal and simulator image. If the two-dimensional deviation
exceeded 4 mm, the table position was corrected. A second portal image was acquired
using 30 MU of the remaining dose. This image was analyzed off-line using a semi-
automatic contour match to obtain the final set-up accuracy. To verify the landmark
match accuracy, the contour match was retrospectively performed on the six MU
images as well, Results: The standard deviation (SD) of the distribution of systematic
set-up deviations after cotrrection was < [ mm in left-right and cranio-caudal direc-
tions, The average random deviation was <2 mm in these directions (1 8D). Before
correction, all standard deviations were 2 to 3 mm. The landmark match procedure
was sufficiently accurate and added on average 3 minutes to the treatment time. The
application of on-line corrections justifies a CTV-to-PTV margin reduction to about 5
mm. Conclusions: On-line set-up corrections significantly improve the positioning
accuracy. The procedure increases treatment fime but might be used effectively in
combination with off-line corrections,



88 Chapter 6

II. Introduction
a. Geomelric uncertainties in radiotherapy

Conformal radiotherapy aims af limiting toxicity of critical organs while maximizing
the tumor dose. This goal can be partly achieved by minimizing the treatment field
size. The treatment field size is mainly determined by the size of the tumer including
subclinical disease and by the margins applied to compensate for geometric uncer-
tainties that occur during radiotherapy. Following the nomenclature proposed by the
International Conmnission on Radiation Units and Measurements (ICRU), the gross
tumor volume plus subclinical disease is called clinical target volume (CTV), and the
CTV plus safety margins is called planning target volume (PTV) [54}. Minimization
of these so-called CTV-to-PTV margins, i.e. restraining internal twmor moevement and
maximizing patient the set-up accuracy, will therefore benefit conformal radiotherapy.

b. Set-up accuracy of patients with gynecologic tumors

Patients with gynecologic tumors seem somehow more difficult to position accurately
on the treatment couch than patients with prostate cancer [14], which is freated in the
same pelvic region. Rather large set-up deviations have been reported in the literature
[25,77,117]. In recent years, several set-up techniques have been investigated in our
institute as well [25,90]. However, they all yielded more or less the same distributions
of random (day-to-day) sef-up variations; the average standard deviations (G) were
about 3-4 mm in each of the three main directions. Since the simulator film which is
used as reference image can be considered as one sample from those distributions, if is
plausible that the standard deviation of the distribution of systematic (everyday) set-up
deviations for the whole patient group (Z) initially had similar values [17].

c. Off-line set-up corrections

The only significant improvement of the set-up accuracy was obtained by application
of an off-line set-up verification and correction protocol [12,14,17]. The set-up
deviations of subsequent fractions are averaged and compared with an action level
that decreases with the square root of the number of measurements. If the average
deviation exceeds the action level, a table correction will be applied to the following
fractions and the protocol is restarted. The procedure stops if a specific number of
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measwrements is performed without correction. Using such a protocol with about ten
measurements per pafient, the systematic variations for patients with gynecologic
tumors were reduced by a factor two [90], as for patients with prostate cancer [14].
Random variations are not affected by the off-line protocol.

d. CTV-to-PTV margins

In our institute, the CTV-to-PTV margin for patients with gynecologic tumors is
mainly determined by the set-up deviations; the internal CTV movement is considered
to be relatively small (although this is the subject of an on-geing study). Using the off-
line protocol, a margin of 1 cm can be applied. This is based on previous research
which concluded that the margin should be equal to at least 2E+0.76 to guarantee an
adequate tumor dose [102]. Inserting £ = 2 mm and 6 = 4 mm in this formuia, results
in margins of only 7 mm, However, this value is rounded up to 1 cm because of other
geometric inaccuracies such as delineation uncertainty and internal organ motion.

e. On-line set-up corrections

To increase the cure rate, we are currently considering to raise the tumor dose for
some patients with gynecologic tamors to 60 Gy. In the literature, it has been reported
that maximally 30% of the small bowel volume should receive a dose of over 55 Gy
[34,81]. With the current CTV-to-PTV margins, it is not always possible to fulfil this
criterion for tumor doses higher than 55 Gy. Reduction of margins might be justified
if an on-line instead of an off-line set-up protocol is applied, With on-line corrections,
the set-up deviation is determined and corrected before the (bulk of the) daily treat-
ment dose is given, Other groups have reported superior set-up accuracies at the cost
of increased treatment time [7,30,31,35,39,71,116,117]. In this paper, we will discuss
whether on-line set-up corrections are beneficial and clinically feasible in our institute.

1IE,  Methods and materials
a. Treatment planning and immobilization

Fourteen patients with gynecologic tumors were included in the study. The patients
were irradiated with a four-field box technique if the CTV could be restricted to the
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primary fumor region, the proximal two-third of the vagina, the parametria, and the
obturator and iliac lymph nodes. If the CTV included para-aortic lymph nodes,
anterior-posteriotr/posterior-anterior (AP/PA) fields were used. The CTV-to-PTV
margin was 1 cm. The AP/PA patients were treated with a source-to-skin distance of
100 cm, whereas the box technique was isocentric. The total dose varied from 46 to
48.6 Gy and the number of fractions from 23 to 27. All patients were treated in supine
position at the same accelerator’ with 25 MV photons and a multileaf collimator.

For patient positioning, long lateral, sagittal and transversal laser lines were
marked on the patient. The intersection points of these lines were tattooed, together
with the caudal field border. A knee roll was used to decrease the pelvic rotations and
a homemade foot support further secured foot and leg position. The legs were slightly
exorotated to ensure decreased muscle tension in the legs and the buttocks. The arms
were positioned above the head by a commercially available arm support”. In case of
discrepancy between the skin marks in longitudinal direction, the caudal field border
tattoo was the decisive parameter for set-up [25,90]. For isocentric treatments, the
isocenter-to-table distances were used for table height position. The focus-to-skin
distance was measured before each fraction.

b. On-line correction protocaol

To determine the deviations in patient set-up, the position of bony structures in AP
portal images were compared with corresponding positions in a reference image. The
portal images were acquired with a commercially available electronic portal imaging
device (EPID). The technical characteristics of this system were described in
previous publications [2,123]. An on-line set-up correction procedure was developed
using the high-level script language designed to operate the EPID systein automati-
cally. The procedure can be separated in four steps:

I.  Before treatment, the operator selecls a maximum of three anatomical landmarks
in a digitized simulator radiograph (i.¢. the reference image), which is displayed on a

3 MM S50 Racetrack Microtron, Scanditronix Medical AB, Uppsala, Sweden
* Sinmed BV, Reeuwijk, The Netherlands

3 SRI-100, Electa Oncology, Crawley, Great Britain
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monifor. For all treatment fractions, these landmarks will reappear automatically in
the reference image. Useful landmarks for AP pelvic images are the pubic symphysis
and the intersections of horizontal and vertical tangents to the pelvic rim [117], as

indicated in Fig_ 6-1a.

a) simulator image b} 8 MU MV image

¢) on-line match results d} 30 MU MV image

Figure 6-1 The on-line set-up correction procedure. In (a) the digitized sinmulator
image is shown in which 3 reference landmarks must be defined (crosses, x). Then (b} a
6 MU EPID image is obtained in which the same landmarks must be selected (num-
bered pluses, +). The landmarks are matched (c) and table iranslations are shown. A
corvection must be performed if the 2D vector is lavger than 4 mm. Finally (d) a 30 MU
EPID image is acquired of the final set-up position in which the reference landmarks
are shown fo verify the correction,
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2. The patient is positioned on the treatment couch and a portal image is obtained
using the first 6 monitor units (MU) of the treatment dose, after which the irradiation
is automatically interrupted. The image quality is improved by automatic adjustment
of the display contrast. Landmarks similar to those in the reference image must be
defined in the portal image. The image quality of a 6 MU image is usually sufficient
to discriminate most of the bony structures, as is shown in Fig. 6-1b; however, in
some cases the pubic symphysis can be less pronounced. In case of extreme set-up
deviations, the pelvic rim can partially disappear behind the field defining blocks.
However, normally at least two landmarks can be indicated to enable image registra-

tion.

3. The patient position is determined by calculation of the difference between the
center-of-mass of the landmarks in the portal and the reference image. If the two-
dimensional {2D) set-up deviation is larger than 4 mm (i.e. about equal to one
standard deviation of the expected variations), the patient couch is transfated as
indicated (Fig. 6-1c). Rotations can generally not be determined and corrected in a fast
and reliable manner; in case of rotations, the sefected landmarks are matched as well
as possible by translations only. Since two landmarks are placed near the top of the
pelvic rim and one at the pubic symphysis, the position of the top largely determines
the outcome of the match. Once the match has been performed, the set-up position is
immediately obtained; a separate field edge match is superfluous because the stiff
mechanical structure of the EPID box ensures a reproducible and known isocenter

position in the images.

4.  With the remaining dose a 30 MU image is made, which is used for off-line
determination of the final set-up position (see contour match section). To enable
instant verification of applied corrections, the 30 MU image is displayed on the moni-
tor with the reference landmarks, which should be in the correct position (Fig. 6-1d}.

To be effective, the on-line procedure must be run at each fraction of the
treatment. To estimate the extra workload involved with the on-line protocol, the time
required for landmark match and table correction was monitored for some patients
treated toward the end of the study. At that time, the start-up problems had been
solved and the technicians were familiar with the procedure. Since lateral images were
available for a limited number of patients and since the largest variations were
expected to occur in the cranio-caudal direction [25,90], only AP fields were used for
on-line corrections.
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c. Contour match

To determine the accuracy of the on-line landmark match, all 6 MU images were
retrospectively analyzed by contour matching as well, Contour matching was impos-
sible with the EPID software, but is judged to be more reliable than landmark
matching because a larger fraction of the anafomical structure to be matched is
actually used in the calculation. To determine the accuracy of the final treatment set-
up, the 30 MU images were analyzed with the contour match as well.

The contour match procedure was developed using specialized visualization soft-
ware”. It semi-automatically registers two images, in this case an EPID image with the
cotresponding digitized simulator radiograph (Fig. 6-2). For both images, the image
quality can be improved using display equalization, which locally optimizes the
display contrast [80]. In both images, the features to be matched nmst be outlined
manually. The contours are subsequently converted to black-and-white binary images,
the contours being white on a black background. The cross-correlation function of the
two binary images is calculated using Fast Fourier Transforms, The position of the
maximum of this function gives the translation between the two images. Jones and
Boyer [57] used this method to determine the shift between two original megavoliage
images directly. Since in our approach binary images are used instead of megavoltage
images, the position of the maximum is more sharply defined and less dependent on
gray scale variations. However, in case of rotations the delineated structures in the two
images may differ in shape, which might cause a (partial) mismatch of the delineated
structures if the confours are too thin, Therefore, the line thickness of the contours in
the binary images can be increased and is usually about ten pixels (5 — 8 mum). The
value of the maxinmum (between ¢ and 1) can be considered a correlation cosfficient
reflecting the adequacy of the match, Values larger than 0.7 normally indicate
sufficiently correct matches (accuracy < 1 mm). To obtain an estimate of the in-plane
rotations, the rotation with the maximum correlation is determined for a range of
rotations around the image center, using the translated images as starting point, The
calculation of translations took about 20 seconds on a UNIX workstation’, the

rotations added another 10 seconds.

