
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Intensity-modulated radiotherapy techniques for prostate, head-and-neck and
lung cancer

Schwarz, M.

Publication date
2007
Document Version
Final published version

Link to publication

Citation for published version (APA):
Schwarz, M. (2007). Intensity-modulated radiotherapy techniques for prostate, head-and-neck
and lung cancer. [Thesis, externally prepared, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/intensitymodulated-radiotherapy-techniques-for-prostate-headandneck-and-lung-cancer(9159f3ec-b4b1-44b2-b5f3-bb8121396f37).html


Intensity-modulated radiotherapy
techniques for prostate,

head-and-neck and lung cancer



The research described in this thesis was performed at the Radiation Oncology
Department of the Netherlands Cancer Institute in Amsterdam.
Financial support was provided within the NKB Grant NKI 2000-2212 funded by
the Dutch Cancer Society.

Cover design: Elena Chesta Schwarz, based on a detail of Leonardo da Vinci’s
’Studi della gola e dell’arto inferiore’ (1510), Royal Library, Windsor.
Printing: PrintPartners Ipskamp, Enschede
Copyleft: This book is licensed under the Creative Commons Attribution, Non-
Commercial, ShareAlike License. For a copy of the license, see
http://creativecommons.org/licenses/by-nc-sa/2.5/



Intensity–modulated radiotherapy
techniques for prostate, head-and-neck

and lung cancer

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor

aan de Universiteit van Amsterdam

op gezag van de Rector Magnificus

prof. J.W. Zwemmer

ten overstaan van een door het college voor promoties ingestelde

commissie, in het openbaar te verdedigen in de Aula der Universiteit

op woensdag 18 april 2007, te 14:00 uur

door

Marco Schwarz

geboren te Carmagnola (Ital̈ıe)



Promotiecommissie:

Promotor: prof.dr. G.M.M. Bartelink
Co-promotores: dr. B.J. Mijnheer

dr. E.M.F. Damen
Overige leden: prof.dr.ir. C.A. Grimbergen

prof. A.J.M. Balm
prof.dr. M. van Herk
prof.dr. B.J. Heijmen
prof.dr. A. Begg

Faculteit der Geneeskunde



a Elena





Contents

1 Introduction 1
1.1 Radiotherapy and the search for dose conformity . . . . . . . . . . . 1
1.2 Basic principles of IMRT . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Clinical applications of IMRT . . . . . . . . . . . . . . . . . . . . . . 3

1.3.1 Prostate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3.2 Head and neck . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3.3 Breast . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3.4 Lung . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Potential problems of IMRT . . . . . . . . . . . . . . . . . . . . . . . 5
1.4.1 Imaging and target delineation . . . . . . . . . . . . . . . . . 5
1.4.2 Treatment planning . . . . . . . . . . . . . . . . . . . . . . . 7
1.4.3 Treatment verification . . . . . . . . . . . . . . . . . . . . . . 8

1.5 Purpose of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2 Importance of accurate dose calculations outside segment edges in
intensity modulated radiotherapy treatment planning 13
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2 Material and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.1 IMRT techniques . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.2 Treatment planning systems: tests carried out in phantoms. . 16
2.2.3 Comparison between dose distributions . . . . . . . . . . . . 17

2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3.1 Calculations vs. measurements in a water phantom. . . . . . 20
2.3.2 Comparison between CT-based plans . . . . . . . . . . . . . . 22

2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.4.1 Single segments and point dose values. . . . . . . . . . . . . . 28
2.4.2 Comparison between 3-D dose distributions in CT-based plans. 28
2.4.3 Effects of dosimetric differences on plan optimisation. . . . . 29
2.4.4 Applicability to IMRT of dose accuracy tolerances for CRT. . 30

2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.6 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32



viii Contents

3 Comparison of manual and automatic segment generation in step-
and-shoot IMRT of prostate cancer. 35
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2 Material and methods . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.2.1 Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2.2 Manually designing segments . . . . . . . . . . . . . . . . . . 37
3.2.3 Inverse planning . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2.4 Plan comparison . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.3.1 Inverse planning process . . . . . . . . . . . . . . . . . . . . . 41
3.3.2 Dose distribution comparison . . . . . . . . . . . . . . . . . . 43
3.3.3 Number and nature of segments . . . . . . . . . . . . . . . . 45

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.4.1 Dose distributions . . . . . . . . . . . . . . . . . . . . . . . . 45
3.4.2 Number and nature of segments . . . . . . . . . . . . . . . . 47
3.4.3 Workload . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4 Sensitivity of treatment plan optimisation for prostate cancer us-
ing the equivalent uniform dose (EUD) with respect to the rectal
wall volume parameter 51
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.2 Material and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.2.1 Patient selection, volume definition and dose prescriptions. . 53
4.2.2 Cost functions and treatment technique. . . . . . . . . . . . . 53
4.2.3 Evaluation of the results. . . . . . . . . . . . . . . . . . . . . 56

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.3.1 Reference technique . . . . . . . . . . . . . . . . . . . . . . . 57
4.3.2 Alternative dose prescription and cost functions. . . . . . . . 61

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.4.1 3-D dose distribution in the PTVs and in the rectal wall. . . 64
4.4.2 Dose in other normal tissues and isodose distributions. . . . . 65
4.4.3 Alternative dose prescription and cost functions. . . . . . . . 65
4.4.4 Use of the currently proposed values of n in the optimisation. 66

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.6 Appendix. Cost function, treatment techniques and dose prescription. 68

5 A comparison of forward and inverse treatment planning for in-
tensity modulated radiotherapy of head and neck cancer. 69
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.2.1 Patients, treatment, dose prescription and limitations . . . . 71



Contents ix

5.2.2 Forward treatment planning . . . . . . . . . . . . . . . . . . . 72
5.2.3 Inverse treatment planning . . . . . . . . . . . . . . . . . . . 73
5.2.4 Comparison of the two planning approaches . . . . . . . . . . 74

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.3.1 Main phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.3.2 Boost phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.3.3 Composite treatment . . . . . . . . . . . . . . . . . . . . . . . 76

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.6 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6 Dysphagia and aspiration after chemoradiotherapy for head-and-
neck cancer: which anatomic structures are affected and can they
be spared by IMRT ? 85
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.2 Material and methods . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.2.1 Identification of DARS . . . . . . . . . . . . . . . . . . . . . . 88
6.2.2 Treatment planning approaches with 3D–CRT and IMRT . . 89
6.2.3 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . 93

6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
6.3.1 Identification of VF abnormalities common to two intensive

chemo-RT regimens . . . . . . . . . . . . . . . . . . . . . . . 93
6.3.2 Determining DARS . . . . . . . . . . . . . . . . . . . . . . . . 93
6.3.3 Parotid glands, spinal cord, and non–specified tissue doses. . 101

6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

7 Dose heterogeneity in the target volume and IMRT to escalate the
dose in the treatment of non-small cell lung cancer. 107
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
7.2 Material and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 108

7.2.1 Patient selection and volumes definition. . . . . . . . . . . . . 108
7.2.2 General scheme of the study. . . . . . . . . . . . . . . . . . . 109
7.2.3 Treatment planning objectives. . . . . . . . . . . . . . . . . . 111
7.2.4 Treatment planning . . . . . . . . . . . . . . . . . . . . . . . 112

7.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
7.3.1 Dose distributions in the PTV . . . . . . . . . . . . . . . . . 114
7.3.2 Dose in the organs at risk. . . . . . . . . . . . . . . . . . . . . 116
7.3.3 Beam shape, number of segments and Monitor Unit ratio . . 118

7.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
7.4.1 Dose distribution in the PTV. . . . . . . . . . . . . . . . . . . 120
7.4.2 Dose in the organs at risk. . . . . . . . . . . . . . . . . . . . . 122



x Contents

7.4.3 Number of beams and IMRT delivery methods. . . . . . . . . 123
7.4.4 Limitations of the study. . . . . . . . . . . . . . . . . . . . . . 123

7.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

8 Effect of geometrical uncertainties on CRT and IMRT dose distri-
butions applied for lung cancer treatment 125
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
8.2 Material and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 126

8.2.1 Patient selection and treatment planning . . . . . . . . . . . 126
8.2.2 Simulation of the effect of geometrical uncertainties . . . . . 129
8.2.3 Volumes of interest and dosimetric parameters . . . . . . . . 132
8.2.4 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

8.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
8.3.1 Effect of uncertainties in the moving GTV . . . . . . . . . . . 134
8.3.2 Organs at risk . . . . . . . . . . . . . . . . . . . . . . . . . . 138

8.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
8.4.1 GTV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
8.4.2 Organs at risk . . . . . . . . . . . . . . . . . . . . . . . . . . 142
8.4.3 Applicability of our results in other institutions . . . . . . . . 143

8.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

9 Discussion and future directions 145
9.1 Summary of the results . . . . . . . . . . . . . . . . . . . . . . . . . 145
9.2 Dose calculation in inverse planning . . . . . . . . . . . . . . . . . . 146