% AVS, Advanced Visual Systerns, Waltham, MA

THP7I 5/75, Hewlett Packard, Palo Alto, CA
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The structwres in the MV images used for matching the AP images are also
indicated in Fig. 6-2. The superior part of the pelvic rim is judged to be the best
indicator of the target volume position, because it is visible in all images and near the
center of the field. The inferior pelvis and symphysis are not included because they

contour match 30 MU image

Figure 6-2 Hlusiration of the developed contour maich procedure. In the upper left
image the reference image is shown with @ manually drawn contour (gray in this black-
and-white image). In the upper right image a 30 MU EPID image is shown in which a
similar structuve is contoured (black). The two small images In the middle depict the
binary images that are used for the cross correlation match. The match result is
visualized in the lower right image; were the black and gray contour overlap the
confours become light gray. Resuliing transiation values and patient data are shown on
the lefl.
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are particularly sensitive to out-of-plane rotations around the lateral axis. The contours
thus defined have a center-of-mass similar to that of the landmarks used to determine
the on-line corrections. The two match methods will therefore treat {out-of-plane)
rotations similarly. To determine the accuracy of the on-line landmark match, all 6
MU images were also analyzed afterwards using contour matching, Contour matching
is judged to be more reliable than fiducial landmark matching because a larger
fraction of the anatomical structure to be matched is actually used in the calculation.
To determine the accuracy of the final treatment set-up, the 30 MU images were
analyzed with the contour match as well. For contour maiching the images had to be
transported to a UNIX workstation and were analyzed off-line. Because of the data
transport between EPID PC and Unix system, the contowr matching procedure was

not used for on-line corrections,

d. Statistical analysis

For each patient / the mean set-up deviation (m,) and the standard deviation (SD) of
the variation around that mean (sd}) were determined in the left-right and cranio-
caudal directions. Next, the mean-of-means M (= MEAN m,), the variation-of-means
Z (= 8D my), the mean-of-variations 6 (= MEAN sd)), and the variation-of-variations v
(= SD sd;) were calculated for both patient groups. A/ is normally close to zero; there
should be no systematic difference between average set-up on the simulator and on
the accelerator for a large group of patients. In that case, ¥ gives an indication of the
size of systematic deviations for the individual patients; therefore, £ is called the
systematic variation. Since o represents an estimate of the average random variation,
it is called the random variation. Finally, v indicates the degree of variation in random
deviations per patient, i.e. it is a measure of the homogeneity of the mobility in the

patient group,

Statistically significant differences of these four variables between the corrected
and uncorrected group were investigated using the student’s T-test for the mean
values and an SD test as described by Hoel {47] for the standard deviations, Further-
more, a possible comrelation between (uncorrected) set-up variation and patient
diameter (in AP and lateral direction) was investigated. For patients treated with
AP/PA fields, patient diameters were only available in the AP direction.
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IV, Results
a. On-line set-up corvection procedure

The total number of on-line set-up measurements for the 14 patients in the study was
254 (varying from 9 to 23 per patient). In 32 measurements (13%), only two instead
of three landmarks could be identified, mostly due to insufficient visibility of the
pubic symphysis. In 57% of cases the initial 2D set-up deviation exceeded the 4 mm
action level and a coirection was applied. Set-up deviations as calculated by the
contour match for all patients and all fractions before and after corrections are shown
in Fig. 6-3. The 202 measurements for which the contour match results before and
after correction were both available are indicated. The imean values per patient are
also indicated. Both systematic and random variations are clearly reduced after the
corrections. This is confirmed by the results of the statistical analysis as shown in
Table 6-1. Systematic variations (Z) and random variations (o) which were 2 to 3 mm
before corrections significantly decreased (p < 0.01) to < | mm and < 2 mm (1 SD)
after corrections, respectively.
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Figure 6-3 Scatier plots of set-up deviations for each fraction before and afier the on-
line corrections. The gray square dots ave the patient means, the black dots the individ-
ual measurements for each fraction. The reduction of systematic as well as random set-
up position variation afier on-ling corrections is obvious,

b. Rotations and correlations

The contour match yielded rather small values for in-plane rotations. The overall
standard deviations were smaller than | degree with extremes less than 4 degrees in
all cases, Although there was a relation between the patient diameter in AP direction
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and the standard devia- M 5
tions of lateral set-up
inaccuracies, the correla-

o v

Ax (before corrections) 0.9 2.0 23 0.7

. L Ay 02 28 30 13
tions were not significant

(p = 0.09, r = 047). Ax (after corrections) 0.2 07 1.6 0.5
Other corrclations be- &Y 05 06 18 03
tween diameters and set- Table 6-1: The sei-up accuracies as determined by the
up deviations were even contour maich of 14 patients for the pre- and post on-
less significant. line correction images in left-right (Ax) and cranio-

caydal (Ay) direction in mm. For the explanation of M,
Z, 0, and v see the methods section.

c. Comparison of match methods

For 210 measurements, both the landmark match and the contour match results of the
set-up before correction were available. The same technicians (SQ and MS) per-
formed all contour matches, whereas the on-line jandmark matches were done by any
technician present at the accelerator (under supervision of SQ and MS). Scatter plots
of contour match versus landmark match results are shown in Fig. 6-4, The average
difference between the two match procedures was 0.3 +/- [.1 mm {1 SD) in the lateral

a) lefl-right shift b} cranio-caudal shift
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Figure 6-4 Scatter plots of the set-up deviations as measured with the contour match
versus the landmark match for lefi-right (a) and cranio-caudal direction (b). The 4-mm
iines are shown to indicate the fractions that have certainly been covrected (the 2D
action level was 4 mm). The variation around the ideal one-to-one line immediately
indicate that there is some difference between the two match methods.
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direction, and 0.4 +/- 1.8 mm {1 SD) in the cranio-caudal direction. Both average
values are significantly different from zero (p < 0.01), which implies that there is a
small systematic difference between the two methods; this might be caused by the
center-of-mass of the three landmarks, which can be slightly different from that of the
contours. The variation in the lateral direction is appropriate, considering that the
reproducibility of each method separately is about 0.5 - | nun (I 8D). The larger
variation in the cranio-caudal direction is probably due to the larger pixel size in that
direction (0.8 nun cranio-caudal vs. 0.5 mun lateral at isocenter), and due to the out-of-
plane rotations around the lefi-right axis. Consequently, the match accuracy of the on-
line match significantly contributes to the final set-up variation in this direction.

d. Treatment time

The exfra treatment time for the on-line procedure per treatment fraction varied from
1-2 minutes if no table translation was required, to 3-5 minutes if a table comection
was necessary. Considering a standard treatment time per patient of 10 minutes, this
corresponds to an increase in fime of 10-20% without and 30-50% with correction.
The variation is due to differences in image quality and user experience. The extra
treatment time was required for determination of the set-up position (1 min), restart of
the accelerator (30 s), and the table correction procedure (2.5 min).

V.  Discussion
a. Comparison with previous studies

The measured set-up variation before correction is largest in cranio-caudal direction,
which is consistent with previous in-house studies [25,90]. However, particularly the
systematic variation in the cranio-caudal direction was already significantly lower (p =
0.02) than for the patients in the previously reported mattress study [90], even though
set-up technique and accelerator were identical. The average patient obesity was also
similar. The extra attention the patients received due to the protocol might already
result in better set-up accuracy before correction, especially because only one
accelerator and a limited number of technicians were involved in the study. Further-
more, the match technique, e.g. the anatomical stractures used for matching, has
altered slightly in the course of time. In this study, extra attention has been given to
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ineati me matc y ich i al i ¢ -
consequent delineation of the sa natch structures, which is essential in case of out

of-plane rotations.

Although a significant correlation between patient diameter in AP direction and
lateral set-up accuracy has been reported before [117], the low correlation in this study
make this diameter a rather weak predictor for set-up accuracy. It is therefore impos-
sible to individualize set-up protocols and PTV margins according to patient diameter.

b. Benefit of on-line set-up correction procedure

As expected, patient set-up was significantly improved using the on-line verification
and coirection procedure. The 4 mm action level resulted in random variations after
correction of 1.5 - 2 mm. Since the systematic variations are reduced to < I mm and
the margin to cover for geometric variation of the CTV with respect to the beam
portals can be approxi-
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Figure 6-5 Dose volume histograms of a gynecological
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two different CTV-to-PTV margins: the current clinical margin of [ ¢m and a 5 mim
margin for on-line corected patients (the 3 mm is rounded up to include other
uncertainties than set-up deviations). With a margin of 5 mm instead of 1 cm, the
volume receiving a small bowel dose larger than 55 Gy is reduced from the critical
30% to an acceptable 15%.

c. Extra treatment time

In case of a correction, the extra treatment time was 3 to 5 minutes. During the study,
new table settings had to be entered at the treatiment console and the patient couch had
to be moved accordingly by a technician in the treatment room. However, further
automation of the accelerator after the study has enabled fully automatic table
corrections within 1 minute, This reduces the overall extra time in case of correction
to about 2.5 minutes. Since about half the number of fields had to be corrected, the
average extra fime per fraction per analyzed field is now about 2 minutes. Because it
takes two images to determine the 3D patient set-up, a total of 4 minutes per fraction
are maximally needed, which is comparable to most other studies [30,31,39,71,116]
and to the routinely used off-line protocol in our institute. Furthermore, elaborate set-
up equipment such as mattresses and foot and arin supports also require extra time.
One might argue that in most cases the patient set-up technique can be fast and basic
as fong as on-line corrections can be applied.

d. Recent and future developments

Since we expect that on-line correction of patient sef-up (and possibly tumor position)
will become an important tool for conformal radiotherapy in the future, we have
developed a new portal imaging device especially equipped for on-line applications ®.
The device obtains better quality images with 1 MU than the “old” EPID system with
6 MU. Furthermore, fully automated and fast contour matching will be implemented
in the software, which is expected to reduce the total time for on-line corrections to
about 1 minute per field. Finally, the image resolution of the new system is signifi-
cantly improved as well; radicopaque markers can now be visualized, which might be

& Cablon Medical, Leusden, The Netherlands
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used to measure and possibly correct the internal CTV position in patients with

gynecologic tumors on-fine.

e. Combination of off-line and on-line set-up correction protocol

To minimize the current treatment time at the accelerator, a combination of an off-
line and on-line protocol is applied for routine patient set-up. Table I and previous
studies show that the inter-patient variation (v) was rather large for patients with
gynecologic tumors, Therefore, initially all patients are treated using the off-line
procedure. Ounly those patients with [arge random variations, and hence with
repeated corrections in the off-line protocol, are entered in the on-line correction
protocol. Furthermore, systematic variations can be determined during the course
of treatment with the on-line protocol as well; instead of identical corrections each
day after 6 MU, table corrections can be applied beforehand (similar to the off-line
protocol), which further decreases the treatment time.

VYI. Conclusion

The on-line patient set-up correction protocol resulted in a significant improvement of
sef-up accuracy. This allows for the use of smaller PTVs, which might in turn allow
dose escalation while maintaining acceptable complication probabilities for the smalt
bowel. Since we believe that in the future on-line set-up comections will be used on a
more routine basis, the speed and accuracy of the procedure are being improved, Until
this has been achieved, a combination of off- and on-line set-up correction protocols
will yield optimal set-up accuracy with a minimal workload.
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I Abstract

Previous research has indicated that the appearance of large gas pockets in portal
images of prostate cancer patients might imply internal prostate motion. This was
verified with simulations based on multiple computed tomography (CT) data for 15
patients treated in supine position. Apart from the planning CT scan, three extra scans
were made during treatment, The clinical target volume (CTV) and the rectumm were
outlined in all scans. Lateral portal images were simulated from the CT data and
difference images were calculated for all possible combinations of CT scans; per
patient, all scans were used both as reference and repeat scan but gas pockets in the
reference scan were removed. Gas pockets in a repeat CT scan then show up as black
areas in a difference image. Due to gravity, they normally appear in the ventral part of
the rectum. The distances between the ventral edge of a gas pocket in a difference
tmage and the projection of the delineated ventral rectum wall in the reference scan
were calculated. These distances were correlated with the “frue” rectum wall shifts
{determined from direct comparison of the rectum delingations in reference and repeat
scan) and with CTV movements determined by three-dimensional chamfer matching,
Gas pockets occurred in 23% of cases. Nevertheless, about 50% of rectum wall shifts
larger than 5 mm could be detected because they were associated with gas pockets
with a large lateral diameter (> 2 cm). Rectum wall shifts with gas pockets in the
repeat scan could be accurately detected by the ventral gas pocket edge in the differ-
ence images (r = 0,97). The shift of the rectum wall as detected from gas pockets also
correlated significantly with the anterior-posterior shift of the cenfer-of-mass of the
CTV (r=0.88). In conclusion, lateral pelvic images contain more information than the
bony structures that are normally used for setup verification. If large gas pockets
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appear in those images, a quantitative estimate of the position of prostate and rectum
wall can be obtained by determination of the ventral edge of the gas pocket.