9.2.1 New optimisation strategies . . . . . . . . . . . . . . . . . . . 148
9.3 Cost function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

9.3.1 EUD-based cost functions and biological optimisation . . . . 151
9.3.2 Future developments of cost functions . . . . . . . . . . . . . 155

9.4 Management of geometrical uncertainties. . . . . . . . . . . . . . . . 156
9.4.1 Future developments . . . . . . . . . . . . . . . . . . . . . . . 157

9.5 Integration of IMRT with other technical advances in radiotherapy. . 158
9.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

References 163

Summary 189

Samenvatting 193

Acknowledgments 197

About the author 199



1 Introduction

1.1 Radiotherapy and the search for dose
conformity

Together with surgery and chemotherapy, radiotherapy is one of the therapeutic
approaches most commonly used to treat cancer patients. About half the number
of cancer patients receive (also) a radiotherapy treatment that, in about half of
the cases, has a radical (curative) intent. Radiotherapy is based on the principle
of using ionizing radiation to cause irreparable damage to the DNA of tumor cells,
thus inhibiting their duplication. From the point of view of physical interaction
with radiation, tumor cells are not different from normal cells, so the irradiation is
not causing per se a selective damage in tumors. As a consequence, methods have
to be devised to maximize the effect of radiation on tumor cells and to spare the
surrounding healthy tissues as much as possible.

One method is fractionation: because normal cells have a better repair capacity
than tumors cells, the dose is usually delivered in several treatment fractions in
such a way that a better sparing of the organs at risk (OARs) is obtained and at
the same time the probability of curing the tumor is not significantly decreased.
A second method is delivering drugs that enhance the radiation sensitivity of the
tumor (radiosensitizers) or the radiation resistance of normal tissues (radioprotec-
tors). A third method is geometrically targeting the radiation, i.e. optimizing the
irradiation geometry in such a way that the delivered dose has a maximum value
in the region where the tumor is and minimum values elsewhere. This method has
been intensively pursued in the last years, and most recent technical developments
in radiotherapy can be considered as different efforts to achieve the same goal: a
better dose conformity. This can be defined as the property of a dose distribution
of being tailored to the tumor and OARs of the individual patient.

In the late 80s and early 90s the increased availability of Computed Tomogra-
phy (CT) units and the development of computerized treatment planning systems
(TPS) facilitated the implementation of three–dimensional conformal radiotherapy
(3D–CRT). 3D–CRT represented an improvement with respect to conventional ra-
diotherapy, as it allowed to design irradiation fields based on volumetric data about
the patient anatomy. Before conformal therapy, the treatment fields had a quite
straightforward shape (mostly rectangular) and were defined from bony landmarks
seen on two-dimensional projections such as fluoroscopy images. In 3D–CRT, a
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three dimensional model of the patient is available, thanks to CT data, and the
fields are shaped with a Cerrobend block or a multileaf collimator according to the
anatomy of soft tissues, i.e. target volumes and OAR.

3D–CRT is typically designed by defining a number of beam directions (typically
two to seven), each beam direction having a single portal. In other words, for a given
beam direction, a uniform intensity profile is applied. The possibility of creating a
non–uniform intensity is limited to the use of a wedge, that allows a 1–D monotonic
modulation. This means that the dose distributions of CRT treatments can be
shaped by defining beam number and orientation, field shape and weight and wedge
angle. The search for a satisfactory combination of all these components is based
on trial–and–error, thus making it practically impossible to explore all possible
alternatives and to find the best one. The beam shape definition, in particular, can
not be subject of extensive search, and beam portals are often shaped by positioning
the multileaf collimator (MLC) in the ’beam’s eye view’ (BEV) at a predefined
distance from the target volume. In the last decade, the possibility of achieving dose
conformality was further increased with the introduction of Intensity-Modulated
Radiation Therapy (IMRT).

1.2 Basic principles of IMRT

IMRT is a technical improvement of CRT, aiming at a significantly increased capa-
bility of applying non–uniform (modulated) intensity of radiation over the treatment
field. In IMRT, a beam aperture is considered as a 2–D array of independent small
beam elements (called beamlets or bixels) and it is possible, at least in principle, to
assign to each of them an intensity allowing the best compromise between tumor
irradiation and OAR sparing. The typical bixel size is between 5x5 and 5x10 mm2,
so the number of bixels involved in a IMRT treatment plan can range between 400-
1500 for a prostate treatment to 4000-5000 for complicated treatments in the head
and neck region. In some unusual cases, e.g. in the treatment of mesothelioma, up
to 12000-15000 beamlets might be needed for the optimisation of a dose distribu-
tion. The possibility of setting the intensity value of each single bixel independently
from all the other allows to create almost arbitrary intensity profiles along the two
dimensions of the beam aperture. The possibility of modulating the beam intensity
in the third dimension (along the beam axis) is lacking due to the properties of
physical interactions between photons and matter.

Since it is impossible to optimize the intensity of so many beamlets with the
trial–and–error approach used in 3D–CRT, IMRT relies on a treatment planning
procedure that is almost entirely computerized. The irradiation patterns are de-
fined by the minimization of a ’cost function’, which translates in mathematical
terms the required properties of the dose distribution in both the tumor and the
OARs. Because of the number of available degrees of freedom, and thanks to com-
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puter optimization, with IMRT it is therefore possible to accurately shape the dose
distributions in order to achieve steep dose gradients, both inside and outside the
planning target volume, and high dose conformity. IMRT dose distributions are
in general more complex than those typically applied in CRT, thus requiring com-
plex irradiation patterns to be delivered, involving either a series of several subfields
(segments) per beam direction or an approach called dynamic MLC (DMLC), where
the non-uniform intensity distributions are created by moving the MLC leaves while
the beam is on.

The large number of publications investigating the potential benefits of IMRT in
several anatomical sites (e.g. see the first review about IMRT [IMRT Collaborative
Working Group, 2001]) is a simple but evident indication of the interest in this
irradiation technique in recent years. This interest, though, did not immediately
translate in a widespread implementation of IMRT in clinical practice, mainly due
to the complexity of the technique and a major increase in workload. IMRT, in
fact, represents a major change in the way radiotherapy treatments are planned
and delivered, and its clinical implementation requires addressing several technical
issues, some of which will be discussed in this thesis.

1.3 Clinical applications of IMRT

1.3.1 Prostate

Most IMRT treatments are currently delivered to irradiate patients with cancer in
the prostate, which is also the anatomical site for which the first clinical application
of IMRT took place for a large number of patients [Zelefsky et al., 2002]. IMRT is
typically applied to prostate cancer patients to reduce the treatment toxicity of the
rectum and/or achieve dose escalation in the targe volume.

Several techniques of different complexity have been developed to achieve this
aim, depending on the dose level prescribed in the prostate and/or the thresholds
set for rectum irradiation (e.g. [Burman et al., 1997, De Meerleer et al., 2000, Xiao
et al., 2000, Klein et al., 2000, Xia et al., 2001, Damen et al., 2001, Bos et al., 2002]).
In some centers, IMRT has been applied to allow dose escalation: at Memorial Sloan
Kettering Cancer Center doses up to 86.4 Gy were reached [Zelefsky et al., 2002],
while in Gent doses up to 78 Gy were delivered using IMRT [De Meerleer et al.,
2004]. At Beaumont hospital a technique combining IMRT and Adaptive Radiation
Therapy (ART) [Yan et al., 1997] was implemented to escalate the dose up to 79.2
Gy [Martinez et al., 2001], while in our institution IMRT allowed to treat prostate
cancer patients up to 78 Gy within a randomised phase III trial [Damen et al., 2001,
Bos et al., 2002].

Given the relatively high incidence of prostate cancer, it is also worthwhile to
investigate the feasibility of IMRT techniques that are both effective and simple
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enough to be applied in the daily practice of a non-academic clinic on a large number
of patients. As a consequence, ’class solution’ approaches have been investigated in
several studies [Damen et al., 2001, Bos et al., 2002, Mott et al., 2004, Schreibmann
and Xing, 2004]. Finally, IMRT has recently been applied to prostate cancer in an
advanced stage, where not only the prostate needed to be irradiated, but also the
pelvic lymphnodes [Adams et al., 2004, Ashman et al., 2005, Nutting et al., 2000,
Li et al., 2005].

1.3.2 Head and neck

A site where IMRT has been increasingly applied over the last years is the head
and neck region. Due to the complex anatomy and the presence of several organs
at risk whose damage is associated to a significant decrease of the quality of life,
3D–CRT treatments in this region are often associated with a significant morbidity
(e.g. [List and Bilir, 2004]). The complexity of the anatomy makes a radiotherapy
treatment quite a complicated problem, and IMRT is a possible solution. A typical
example of the new possibilities provided by IMRT in the head and neck region is
the development of parotid sparing techniques; with CRT, in fact, the treatment
often consists of two opposed lateral fields, directly irradiating the parotids.