II. Introduction
a. Geomelrical uncertainties

In order to optimally use the advantages of conformal radiation therapy, the geometri-
cal uncertainties during treatment should be known (to apply adequate safety margins)
and minimized where possible (to reduce the size of the safety margins). The geomet-
rical uncertainties consist for a large part of setup errors and internal organ motion.
Setup deviations can be derived from portal images acquired during the radiation
session. The gray shades in those images reflect the irradiated radiological thicknesses
and bony structures are therefore highly visible. Calculation of the position of the
bony anatomy relative to the reference situation yields the setup deviation. In the last
two decades several electronic portal imaging (EPID) systems have been developed
for computerized acquisition and analysis of portal images [2,20,123]. Either off-line
[12,14] {before the next treatment session} or on-line [31,105] (while the patient is
still on the treatment couch) setup correction protocols can then be used fo minimize
the setup errors. On-line corrections yield better accuracies than off-line corrections
but generally take more time. In recent years, the focus of the research has been
shifting toward determination of internal organ movement, especially for prostate

cancer patients,

b. Measuring prostate movement

Several methods for measuring internal prostate movement have been reported in the
literature. One possibility is to make a number of computed tomography (CT) scans
for each patient in the study [29,65,75,103,112,119,128]. In all scans the prostate is
delineated, and manual or (semi}automatic registration techniques are used to
determine the prostate movement between the different scans. An advantage of this
method is that the whole volume is used in the match and that accurate three-
dimensional (3D) rotations can be measured. A disadvantage is its cumbersomeness
which at the moment restricts the use of on-line analysis and correction. Some groups
are trying to overcome this problem by integrating CT and accelerator {65,721,
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Instead of CT, other imaging techniques can be used to visualize the position of
the prostate. For instance, ultrasound imaging can be a safe and quick alternative.
However, the normal transrectal placement of the ultrasound probe is too uncomfort-
able to be used for all or many sessions of the radiotherapy treatment. Therefore
Troccaz et al. decided to place the probe on the belly of the patients at the cost of
reduced prostate visibility [113]. They claim however that the image quality is still
adequate enough to make on-line corrections of the prostate possible. A clinical study
comparing CT and suprapubic ultrasound images has recently been performed with a
conunercial ultrasound system for prostate localization [64].

A third method to detect internal prostate motion makes use of the aforemen-
tioned portal imaging. Since the prostate itself has a similar density as its surround-
ings, it is not visible in those images. Therefore radio-opaque markers can be im-
planted in the target volume [7,122]. I the markers can be distinguished in the
images, rapid analysis of the prostate position and possible on-line correction can be
performed similar to setup corrections. A disadvantage of this invasive procedure is
the extra burden for the patient. Furthermore, markers might migrate and since they
can only be implanted in the base of the prostate, not all parts of the target volume
(like, e.g., the vesicles) can be imaged. Instead of putting radio-opaque markers in the
prostate itself, they can also be placed in an urethral catheter [16]. However, side
effects of the irradiation inhibit the use of bladder catheters after a few fractions of the
irradiation; at the moment this method can only be used for the first few fractions,

¢. Indirect detection of prostate movement

Since the prostate is located directly ventral to the rectum, many authors have been
able to demonstrate the relation between recfum volume and prostate position [29,65,
75,103,112,119]. The correlation coefficients are rather low because other factors like
bladder volume are also involved. However, with portal imaging the position of the
ventral rectun wall might be determined. In routine portal images of pelvic fields, the
most visible objects besides bony structures are gas pockets in the rectum. These gas
pockets might indicate the position of the ventral rectum wall, which is expected to
have a better correlation with the prostate position than the rectum volume. In Fig. 7-1
the rationale behind this correlation is visualized. The beams-eye-view contours of the
planned rectum and clinical target volume (CTV) of a prostate cancer patient are
superimposed on a lateral portal image that was used for setup verification. The portal
image clearly shows a dark spot indicating a gas pocket that extends outside the rec-
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Figure 7-1 The rationale of the use of lateral portal
images and naturally occurring gas pockets in the
rectum of prostate cancer patients to determine
internal rectum and prostate movement relative to the
planning CT scan. The beams-epe-view contours of the
recium (thick gray line) and CTV (thin white line} in
the planning CT scan of a prosiate patient are
superimposed on a clinical lateral portal image. The
dark spot in the image, indicating a gas pockel, clearly
extends outside the delineated vecrum, This implies that
during treatment the rectum wall, and probably the
prostate, were moved in a ventral dirvection,

HI. Methods and materials

a. Study outline

tum as delineated in the plan-
ning CT scan. This implies
that the local rectum wall, and
probably the prostate, has
moved in a ventral direction,
The use of gas pockets to
detect internal organ move-
ment would not increase the
treatiment time because portal
images are already routinely
acquired for setup verifica-
tion. Furthermore, it would be
a  non-invasive technique
since rectum gas  ocowrs
naturally in prostate cancer
patients, Kroonwijk e al.
already pointed out that gas
pockets in portal images can
reveal internal organ motion
[61]. They did not however
specify how this could be
used in practice. In this paper,
a method for using gas
pockets in the rectum for
quantitative determination of
the rectum wall and prostate
position is proposed.

In order to verify whether gas pockets in clinical portal images can be used to predict
the amount of rectwm wall and prostate movement, sinnlations have been performed
using previously obtained data of 15 prostate cancer patients of which multiple CT
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scans were acquired during treatment [103]. In Fig. 7-2 a schematic outline of the
study setup is depicted. First, the four CT data sets per patient were matched and
resliced in 3D to remove the setup deviations. Second, portal images for the left [ateral
beams were sithulated from the resliced data sets. In order to automatically detect gas
pockets, difference images between two scans were created for all combinations per
patient. The gas pocket edges visible in the difference images were subsequently used
to estimate the local rectum wall shifts between two scans, Third, the “frue” rectum
wall shifts between two scans were measured by comparing rectum delineations in
reference and repeat CT scan. Corresponding prostate movements were determined
from 3D matching. Finally, the rectum wall shifts as determined in the portal images
were correlated with the true rectum wall shifts and with the prostate movements.

15 patients Figure 7-2 Schematic outline

4 CT scans each of the setup of the study. A

T multiple CT data set Is used to

3D match and reslice determine the rectum wall

repeat CT scans shift from gas pockels in

to planning scans simulated portal images. To

[ l verify whether this can be

caloulate 60 used to predict the true

portal images recium wall movement and

I obtain 180 CTV the prostate movement, (he

fget ?SS pockets movements from same data set is used to

rom Oldlfference 3D matching calculate these movements
portal images and

T 180 rectal wall shifts from delineations and by 3D
obtain rectal wall from delineations matching, and a corrvelation
shifts from gas l analysis is performed. For

pocket edges more detuiled information see
* the section I11.

Determine
correlalions

In the following paragraphs, the setup of the study will be explained in more
detail,

b. Patient data

In a previous study, the differences in prostate movement between 15 patients treated
in supine and 135 in prone position were investigated [103]. The data of the 15 patients
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treated in supine position were also used in the current study. For each patient, four
CT scans in the supine treatment position were acquired: one planning CT and three
repeat CT scans in week two, four, and six of the treatment, Before the planning CT
only, mild laxative suppositories were applied to minimize rectum volume. The
patients were asked to empty the bladder and subsequently drink half a liter of water
before alt CT scans (and therapy sessions). In all scans the CTV (i.e., prostate and
seminal vesicles), rectum, and bladder were manually contoured by the radiation
oncologist. All patients were treated with an isocenfric technique using an anterior
field and two partly wedged laterally oblique fields; beam intensity modulation was
used to minimize the superior-inferior (S1) field length [32]. The patients were treated
to a total isocenter dose of 66 Gy, delivered in 2 Gy fractions.

Since we were only interested in the internal organ motion between the different
CT scans, the setup differences between the scans of each patient were corrected. 3D
chamfer matching was used to match the bony anatomy in the repeat CT scans to their
respective planning CT scans. The four CT sets per patient were subsequently aligned
to the coordinate system of the planning scan by reslicing of the repeat CT scans,
Details of the 3D chamfer matching algorithm and application can be found elsewhere
1103,119}. The CT slice distance was 5 mim in most scans and 3 mm in some, the

pixel size within the slices was 2 mm in all scans,

¢. Radiological thickness images (RTls)

Portal images for the aligned CT scans were simutated by calculation of radioclogical
thickness images (RTIs). RTIs are a simplified form of digitally reconstructed
radiographs, the difference being that a pixel value in a RTI is simply the sum of the
electron densities in CT voxels along a ray line. Consequently the unity of the pixel
values is easily interpretable: cm radiological thickness. In this study, only the RTIs of
the left lateral prostate fields were used because the prostate movements of interest
occur predominantly in the sagittal plane; the lateral translation of the prostate is
negligible and the rotation around the lateral lefi-right axis is by far the most signifi-
cant [29,65,75,103,112,119,128]. The lateral RTIs were obtained for ali 60 CT scans
with pixel size equal to the CT pixel size (2 mm) at isocenter.

Automatic detection of gas pockets in fateral RTIs appeared to be handicapped
by the presence of other pixel gradients in these images due to variation in body
contour and due to bony structures. In particular, the femoral heads were frequently in
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the region where the gas pockets appear. To diminish the effect of these gradients,
difference RTIs (dRTIs) were calculated; the pixel values in a reference RTI were
subtracted from those in the repeat RTIs. The relatively flat background in the dRTls
made the gas pockets in a repeat CT scan appear as distinctive dark spots. Only the
gas pockels in the repear CT scan are useful since they give information about a
possible change from the reference situation. To avoid that a gas pocket in the repeat
CT scan is neutralized by a similar gas pocket in the reference CT scan, the rectum in
the reference scan was automatically fitled with water-equivalent CT values before
calculation of the reference RTI (i.e., gas pockets were removed). In order to study as
many infernal organ movements as possible, all scans were used both as reference and
repeat scan. This yielded 12 dRTIs per patient, i.e., 180 in total. Since every CT scan
had two RTIs (one normal and one without gas pockets that was always used as
reference), inversion of two CT scans did not automatically yield exactly inverled
dRTIs.

d. Rectum wall shift determination using gas pockets in dRTls

The gas pockets were automatically determined by searching for the dark spots in a2
specifie region in the dRTIs. Since there was some a priori knowledge about the
location of the gas pockets and because there were some practical restrictions, this
region was limited in several ways. All dRTIs were overlaid with the beams eye view
(BEV) projections of the corresponding reference prostate and reference rectum, The
search region was then composed as follows: (1) The prostate projection was ex-
panded with a two-dimensional (2D) margin of 1.5 em because that was the usual
margin from the CTV to the field borders in our institute, (2) The resulting region was
limited in the ventro-dorsal direction because of the known limitations in prostate
movement, which is seldom more than 1.5 ¢m [103]. Therefore, the search region
extended maximally 2 ¢m from the ventral rectum wall projection. (3) In the cranio-
caudal direction the search region was limited by the cranial and caudal ends of the
prostate; the gas pockets showing up outside that region (i.e. frequently in or near
sigmoid or anus) did not have an effect on the prostate motion. An example of the

resulting search area is shown in Fig. 7-3a.

Within the search area the minimum pixel value in the dRTT was determined. If
the minimum exceeded a certain (thickness) threshold, a gas pocket might have been
detected. The extensions of the gas pocket were then determined by searching for all
neighboring pixels with values below the threshold, using the position of the
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Figure 7-3 Determination of the rectum wall
shift in a dRTL. In (u) the construction of the
search area (dashed contouwr) used to find
gas pockels in the dRTI from the reference
prostate (gray contour) and rectum (while
contour) BEV projections is indicated. The
search area is limited to the cranio-caudal
length of the prostate, and extends 1.5 cm
from the dorsal prostate edge and 2.0t cm
from the ventral rectum edge. In (b) the gas
pocket detection in the same dRTI is
ilustrated. If the maxinum radiological
thickness difference in the search area
exceeds a user-defined threshold, the
position of that maximun is used to start the
search for connecting pixel values that also
exceed the threshold In (¢) the automali-
cally detected gas pocket is indicated by the
lightly dashed contour. The rectum wall shifi
is estimated as the average AP shifi along
the cranio-candal length of the gas pocket,
as indicated by the arrows.

minimum as a starting point (see Fig, 7-
3b). Hence a selected threshold can be
considered as the minimal required
lateral dimension of a gas pocket. If the
gas pocket in the dRTT was positioned
in the outermost cranio-caudal centi-
meter of the search area and if its size
was smaller than about 0.5 cm? the
pocket was discarded because there was
a high probability that it was an artifact
resulting from e.g an imperfect
alignment of bony structures, The
applied radiological thickness threshold
was varied to find an optimum value;
too small thresholds resulted in picking
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up oo many artifacts in the dRTIs, too large values resulted in the miss of genine gas
pockets. In Fig. 7-3¢ the detected gas pocket edge, using a threshold of 2 em, is
depicted.

Also indicated in Fig. 7-3¢ is the method to estimate the local rectum wall shift
from the detected gas pocket. Due to gravity, the gas pockets normally appear in the
ventral part of the rectum for patients treated in supine position. The ventral edge of
the detected gas pocket was therefore expected to correlate with the position of the
ventral rectum wall in the repeat CT scan. Consequently, the local rectum wall shift
was obtained by calculation of the anterior-posterior (AP) position of the ventral gas
pocket wall with respect to the rectum wall position in the reference CT, as is indi-
cated by its BEV projection. To get as much information as possible, average shifts
along the horizontal pixel lines in the cranio-caudal reach of the gas pocket were
calculated (see Fig. 7-3¢). Only the shifts in AP direction were considered because
that was the clinically most relevant direction.

e. Rectum wall shift validation

To validate whether the local rectuim wall shifis as measured from gas pocket edges in
dRTIs, they were correfated with the “true” local rectum wall shifts. The true local
rectum wall shifls could be determined from the position of the rectum projection in
the repeat CT scan relative to the rectum: projection in the reference CT scan. Again
the shifis were averaged over all horizontal pixel lines in the cranio-caudal extent of
the gas pockel. Correlation coefficients, statistical significance, and the slope of the fit
were determined for the relation between rectum wall shifts estimated from gas pocket
edges in dRTIs and true rectum wall shifts.

Since all 12 possible dRTIs per patient were used in the correlation, it might
seem that some data are counted double, which would falsely improve the statistical
significance. However, the dRTIs are determined from subtraction of two images, and
since the reference image {A’) in this subtraction is different from the original (A)
because the gas pockets have been removed, the subtraction image A-B’ is not
directly correlated to B-A’. Similarly, C-A’ is not a simple combination of C-IB’ and
B-A’. The reference image is only equal to the repeat image when there are no gas
pockets in the rectum but in that case they are not counted in the correlation anyway.
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1. Prostate shift prediction

Since the prostate normally rests on the rectum and is at the base actually physicaily
connected to it, a measured shift of the ventral rectum edge could well be a predictor
of prostate shifts. Therefore the rectum wall shifts derived from gas pockets in dRTIs
were also correlated with the AP translations of the cenfer-of-mass (c.m.) of the CTV
that were determined in a previous study with chamfer matches [103]. In short,
differences in CTV position relative to the bony anatomy between two (not aligned)
CT data sets of a patient, were determined by subsequent, 3D chamfer matches of the
two CTVs and of the two bony anatomies, followed by a subtraction of the transla-
tional and rotational displacements in the bone match from those in the CTV match,
Each scan was used as a reference to calculate the prostate position in the three other
scans of a patient, which yielded a total of 180 3D prostate translations and rotations,
identical to the number of dRTTs. Correlations of the rectum wail shift with the other
significant prostate movements (i.e., c.an. translations in cranio-caudal direction and
rotations around the lateral axis) and with combinations of those movements were also

a)

R

a = b cos(o)

Tap =
b cos?(o)

Figure 7-4 A geometrical correction factor for transforming detected recium wall
shifis in AP direction (Tryg) into prosiate cm. shifts in the AP direction (Tp).
Schematic ilfustrations of vectum (R), gas pocker (G), and prostate (P) are depicted
in a situation without (a) and with correction (b). Dotted and dashed lines indicate
the reference vectum and prostate, respectively; solid lines represent the repeai
situaiion. Since it is assumed that the prostate is physically connected to the rectum,
a correction equal to cos’(0) is needed if there is an angle (0) between rectum wall
and the verfical ST axis.
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investigated. Since they yielded far less significant results, they are not considered any
further in this paper,

In order to use the estimated rectum wall shifts as a predictor for AP prostate
c.m. movements, two corrections were applied. First, gas pocket edges never exactly
coincide with the outer rectum wall edges since the rectum wall itself is not taken into
account, Moreover, the choice of the threshold atso influenced the exact position
where the gas pocket edge was detected; higher threshold values resulted in smaller
detected gas pocket cross sections, with ventral gas pocket edges that moved in dorsal
direction (see the slope of the gas pocket in Fig. 7-3b). Therefore the differences
between gas pocket edges in the dRTT and true rechun edges in the repeat scans were
averaged for all data for a specific threshold, and a threshold-dependent correction
was applied on the estimated rectum wall shift. Second, in case of an angle o between
the reference rectum wall and the SI axis, the rectum wall shift as derived from gas
pockets was multiplied by a factor cos’(0i) to predict the AP shift of the prostate c.m.
(see Fig. 7-4). Angles larger than 45° were found, yielding correction factors smaller
than 0.5.

g. Efficacy of the method

An obvious drawback of the described method to determine prostate shifis is that it
relies on naturally occurring gas pockets; there may be rectum wall and prostate shifts
from the reference position without a noticeable gas pocket in the dRTI (i.e., false
negatives). The efficacy of the method was therefore investigated by answering the
following questions. (I) How often did gas pockets occur? For all 60 scans a sagittal
CT reconstruction through the rectum and the center of the prostate was calculated.
The number of potentially useful CT scans (of the 60 scans present} was determined
by automatic and visual inspection of the presence of gas pockets in the relevant part
of the rectum. (2) How many of the occurring gas pockets were actually detected with
the described method? Each occurring gas pocket should have been measured in three
dRTIs because each repeat scan was combined with three different reference scans.
(3) How many and what type of prostate movements could be detected by the
method? This was the main question because ultimately the method should detect
organ movetnents. If there is no significant change from the reference situation, there
is no need for detection. Therefore, the percentage of prostate movements that was
detected by the gas pockets was determined as a function of the size and direction of

the prostate translation.
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1V, Results
a. Example

In Fig. 7-5 an example of a significant prostate shift between {wo CT scans of the
same patient, due to the appearance of a gas pocket, and its effect on the RTIs is
demonstrated. It this figure six images are shown, two normal RTIs (a and b), two
RTIs without gas pockets that are used as reference (¢ and d), and the two dRTIs of
these images (e and f). Furthermore the BEV projection of the respective prostates and

scan 1 a)

Figure 7-5 Demonstration of the correlation of ventral rectum wall shifi, gas pocket
appearance, and prostate movement, as measured in radiological thickness images
obtained from multiple CT data. For two CT scans, the normal RTIs (a, b), the reference
RTIs with the gas pockets removed (c, d), and the dRTIs are indicated. Figure (e) is the
difference between (a) and {d), figure () is the difference between (b) and (c). BEV
projections of rectums are indicated by solid lines, prostates by dashed lines. In the dRTls
the reference organs are indicated by thick gray lines, the repeat organs by thin white
lines, There is a good correlation between gas pocket wall, rectum wall and prostate
position for both the ventral and the dorsal shift.
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rectums are indicated. In scan 2 the rectum is clearly larger than in scan I, In the
difference image with scan 1 as reference and scan 2 as repeat scan (f), a rather large
gas pocket is visible, the ventral edge of which corresponds nicely to the rectum wall
in scan 2, Hence the edge of the gas pocket gives in this case a good estimate of the
position of the rectum wall. Moreover, comparing the two prostate projections yields a
clear ventral shift of the prostate which in turn corresponds to the rectum walt shift, In
the difference image with scan 2 as reference and scan 1 as repeat scan (), a small
gas pocket can be discerned. The edge of this pocket also aligns nicely with the
corresponding repeat rectum edge of scan . So even though the rectum wall and the
prostate have moved dorsally, it could be detected by a gas pocket. This example also
shows why the gas pockets are removed for calculation of the reference RTTs; if the
large gas pocket in scan 2 had not been removed, the small gas pocket from scan |
would not have been detectled in the dRT,

Also visible in the difference images (¢ and f) are some black and white shadows
that indicate the legs. Although the bony structures in the two CT images were aligned
before the generation of the
RTIs, it is impossible to 20

align every bone if the legs
have moved with respect to
the pelvic rim. Hence there
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are some black areas that
might be mistaken for pas
pockets if a too fow thresh-
old has been selected.

b. Local vectum wall shif

True local rectum wall shift
[w]

In Fig. 7-6 it is verified
whether the relation be- -15
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tween the gas pocket edge 20 15 _;0 ; 0 5 10 15
and rectum wall is always  Ap Rectum wall shift detected with gas pockets (mm)

as straightforward as ap- , ,
‘ £ ‘ 1 Figure 7-6 The correlation between frue local recium

peared from the example wall shifts and rectum wall shifis detected using gas
shown in Fig. 7-5. The pockeis in dRTis. Ventral shifis are positive and dorsal

rechum wall shift as de-  shiffs negative.



1i6 Chapter 7

rived from gas pockets in dRTIs is plotted against the true rectum wall shift (see
section /fle), The thickness threshold that was used for gas pocket detection was
equal to the optimal value of 2 em. Lower values generated too many false positive
gas pockets (i.e., artifacts), which were mostly due to imperfect aliginment of the bony
structures. Another reason for the occurrence of false positives is that the smaller gas
pockets are not always positioned at the ventral border of the rectum but can be found
anywhere in the rectum. Threshold values larger than 2 cm reduced the number of
detected gas pockets, i.c., increased the number of false negatives, and hence de-
creased the efficacy of the method. Fig. 7-6 shows an excellent correlation between
true and estimated rectum wall shift, r = 0.97. This implies that if a gas pocket is
detected in 2 lateral portal image, one is able to predict the position of the local rectum
wall with great certainty. The offset of the straight fit from zero is due to the fact that
the gas pocket edge is always more dorsal than the true rectum wall due to the
thickness of the wall itself and due to the threshoid that is used to detect the gas
pocket (see section fI/f). For a 2 cm threshold, the combination of these two factors
yields an offset of about 7.5 mm. The slope of the fit (0.88) is somewhat smaller than
the expected value of [. The number of data points is 41 out of a possible 180, which
will be discussed in section //{.d.

¢. AP prostate center-gf-mass movements

The remaining question is whether a rectum wall shift that has been detected with g
gas pocket can also predict prostate c.m. movements. In Fig. 7-7 the measured AP

Figure 7-7 The correlation
between AP movemenis of the
cm. of the prosiate, as
measured with 3D chamfer
matching, and rectum wall
shifts  detected from gas
pockets in the dRTIs. The
applied rectum wall  shifis
were corrected for the slope
of the recium wall near the
gas pockets and the threshold-
dependent distance bebween , . y " " r : r

the true rectum wall and the 15 10 -5 0 5 10 18 20
gas pocke! edge. Corrected AP rectum wall shift detected with GP {mm)
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recturn wall shifts (with threshold equal to 2 cm) that were corrected for offsets and
tilted rectum walls (see section IfIf), are plotted versus the corresponding AP
translations of the ¢.m. of the prostate that were measured with 3D chamfer matching.
The comrelation coefficient of (.88 is highly significant, the slope of the fit equals
0.68. One possible explanation for the correlation and the slope not being equal to 1 is
that the translation of the prostate center of mass has been plotted against a local
rectum wall shift, and for instance prostatic rotations have not been taken into
account, Furthermore, especially near the cranial part of the prostate (where most gas
pockets are observed), there can be a refatively wide separation between prostate and
rectum, i.e., the rectum may shift locatly without moving the prostate with it. This can
cause an overestimation of the expected prostate translations and consequently a
decrease of the slope in Fig, 7-7. The offset of the linear fit through the data points
actually becomes zero, which implies that the threshold dependent correction was

adequate,

d. Efficacy of the method

As shown in Figs. 7-6 and 7-7, the number of internal organ motions detected by gas
pockets was 41, i.e., 23% from a possible total of 180 internal motions, At maximum,
51 rectum wall shifts might have been detected because visual inspection indicated
that 17 of the 60 CT scans contained a gas pocket in the relevant part of the rectum,
and each gas pocket should be visible in 3 dRTIs. This implies that the method found
80% of the occurring gas pockets. In Fig. 7-8 the percentage of detected AP prostate
movements is plotted as a function of the minimal size of the movement (i.e., data
with absolute prostate transtations smaller than the minimum are discarded). If all 180
prostate shifts are considered, the previously mentioned 23 percent can be detected.
With increasing minimum AP shift, the detection probability increases to about 50%.
When only the ventral prostate shifts are considered, 40% (4 of 10) larger than 5 mm
was accompanied by a detected gas pocket, and all shifis (3) larger than 7 mm were
detected. This trend is due to the fact that large ventral shifis imply a large increase in
rectum volume which are more likely to be accompanied by gas pockets. For the same
reason, dorsal prostate movements are far less likely to be detected (although they can,
see the example in Fig. 7-5). This also explains the asymmetrical shape of Fig. 7-7.

In clinical practice one might be particularly interested in ventral shifts because
those imply movement of the rectum, which is the most critical structure for prostate
treatments, into the treatment field. In our institute, the ventral shifis dominate because
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Figure 7-8 Effectiveness of the method described in
this paper. The percentage of prostate movemenis
actually detectgble by gas pockets is plotted as a
finction of the minimum AP prostate transilation,
considering 1) all data, 2) only those data with shifis in
the ventral divection, 3) only those data with shifts in
dorsal direction, and 4) only those dafa with the
original planning CT as reference. For the latter
(clinical) category, about 50% of translations larger
than 5 mm was detected.

rectum laxation is used
before acquisition of the
planning CT  scan. The
detection probability for the
45 shifts with respect to the
clinical planning CTs only,
confirm this: 50% (3 of 6)
of shifts larger than or equal
to 5 mm is detected.

V. Discussion
a. Clinical portal images

In order to use clinically
acquired portal images to
quantify  internal organ
movement, the “repeat”
portal image as acquired
with e.g. an EPID should be
comparable to the reference
image as acquired from the
CT data. This implies that
the clinical portal dose
image should be converted
to a reference RTI, or vice

versa, Pasma ef al. have indicated that RTIs can be derived from portal images
obtained with a charge-coupled device camera based fluoroscopic EPID {84,86]. In
short, a transmission image can be obtained from the ratio of a portal image acquired
with the patient in the beam and a portal image acquired without the patient in the
beam. The raw EPID images are only corrected for the nonlinear response of the
systemn [85]. The radiological thicknesses are then determiined from the primary
component of the transmission, which is obtained by correcting the transmission

image for scatter from the patient onto the EPID.

The clinical images will generally be noisier than the simulated RTIs used in this
study, which might make the smaller gas pockets invisible. Furthermore, small
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artifacts due to e.g. misalignment of bony structures might occur more frequently in
clinical images since matching of bony structures will normaily be done in 2D, instead
of 3D as in this study, If too many artifacts appear, the threshold for gas pocket
detection might have to be increased. This would decrease the number of detected gas
pockets, but the largest and most significant ones would still be caught,

Fignre 7-9 Simulation of a dRTI by
subtraction of two clinical portal
images. A reference portal image
without significant gas pockets has been
subtracted from the portal image that
was shown in Fig. 6-1. The difference
image makes the edge of the gas pocket
more  pronounced,  which  enables
accurate auiomatic detection of the edge
of the gas pocket (dashed lineg}. The bony
structures of the images were maiched
before ithe subtraction (as is demon-
strated by the black and white edges af
the field borders), to be able to focus on
the internal organ motion only.

Fig, 7-9 shows that the basic principle of the method, determination of a rectum
wall in a difference image of two portal images, also works for clinical megavoltage
images. The gas pocket clearly shows up as a dark spot in an overall relatively flat
difference image which enables automatic detection. This indication is further
supported by clinical portal images that were available for 9 of the 15 patients in this
study. The 2 patients who showed the most variation in the clinical images due to
appearance and disappearance of gas pockets, also had on average the largest gas
pocket size in the CT data, and vice versa,

b. Clinical application of the method

The main resuit of this study is that the position of ventral gas pocket edges as
observed in dRTTs (i.e., portal images) with respect to the reference rectum edge,
correlates highly significantly with rectum wall shifts (Fig. 7-6) and AP prostate
movements (Fig. 7-7). An important advantage of the proposed method for internal
organ motion detection over other methods is that if is noninvasive and no extra work
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during treatment is required; portal images are already routinely made for setup
verification in our institute. In clinical practice, the method seems mainly useful for
on-line corrections of internal organ positions. In this case the images are acquired
using only a small fraction of the fotal irradiation, which is subsequently interrupted,
and the setup deviation is determined by matching the bony structures in the portal
image with the reference image. The portal image is then aligned with the reference
image and a dRTI is calculated after conversion of the portal dose image into a RTI
(see section V.q). If a rectum wall shift from the reference situation is found in the
dRTI, two different strategies may be followed before the rest of the fraction is given.

The first strategy is aimed at sparing the rectum, Especially the local rectum wall
position can be predicted accurately with the described method (see Fig, 7-6). At
some (boost) stage of the prostate treatinent, sparing of the rectim volume might get a
higher priority than adequate irradiation of the tumor [130}. Hence, in case the ventral
gas pocket wall in the dRTI indicates that a significant part of the rectum wall has
moved into the treatment field, a correction of the table position or the lateral treat-
ment field can be applied so that the rectum wall is betler shielded. If the fields are
shaped with multileaf collimators, improved local shielding of the rectum might be
obtained by moving only some of the leaves,

The second strategy primarily aims at an accurate irradiation of the prostate. If a
rectum wall shift is observed, the fit in Fig. 7-7 can be used to determine the probable
prostate movement, The isocenter of the lateral beams can then be moved accordingly
before the rest of the fraction dose is applied. The prostate position is less accurately
predicted than the rectum wall position, but if action is undertaken only in case of
larger prostate shifts (e.g., > 5 mm), the benefits will be greater than the damages.
Even if only a limited percentage of prostate moveiments is correctable (i.e., accompa-
nied by gas pockets), the size of the safety margins and treatment portals might be
decreased. For instance, the overall standard deviation of the AP prostate c.m.
movements for the 45 shifts from the planning CT scans in this study was 3.8 mm. If
the detected gas pockets would have been used to correct the prostate position (in 11
cases), this standard deviation would reduce to 2.8 mm. If we assume the planning
margin equal to about 2 times this overall standard deviation {1027 (and if we neglect
other sources of uncertainties), a significant margin reduction of 2 mm would be
justified.
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¢. Possible improvement and fiture developments

Half of the AP translations of the CTV from the planning CT scan siluation larger
than or equal to 5 mm were detected with the described method (Fig. 7-8). The
laxation before the planning CT scan causes the rectum to be on average relatively
empty, so larger shifts will occur if the rectum is full in the repeat situation. Because
gas pockets are more likely to be found in fuller rectuins, laxation results in a rela-
tively high detection probability of large shifts. In theory there is ample room to
improve the detection probability but different treatment protocols or patient instruc-
tions which might establish this seem not so realistic. For instance, possible injection
of air in the rectum before the irradiation session will seriously complicate the
otherwise so simple and quick method. Furthermore it can probably only be consid-
ered for a prostate boost at the beginning of the freatment [16], because radiation-
induced proctitis may hamper it at the end.

To increase correction accuracy, the correlation of rectum wall shifts with
prostate franslations might be improved. To try this, additional information from the
dRTIs, like size, position, and the extreme pixel values in the gas pockets in dRTIs,
was added to the regression analysis but it appeared that at least three variables were
needed to really improve the correlation, which prevents a clear physical understand-
ing of what is going on. Alternatively, from sagittal CT reconstructions the gap
befween prostate and rectum in the cranial part of the prostate in the reference
situation can be measured (see section /V.c). In the BEV projections of rectumm and
prostate this is normally not visible because of the frequent overlap of the prostate and
rectum. If such a gap exists, a rectum movement in the ventral direction might have a
reduced effect on the prostate which may be corrected for. This correction can not
however be applied for the inverse (dorsal) rectum wall motions because in clinical
practice it seems not possible to predict from one planning CT scan if a gap between
rectum and prostate will develop or not,

Before preparing a possible clinical introduction of the method, available clinical
portal images will be checked for gas pockels to verify whether they appear as
frequent as in the 60 CT scans used in this study (28%). There might for instance be
time trends in the gas pocket formation which were not detectable in the limited
amount of data points available in this CT based study. Treatment fractions from
which multiple portal images have been acquired can be used to determine the
likelihood of intratreatment motion. Furthermore, a clinical test of the method should
be done by comparing CTV movement as measured by gas pockets with CTV
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movement as measured from the same images using radic-opaque markers. Such a
study is currently being performed.

d. Conclusion

A quick and noninvasive method has been proposed for determination of internal
organ motion in prostate cancer patients with an EPID. A study based on multiple CT
data indicated that gas pockets in normal portal images (i.e., without radio-opaque
markers, etc.) might be used to detect the ventral rectum wall and the prostate c.m.
position. Since not all portal images display gas pockets not all movements can be
detected, but the method is especially sensitive for the larger movements; half of the
AP shifts larger than or equal to 5 mm and all shifts larger than 7 mm were detected.
The accuracy of the method to quantify the AP movement of the prostate and espe-
cially the local rectum wall is more than adequate. Hence clinical portal images which
were until now only used for setup correction, might also be used to correct field
shapes for internal organ motions,
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CHAPTER 8. GENERAL DISCUSSION

1. ICRU 50 volumes

This thesis deals with the determination and minimization of safety margins for
geometrical inaccuracies that occur during radiotherapy of cancer patients, With the
rapidly increasing technological possibilities to closely shape the high dose volume to
the tumor, and the increasing interest in dose escalation, taking into account the
geometrical uncertainties has become crucial. The International Commission on
Radiation Units and Measurements recognized this by publication of ICRU report 50
in which volumes are defined which should be used in the planning of a radiation
treatment [54]. The first volume is the gross tumor volume (GTV), which contains the
palpable and/or visible tumor. Around the GTV, a margin should be taken for
invisible microscopic extension of the tumor, yielding the clinical target volume
(CTV). Finally, extra margins should be applied to account for geometrical uncertain-
ties during treatment, yielding a planning target volume (PTV), which should be
planned with the prescribed tumor dose in order to ensure an adequate dose coverage
of the CTV,

II.  Automatic 3D expansion of the CTV to generate a PTV

The ICRU 50 report did however not explain hiow a given margin can be constructed
around a 3D volume. In clinical practice, anatomical structures of interest in the 3D
CT data sets have always been delineated manually and slice-by-shice. However, to
manually draw a 3D margin around an already existing 3D volume is an impossible
task. Therefore an algorithm have been developed to perform this task accurately and
generally within minutes (see Chapter 2). The algorithm is now used routinely in our
institute and implemented in at least one commercial planning system (CadPlan,
Varian-Dosetek). Almost simultaneously another group published a different method
for 3D margin calculations [15], followed by another algorithin one year later [10].
An algorithm published earlier performed antomatic multi-2D margin calculations [5;
slice-by-slice a 2D margin was applied, ignoring the third dimension (perpendicular to
the slices}, and simulating manual 2D extension of a 3D volume. That the multi-2D
approach can lead to serious errors has been shown in Chapter 3; tumor control
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probabilities can decrease with 15%. Similar results were found in a comparable study -
published in the same year [59]. Nevertheless, still not all planning systems are
equipped with an algorithm for automatic margin calculation in three dimensions,

HI.  Calculation and verification of 3D margins based on patient data

How farge the CTV-to-PTV margins must actually be was another issue untouched by
the ICRU report. To answer this question the typical geometrical uncertainties
associated with certain irradiation treatments should be known (see Chapter 5).
Therefore many hospitals have investigated the external set-up variations for various
tumor sites [11,14,18,22,232526,27,30,31,35,36,39,44,46,50,51,53,78,91,96,101,
108,121]. Lately, internal organ movements have also been examined, especially for
prostate cancer patients [3,7,9,75,97,99,119,122]. However, complete geometrical
uncertainfy data of other tumor sites than the prostate {and lung) fumors are rare and
should be still acquired. The question is also whether data from different institutes can
be sharved or if each institute must determine their own database due to large inter-
institute differences in patient treatment (see Chapter 5.V.c).

Most of the geometrical uncertainties are reported as standard deviations,
Different strategies are applied to obtain margin sizes from these standard deviations.
In Chapter 4 such a strategy has been developed by investigation of the effect of
geometrical uncertainties on the dose in the CTV for each individual patient. This
resulted in margin sizes equal to about 2 times the systematic deviation plus 0.7 times
tite random deviation, i.e., systematic “every-day” deviations are far more important
than random “day-to-day” deviations, Many authors do not really make this distine-
tion. Furthermore, the margins are often based on the probability of the CTV lying
outside the PTV (see Fig. 4-1), which ignores the effect of the uncertainties on the
dose distribution in the CTV, Consequently they arrive at different margins
[4,56,111}. One group that does recognize the difference between systematic and
random deviations has recently come o similar recommendations for margin sizes as
described in this thesis [118]. They developed a model that ealculates PTV-margins
based on so-called dose population histograms, which are comparable to the dose
probability histograms described in Chapter 4. However, their model is stilf purely
theoretical since it can only be applied for spherically symmetrical CTVs (which
implies also that rotations are not taken into account) and with perfectly homogeneous
dose distributions.
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The dose probability histograms as presented in Chapter 4, show the average
dose volume histogram of the CTV of a particular patient for all possible systematic
deviations that can occur in the patient group. To include random deviations the dose
distribution as calculated by the planning system is convolved with the appropriate
uncertainty distributions. An adequate irradiation is only obtained when the final dose
probability histogram shows a high uniformity of the CTV dose; i.e.,, on average a
high percentage of the CTV volume (e.g. > 99%) must receive a high dose {e.g. >
95%). There are also groups which calculate the average treatment situation simply by
monte-carlo simulations, i.e., multiple sampling from all possible CTV movements
using a large data base of measured set-up deviations and internal organ movements
[(60,73,74]. The advantage is that motion of critical organs and the mutual dependency
of different movements can more easily be taken into account. However, monte-carlo
simulations are more time consuming than the more analytical solutions (like in
Chapter 4), which makes them rather tedious to use in clinical practice. Furthermore,
the authors did not present simple margin prescriptions based on their simulations,

IV, Internal Target Volume (ITV)

The TCRU has not yet addressed the two problems mentioned in the previous two
paragraphs. However, in a new report that is presented as supplement to ICRU 50, the
ICRU 50 nomenclature has been extended with the introduction of the internal target
volume (ITV) to separate set-up errors from internal organ motion [55}. This concept
has originally been proposed by the Nordic Association of Clinical Physicists (NACP)
[£]. In their report, the ITV is equal to the CTV plus margins for internal organ
motions and delineation uncertainty. The effect of patient and beam set-up deviations
is overcome by use of a Setup Margin; for each separate beam, margins should be
added in the beams-eye-view to ensure that the prescribed dose is delivered to the
ITY. The reason of the NACP to distinguish between organ motion and set-up
deviation is that two kinds of reference points are used in clinical practice: External
Reference Points (skin markings, etc.) for patient set-up and Infernal Reference Points
(bony structures) for determination of internial organ motion, Another advantage of the
iTV would be its closer resemblance to the CTV, i.e., the planned 1TV dose gives a
better indication of the CTV dose than the planned PTV dose, However, there are
some remarks to be made about the use of an 1TV as proposed by the NACP,

First, the practical implementation is not fully clear. The use of Setup Margins
for variations in the beam set-up, due to uncertainty in field shape for instance,
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appears & logical idea. However, the largest setup variations are due to 3D patient set-
1p deviations, especially since the beam setup is almost fully automated in these days.
It seems rather cumbersome to adjust the 2D field sizes for 312 motions, instead of
applying a 3D margin around the CTV. In order to obfain applicable (simple) Setup
Margin sizes, the set-up deviations must be perpendicular to the beams. Since the
deviations are usually measured in the three main orthogonal directions, coordinate
transformations would be required when gantry angles difter from 0° or 90°, This is
not always trivial in case of oblique beams, and even more so when the deviations
also contain (out of plane) rotations. According to the NACP, the size of the Setup
Margins should ideally be determined iteratively, in such a way that the cumulative
dose distribution, i.e., corrected for set-up deviations, stitl encloses the I'TV with the
prescribed isodose. {The dose distribution in the ITV only makes sense when the
distribution has been comected for the deviations). This might be accomplished
similar to how margins for random uncertainties are calculated in Chapter 4 and by
Bel et al. [13]; the dose distribution is convolved with the distribution of uncertainties,
and the shrinking of the prescribed isodose volume determines the required margin.

Second, there is no need to separate internal organ motions and set up variations
completely. If the treatment room coordinate system is taken as the reference, one can
consider both geometrical variations as movements of the tumor within the fixed dose
distribution delivered by the accelerator in the 3D space. Apart from the second order
approximations mentioned in Chapter 4.V.b, the effect of set-up errors on the tumor
dose equals the effect of internal organ motions with the same standard deviation.
Since the two types of variations are generally independent, their respective standard
deviations should be added in quadrature to determine the overall deviations (and
hence the margin). If they are added linearly, as suggested by the NACP, the final
margin will become too large. The NACP claims that the extra margin is needed to
“ensure a save patient set-up using the exfernal reference points”. But, although
external reference points are normally used for set-up, both organ motion and set up
movements are analyzed with respect to the same infernal reference points, i.e., bony
structures, so that quadratic summation of the standard deviations seems legitimate.

Third, of major concern in the NACP proposal (and also in the new ICRU report)
is that no distinction is made between systematic and random deviations. In Chapter 4
was shown that this distinction is crucial for margin caleulations. In the NACP report
is suggested that systematic deviations should be corrected by portal imaging, but this
is generally only possible for set-up deviations. Furthermore, unless on-line every-day
corrections are applied (which will also reduce random deviations), there will always
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be some residual systematic deviation left. The NACP also suggests to add the
standard deviations of systematic and random deviations in quadrature, As an
example, they mention a margin to account for internal organ motion equal to about
0.6 times this total standard deviation. The multiplication factor (0.6) is approximately
equal to what was found to be adequate for random deviations (see Chapter 4 and Bel
et al. [13]), but it is too small fo account for systematic deviations, which require a
nmultiplication factor of about 2 (see Chapter 4),

As pointed out before, an advantage of the ITV over the PTV is that the ITV
dose is closer to the real CTV dose than the PTV dose because the set-up deviations
are accounted for in the expected cumulative dose distribution, This makes it a better
predictor of the treatment outcome, However, the effects of internal organ motion and
systematic deviations are not yet included. To get a full picture of the expected CTV
dose, it might be better to use the dose probability histograms (DPHs) of the CTV as
recommended in Chapter 4; the effect of all types of uncertainties on the dose
distribution in the CTV is visualized in one graph. If the DPHs are used to adjust the
treatment fields iteratively, the PTV becomes just a tool to guide the treatment planner
in defining correct field sizes, but the dose in the PTV itself becomes superfluous; the
DPHs of the CTV will then be used for prescribing, recording, and reporting radiation
treatments. With the clinical introduction of automatic inverse treatment planning, one
might even leave out the PTV completely; instead of optimizing the dose distribution
in the PTV, the random-deviation-corrected dose (i.e., convolved with the distribution
of random deviations) in the coverage probability volume of the CTV for systematic
deviations could be optimized. In this manner, the effects of all geometrical uncer-
tainties might be incorporated during the optimization. This is subject of further study.

Y. On-line corrections

The logical solution to avoid complicated margin calculation is to reduce the geomet-
rical uncertainties to negligible values. The obvious way to achieve that is by on-line
corrections, i.e., by correcting the tumor position each day before the full irradiation
dose is given. For set-up variations, the use of electronic portal imaging for this
purpose has been investigated several times, as is described in Chapter 6 and in
previous publications [7,30,31,35,39,71,116,117]. The accuracy that can be obtained
by this method is in principle limited by the accuracy of the measurements and the
corrections, which depends highly on the mechanical accuracy of the accelerator,
treatment table, and EPID. The predominant obstacle for routine clinical application is
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still the exfra time that is required to measure and correct the patient set-up on-tine. In
our institute, on-line corrections are at the moment only applied when the random set-
up variations of a patient appear too large for meaningful application of the off-line
correction protocol (see Chapter 6). For these patients, only variations larger than a
specific threshold are corrected, which seriously reduces the amount of corrections
(and hence extra treatment time), whilst maintaining a very high accuracy (see
Chapter 6),

Online correction of internal organ motions is more complicated because the
tumor is normally not visible in the portal images that are obtained using the treatment
beam. In 0 a method to infer the prostate position from the gas pockets that are visible
in routine portal images is presented. The method may be quick and simple but the
final accuracy will be limited because internal organ motion is not always accompa-
nied by gas pockets. Clinical studies are needed to evaluate the use of this method. At
the cost of an extra burden for the patient, radio-opaque markers can be implanted in
the tumor to increase the visibility of the prostate [7,16,122], Other imaging modali-
ties like ultrasound [64,113] or CT [65,72} may also be applied. Ultrasound has the
advantage of being quick and easy to apply, whereas CT scans display a better image
quality, but at the moment these techniques are still in the experimental phase.
However, development of accurate and easy-to-use tools for on-line detection and
correction of tumor position would lead to significant reductions in safety margins
with new possibilities for dose escalation,

VI. Future directions

Apart from further improvement of on-line correction procedures, some other hot-
topics concerning geometrical uncertainties in radiotherapy are the following:
measurement and correction of rotations, the measurement and minimization of intra-
treatment variations, the incorporation of biological models and critical organ motion
to determine treatment margins, and the accurate delineation of the target volumes.
Some discussion on these issues is supplied in the next sections

a. Rotations

For patients treated in the pelvic area, rotational variations in internal tumor position
can be up to 20° see Chapler 5 and van Herk ef al. [119]. The external set-up of
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patients with head and neck twmors can be rotated up to 10° with respect to the
reference position {40]. The measurement of rotational set-up deviations in portal
images can normally only be performed within the plane of the portal image. If
serious out-of-plane rotations occur, the bony structures will project differently in the
portal image and will not match with the reference image anymore. Only sophisticated
software can provide the 3D rotations from 2D portal images, and at least 2 portal
images are required to match them with the 3D CT data sets {41]. Internal rotations
have up till now mainly been measured in patients with prostate cancer. Since the
principal rotation axis appears to be perpendicular to the sagittal plane, in principle
one sagittal image through the prostate is sufficient to establish the rotation. Once the
typical rotations are known, they can be used to determine the CTV-to-PTV margin
{see Chapter 4). 1t gets more complicated when parts of the CTV can rotate with
respect to each other., For gynecological tumors, the primary tumor region that is
located within the pelvic bone can rotate with respect to the elective lymph nodes that
lie along the spinal cord. In that case one might have to split the CTV in two, deter-
mine separate margins for both parts, and combine the resulting volume into one PTV,

Instead of applying safety margins, one might try to correct for rotational
variations, either on-line or off-line. I is however more difficult to handle rotations
than translations, which are comrected by shifting the treatment table. In-plane
rotations are also relatively easy to correct; if the rotation axis is in the same direction
as the beam axis, the rotation can be corrected by rotating the collimator if one is
careful to use the same rolation axis in the correction as in the measurement. Normally
however, multiple beams are used from different directions. In theory, all possible
tumaor rotations can be covered by combinations of rotations of collimator, gantry and
treatment table. In practice, this can imply unacceptable changes in freatment geome-
try. Consequently, a table has been developed which can tilt and rofl within a range of
+4° [48]. The range may be too simall in some cases, bul larger rotations of the table
might cause a change in the patient anatomy (or worse). Therefore, the general
solution is to correct rotations by translations, aligning especially those structures with
the highest priority (often close to the isocenter), The residual rotational variation
must then be included in the PTV margins (see Chapter 4).

b. Intra-freatment variations

Another subject currently under investigation is the minimization of the effect of intra-
treatment variations, i.e., tumor movement during one radiation session. Although this
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can in principle be considered as a random variation (if the reference position is equal
fo the average intra-treatment position), which contributes relatively little to the PTV
margin (sce Chapter 4), the amplitudes for internal organ motion due to breathing can
be over a centimeter [8]. Furthermore, combination of intra-treatment motion of the
target with intra-treatment variation of the field shape, as happens with dynamic multi
leaf collimation, can yield serious over- and underdosages [127]. Therefore, especially
for treatment of tumors in the upper torso new equipment is being developed to
account for this moverment, either by automatically turning the accelerator on and off
at specific moments in the normal breathing cycle [62], or by artificially controlling
the breathing cycle during treatment by interrupting the air supply {124]. The former
method is still in the experimental phase and the latter method seems quite a burden
for the patient. Tt is therefore not clear whether these techniques will be roufinely used
in the firture. Afthough the treatments in the thorax region are most likely to display
significant intra-treatment motion, recently MR imaging has been used to demonstrate
prostate movement during one treatment {83]. Because control of the tumor position
seems not possible for the prostate as for lung tumors, the intra-treatment motion will
remain even in case of on-line tumor position correction, and should be inctuded in
the PTV margins as being random variations.

¢. Biological modelling

The criteria that were used in the margin calculation procedure described in Chapter 4,
were based on geometrical considerations; the field sizes should be such that on
average a sufficiently homopeneous dose is delivered to the CTV. However, the
clinical value of a treatment might be scored better using biological models that fry to
predict the tumor control probability (TCP) and normat tissue complication probabili-
ties (NTCP) from the calculated dose distributions in tumor and critical organs,
respectively. In theory, margin calculation could be based on TCP and NTCP as well.
The problem with these parameters is however that they are not yet reliable enough.
Especially for the NTCP, more clinical studies are needed to justify their use. In
inverse radiotherapy treatment planning a similar discussion is going on. There is
much controversy about whether radiobiological models can already be used or if the
optimization should still be based on dose and volume criteria only [19,21].

If the CTV-to-PTV margin that yields an optimal radiobiological effect is to be
calculated, a combination of TCP and NTCPs must be optimized. This poses the
question of how the probability of tumor control should be compared to the probabil-
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ity of serious complications. To some extent, this comparison will always be arbitrary
but there seems to be some consensus about a quantity called P* which unites the TCP
and NTCPs for all critical organs in a simple manner [21]. When determining
margins, the position variation of the critical organs should ideally be taken into
account as well, However, critical organs like bladder and rectum can, apart from
moving around, also vary significantly in shape. Several groups have started to
develop models to describe these variations [74,125].

d. Delineation uncertainty reduction

Concerning reduction of uncertainties in radiotherapy, probably the largest progress to
be made is in accurate determination of the CTV borders. Due to the insufficient
visibility in the diagnostic images of these borders (and especially the microscopic
spread), there can be significant variation in delineation. This uncertainty has not been
addressed in this thesis so far because it is somewhat different from organ motion or
set-up deviation; there is uncertainty in size instead of position of the CTV. Further-
more, the delineation accuracy can be very anisotropic due to variations in surround-
ing tissues. However, since tumor delineation is performed only during planning,
possible errors are systematic (i.e., influencing all treatment fractions) and should not
be ignored, Variances in delineation might therefore somehow be added to the
variances of the systematic set-up deviations and organ motions {1]. Nevertheless, at
the moment few people explicitly include these uncertainties when establishing

margins.

CT is the standard imaging modality used to obtain 3D patient data for radiation
treatment planning. CT has the advantage that Houndsfield units of the CT are easily
converted into electron densities, which are required for adequate dose calculation.
Unfortunately, not all tumors are clearly visible in these images because the fumer can
have similar electron densities as its surroundings; for instance, it can be very hard to
distingnish the border between bladder and prostate in CT images. Many investiga-
tions have been performed to determine the variability in tumor delineation, especially
for prostate cancer. Local differences between physicians or between the same
physician at different times can exceed [ cm [24,37,68,100,115,131].

To increase the delineation accuracy many groups have investigated the use of
other image modalities like MRI, SPECT or ultrasound to find the real tumor borders
(6,33,58,76,92,93]. Since these images are not suitable for treatment planning
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{because direct information about ¢lectron densities is lacking), delineations in the
images should be transferred to CT images to be able to continue the planning, This
has stimulated a whole new field of 3D matching of images of different modalities
[58,88,110,120]. But, whatever modality is used, there will always be some inter-
physician variability. To avoid this, software should be generated to contour the
different organs automatically. This would also reduce the time that is required for
planning considerably, but until now the only contours that can be drawn automati-
cally are around high contrast organs like bones or patient skin,
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SAMENVATTING

Inleiding

De behandeling van kankerpatiénten met radiotherapie is er op gericht de tumor te
vernietigen door middel van ioniserende straling. Bij externe radiotherapie wordt de
straling meestal gegenerecerd door een lineaire versneller. De patiént wordt op de
behandeltafel in de versnellerruimte gelegd en de stralenbundel uit de versneller wordt
op de tumor gericht. Meestal wordt er vanuit meerdere richtingen gestraald om de
schade aan het normale weefsel (dat altijd meebestraald wordt) zoveel mogelijk te
beperken, Radiotherapie is het effectiefst wanneer de totale dosis in meerdere fracties
wordt gegeven; het normale weefsel kan tussen de fracties beter herstellen dan het
tumor weefsel. Een vereiste is dan dat de tumor zich etke fiactie op dezelfde geplande
(referentie) positie ten opzichte van de bestralingsbundels bevindt, Maar hoewel er
veel aandacht wordt besteed aan het betrouwbaar positioneren van de patiént, zijn
geometrische variaties onvermijdelijk. Deze variaties kunnen opgesplitst worden in
“systematische” and “random” variaties. Systematische variaties geven aan hoe de
gemiddelde afwijking van de referentie positie varieert van patiént tot patiént, terwijl
random variaties een indicatie geven van de van-dag-tot-dag verschillen in de patiént
positionering,

Uit praktische overwegingen vindt er ook vaak een opsplitsing plaats tussen
externe positioneringsonzekerheden en interne orgaan bewegingen, Onzekerheden in
posifionering zijn variaties in de positie van de patiént ten opzichte van de stralenbun-
dels. Deze worden normaal gesproken gemeten met (elektronische) afbeeldingsappa-
ratuur, waarmee, net als bij een normale réntgenfoto, een doorlichtingsbeeld van de
bestraling kan worden gemaaks (niet alle straling wordt in de patiént geabsorbeerd).
Dee botstructuren die in deze beelden zichtbaar zijn, kunnen dan vergeleken worden
met de geplande referentie situatie, Orgaan bewegingen zijn de bewegingen van de
tumor ten opzichte van de bot structuren, Het is minder eenvoudig om deze bewegin-
gen te meten omdat de tumor zelf meestal niet zichtbaar is in de doorlichtingsbeelden,
maar verschillende methoden om dit te ondervangen zijn in ontwikkeling, Om te
voorkomen dat de tumor gemist wordt tijdens de bestraling als gevolg van deze
onzekerheden, worden er tijdens het plannen van de behandeling normaliter veilig-
heidsmarges rond de timor aangehouden.
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De planning gebeurt vaak met behulp van een computer waarmee een behande-
ling gesimuleerd kan worden. De drie-dimensionale (3D) patiént anatomie is meestal
beschikbaar in de vorm van een serie 21 computed tomography (CT) coupes. Hierop
kunnen tumor en kritieke organen aangegeven worden. De planner bepaald dan welke
stralenbundels er gebraikt gaan worden, en met een computeralgoritme wordt de
verwachte dosis in tumor en kritieke organen uitgerekend. Vaak worden dosis volume
histogrammen (DVH) gebruikt ter verificatie van een bestvalingsplan, Een DVH geeft
aan welk deel van een bepaald orgaan een bepaalde dosis krijgt.

Sinds 1993 wordt het te bestralen tumorgebied met (eventueel) microscopische
uitbreiding vaak het CTV (clinical target volume) genoemd, Het CTV met veilig-
heidsmarges voor geometrische onzekerheden is het PTV (planning target volume).
De gekozen bundelconfiguratie in een plan moet dan zodanig zijn dat de dosis in het
PTV voldoende is (met maximale sparing van gezonde weefsels). In dit proefschuift
ziji manieren onderzocht om PTV-marges te berekenen en minimaliseren.

Automatische 3D expansie van een CTV tot een PTV

In hoofdstuk 2 wordt beschreven hoe een PTV-marge van gegeven grootte automa-
tisch kan worden berekend. Het CTV is een 3D volume, dat door de radiotherapeut
wordt ingetekend in een serie 2D CT-coupes van de patiént. Omdat de geometrische
afwijkingen in elke richting kunnen optreden, zijn de benodigde veiligheidsmarges
ook 3D. In de praktijk is gebleken dat het onmogetijk is om een 3D marge met de
hand in 2D CT coupes in fe tekenen. Daarom is een algoritme ontwikkeld om de vorm
van hel drie dimensionale PTV te berekenen. De input van het algoritme is het CTV
en de gewenste marge in de drie orthogonale hoofdrichtingen. De CTV contouren die
zijn ingetekend in de CT-coupes, worden gebruikt om een volume in een 3D reken-
matrix te cre€ren; volume clementen (voxels) binnen het CTV hebben waarde 1,
voxels erbuiten waarde 0. Elk CTV voxel wordt dan uitgebreid met een ellipsoide met
diameters gelijk aan de gewenste marges in de diie richtingen. Uit dit 3D PTV volume
worden vervolgens weer 2D contouren berekend die worden teruggezet in de CT
coupes voor verdere planning van de behandeling. Deze automatische methode
verhoogt de snelheid en nauwkeurigheid van de PTV intekening enorm.

In hoofdstuk 3 wordt het klinische voordeel van automatische 3D marge
berekening bestudeerd. Omdat handmatige intekening van 3D marges onmogelijk is,
werd (en wordt) in veel praktische gevallen de derde dimensie (loodrecht op de CT
coupes) gewoon genegeerd. 2D marges worden dan coupe voor coupe, en allcen



Samenvatting 147

binnen de coupes, bepaald, Voor 10 patiénten met prostaatkanker zijn de fouten
gekwantificeerd die zo worden gemaakt. Afhankelijk van de vorm van het CTV, bleek
dat de 2D marges op sommige plaatsen meer dan een centimeter kleiner waren dan de
3D uitgerekende marges, Dit kon leiden fot serievze onderdosering van de tumor en
tot een verlaging van de verwachte waarschijnlijkheid van tumor controle met 15%.

Berekening en verificatie van PTV-marges aan de hand van patiént data

Een meer complete methode van marge berekening wordt voorgesteld in hoofdstuk 4.
De methode maakt gebruik van kennis van gemefen systematische en random
variaties voor relevante patiént categorieén. De CTV matrix (zie vorige sectie) wordt
geconvolueerd met de distributies van deze variaties in translaties en rotaties. Dit
levert zogenaamde “bedekkingwaarschijnlijkheidsmatrices” op met voxelwaardes
tussen 0 en 1. De voxelwaardes geven de kans aan dat het voxe! door het CTV wordt
bedekt. Iso-waarschijnlijkheid volumes worden dan gekozen als PTV zodanig dat het
CTV een adequate dosis krijgt. Dit kan worden gecontroleerd door dezelfde bedek-
kingwaarschijnlijkheidsmatrix te gebruiken voor snelle en analytische berekening van
het gemiddelde DVH van het CTV voor alle mogelijke systematische afwijkingen.
Het effect van random variaties op de CTV dosis kan worden bepaald door de
geplande dosis eerst te convolueren met de betreffende distributies. Tezamen levert dit
een compleet beeld op van het effect van alle variaties op de dosis in het CTV. Het
blijkt dat de systematische variaties ongeveer drie maal zwaardere consequenties
hebben voor de CTV dosis dan de random variaties.

In het vijfde hoofdstuk wordt het in het hiertboven beschreven model gebruikt
voor patiénten met prostaat kanker. Voor deze patiénten is de interne tumor beweging
sigmificant omdat de tumor tussen de blaas en het rectum in ligt, die beide aanzienlijk
in volume kunnen variéren, Het doel was om te bepalen of er verschillen in PTV-
marges zijn wanneer de patiénten in rug of in buikligging worden bestraald. Hiervoor
zijn van een groep van 30 patiénten met prostaatkanker 4 CT scans gemaakt geduren-
de de bestralingsperiode van 7 weken, 15 patiénten zijn behandeld in rugligging en 15
in buikligging. De bewegingen van de ingetekende prostaten zijn verkregen door
middel van automatische vergelijking van de 3D positie. De positioneringsonzekerhe-
den zijn gemeten met behulp van een elektronisch afbeeldingsapparaat. Hoewel de
buikligging in eerste instantie voordelig leek (d.w.z. minder geometrische onzekerhe-
den), bleek na scheiding van systematische en random variaties dat de vereiste PTV-

marges ongeveer gelijk zijn.
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On-line corrigeren van geometrische onnanwkeurigheden,

In het zesde hoofdstuk is de efficiéntie van het on-fine corrigeren van positionerings-
fouten bestudeerd. Bij on-line correcties worden de positioneringsfouten gemeten met
doorlichtingsbeelden die gemaakt zijn met slechts een klein gedeelte van de dagelijkse
bestralingsdosis. De bestraling wordt onderbroken en de afwijking wordt gemeten.
Voordat de rest van de bestraling wordt gegeven, kan een fout in de positie worden
gecorrigeerd. De methode is getest voor 14 patiénten met gynaecologische tumoren.
Deze patiénten vertonen relatief grote positioneringsfouten, zelfs wanneer een off-line
correctieprotocol toegepast wordt. Off-line correcties hebben tot doel de systemati-
sche variaties te reduceren door de gemiddelde positioneringsfout te bepalen voor de
eerste paar fracties, en vervolgens de rest van de fracties hiervoor te corrigeren. Het
blijkt dat een aantal minuten extra behandelingstijd nodig is voor het uitvoeren van
een on-line correctie. Dit resulteerde echter wel in bijna verwaarloosbaar kleine
positioneringsfouten wat een significante verkleining van de PTV marges rechtvaar-
digt. Voorlopig wordt echter een combinatie van off-line en on-line correctie proto-
collen gebruikt totdat on-line correcties sneller uitgevoerd kunnen worden. In eerste
instantie worden alle patiénten met het off-line protocol behandeld. Pas wanneer het
oft-line protocol slechte resultaten geeft, wordt overgegaan op on-line correcties.

In hoofdstuk 7 is de haalbaarheid van het detecteren van interme orgaan beweging
met “normale” doorlichtingsbeelden van de bestraling onderzocht voor patiénten met
prostaatkanker. De veronderstelling is dat gas in het recturn, dat in de beelden net zo
goed zichtbaar is als botstructuren, gebruikt kan worden om de ventrale rectum wand
te bepalen. Omdat de prostaat op het rectum ligt voor patiénten in rugligging, zou
mogelijk ook de prostaat positie hieruit afgeleid kunnen worden. De CT data van de
15 in rugligging behandelde patiénten uit hoofdstuk 5 zijn gebruikt om dit te verifié-
ren. De doorlichtingsbeelden zijn gesimuleerd door berekening van digitale recon-
structies van de CT data. De verplaatsingen van de ventrale rectumwand, zoals
automatisch gemeten aan de hand van rectumgas in de beelden, zijn gecorreleerd met
de werkelijke rectumwand verplaatsingen (gemeten met behulp van de ingetekende
rectum contouren) en met de prostaatbewegingen (zie hoofdstuk 5). De correlatie
coéfficiént was in beide gevallen zeer significant. Een nadeel van de methode is dat er
niet altijd gas in het rectum zit zodat niet alle prostaatbewegingen gedetecteerd
kunnen worden. Maar zelfs wanneer wordt aangenomen dat alleen de zichtbare
prostaat verplaatsingen voor de groep van [5 patiénten in deze studie worden gecorri-
geerd, kan de PTV-marge met ongeveer 2 mm worden verkleind.
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OK dan, eindelijk weer tijd voor enkele wat persooniijkere noten. Voor the making of
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bijzonder fijn en leerzaam geweest. Hetzelfde geldt voor de samenwerking met de
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betrokken radiotherapeuten waaronder Carien, PeterK en Manouk. Van de meer
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Anders Brahme, Wilfried De Neve, Ben Mijnheer, en Roland Kanaar: thanks for the
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De oplettende lezer vraagt zich na al deze positieve geluiden misschien af
waarom ik in de afgelopen acht jaar eigenlijk nog niet verhuisd ben naar het Rotter-
damse. Naast dat ik Amsterdam als stad toch echt een tikkie pezelliger vind dan
Rotterdam, komt dat voornamelijk doordat ik een aantal dierbare personen bij mij in
de buurt heb zitten, En nu ik toch bezig ben, grijp ik meteen de gelegenheid aan om
mijn waardering voor hen even op papier te zetten. Om te beginnen de gabbers van
AMV/J, hetzelfde geldt eigenlijk voor hen als voor de collega's: met name de gezellig-
heid brengt mij er toch altijd toe om zelfs in regen, snecuw en storm altijd mijn
balletje (en pedalen) te gaan trappen. Vier vrienden met wie ik niet foevallig minimaal
een AMV] verleden deel moet ik er zeker even uitlichten: Henkie, Otje, Maus en
Causio, het spijt me bijzonder dat ik slechts twee van jullie als paranimf heb kunnen
kiezen. Weet in ieder geval de tijd die ik regelmatig met jullie doorbreng altijd een
buitengewoon genoegen is.

Het moge kortom duidelijk zijn dat ik het goed naar mijn zin heb. Echter, de

voornaamste reden dat ik tof op heden absoluut niet mag kdagen is toch wel omdat ik
zoon van mijn ouders, broer van mijn broertje, en vriend van mijn vriendinnetje ben.



CURRICULUM VITAE

De auteur werd geboren in de ochtend van 1 februari 1967 in Amsierdam, Daar
groeide hij op en bezocht hij de kleuterschool, lagere school, en middelbare school. In
1985 haalde hij zijn gymnasium diploma aan het St. Ignatius gynmasium. Vervolgens
studeerde hij natuurkunde aan de Universiteit van Amsterdam, wat resulteerde in een
propedeutisch examen in 1986, Het doctoraal examen werd gehaald in 1991, na stage
te hebben gelopen bij het FOM instituut voor Atcom- en Molecuul Fysica, Het
stageonderzoek was gericht op het modelleren en doormeten van poly-kristallijne
zonnecellen. Aan het eind van zijn studenten tijd realiseerde de auteur zich dat er nog
meer te doen was aan de universiteif, wat resulteerde in het volgen van de bijvakken
Spaans, Russisch en Milieukunde. Na een korte periode van werkloosheid ging hij
begin 1992 aan de slag bij de Daniel den Hoed Klinick in Rotterdam. De eerite vier
jaren werden gevuld met onderzoek naar het gebruik van het in-huis ontwikkelde
megavolt atbeeldingsapparaat. Daarna volgde drie jaar onderzoek naar de optimale
bestraling van patiénten met prostaatkanker. Deze twee projecten hebben uiteindelijk
geresulteerd in het proefschrift wat hier voor u ligt, Op dit moment is de auteur bezig
met een derde project in de Daniel den Hoed Klinick, mef als doel het bestuderen van
de voordefen van het bestralen met hoog-energetische clekéronen naast fotonen. Qok
volgt hij een opleiding tot klinisch fysicus. De auteur woont nog steeds in Amsterdam
en gaat met de trein en de fiets naar zijn werk. Hij heeft uitgerckend dat het totaat
aantal afgelegde woon-werk kilometers overeenkomt met ongeveer 8 maal een rondje
aardbol (waarvan een half op de fiets).
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