Some minor improvements can be achieved by increasing the number of fields,
but only with IMRT techniques it is possible to achieve at the same time good
target coverage and parotid sparing (see e.g. [Eisbruch et al., 1998, Wu et al., 2000,
Cheng et al., 2001, Chao et al., 2001b]. In some cases, IMRT has then applied in
the head and neck region to spare the visual pathways (e.g. [Claus et al., 2001a,b,
Lee et al., 2002].

Another advantage of IMRT in the head and neck region is the possibility of
streamlining the planning and treatment procedure. In fact, in order to irradiate
the lymph nodes in the posterior part of the neck without damaging the spinal
cord, 3D–CRT is usually delivered in at least two phases and very often with the
combination of photon and electron irradiation. With IMRT one can aim both
at a superior OAR sparing through better conformity and at avoiding the need of
cumbersome treatment procedures thanks to simultaneous integrated boost tech-
niques (e.g. [Mohan et al., 2000, Dogan et al., 2003, Fogliata et al., 2003, Lauve
et al., 2004]). However, one should notice that the application of the simultaneous
integrated boost in clinical practice is not straightforward, as it involves the use of
non–conventional fractionation.

1.3.3 Breast

IMRT of the breast has been investigated with two main aims: achieving target
dose homogeneity to improve cosmetic results and reducing the risk of late cardiac
mortality for left-sided breast irradiation. In the first case, the two tangential beam
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directions are typically kept, the same as during conventional treatment. Several
methods have been devised (e.g. see [Evans et al., 2000, Kestin et al., 2000, van
Asselen et al., 2001, Chui et al., 2002]) to obtain a technique which is both effective
and simple enough to be applied to a large number of patients. Heart sparing tech-
niques using the conventional tangential beams are associated with a compromise
between organ at risk preservation and target coverage (e.g. see [Cho et al., 2004a]),
thus leading to the development of beam orientation optimisation techniques [Cho
et al., 2004b] or to the use of deep inspiration breath-hold techniques [Sixel et al.,
2001, Remouchamps et al., 2003].

1.3.4 Lung

In the treatment of lung cancer, IMRT represents a challenge to improve the ther-
apeutic ratio of radiotherapy. The irradiation of inoperable non-small cell lung
cancer (NSCLC) patients has a disappointingly low rate of success, even for early
stage tumors [Qiao et al., 2003]. Since lack of local control is often a (con-)cause
of treatment failure (e.g. [Arriagada et al., 1991]), and a dose-effect relation was
shown in several cases [Qiao et al., 2003], an improvement is expected in radio-
therapy of NSCLC if higher doses could be accurately delivered. It was in fact
estimated that doses of 84 Gy are needed to obtain a 50% probability of 3–year
local progression-free survival [Martel et al., 1999]. 3D–CRT has shown some po-
tential for dose escalation [Robertson et al., 1997, Armstrong et al., 1997] and dose
values between 80 and 90 Gy were reached in Phase I/II dose escalation studies
[Rosenzweig et al., 2000, Belderbos et al., 2003, Rosenzweig et al., 2005]. Nev-
ertheless, for tumors with large volume and/or a concave shape these high doses
are often impossible to achieve with 3D–CRT whithout increasing the treatment
morbidity to unacceptable levels. The application of IMRT in lung is therefore a
very interesting option to evaluate. Unfortunately, delivering IMRT in the lung
region has some specific technical problems, such as the need of correctly dealing
with breathing motion during treatment preparation and delivery and of accurate
dose calculation in the presence of tissue density heterogeneities. As a consequence,
the application of IMRT to lung tumors is currently limited to a small number of
centers.

1.4 Potential problems of IMRT

The safe and effective application of IMRT poses strict demands on the accuracy
of the entire radiotherapy treatment chain. Tightly conformed dose distributions,
particularly if applied in dose escalation studies, can only be delivered in a reliable
way if: first, the target volume and the neighbouring OARs are accurately identified,
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second the 3–D dose distribution is correctly predicted and, finally, the radiation is
consistently delivered according to the treatment plan.

1.4.1 Imaging and target delineation

The imaging phase should provide accurate information on the site to be treated
from the anatomical, and possibly functional, point of view. The development of
3D–CRT was made possible also because of the increased availability of CT scan-
ners, which was not obvious 10-15 years ago. In IMRT, the possibility of designing
the dose distribution based on a pre-treatment CT scan is the bare minimum, for
two reasons:

1. In IMRT the dose distributions are usually more conformal than those ap-
plied in 3D–CRT, and therefore more sensitive with respect to geometrical
uncertainties (set-up errors and organ motion). Several repeat-CT studies
are now available for prostate patients (e.g. [Stroom et al., 1999b, Nuyt-
tens et al., 2001, Yan et al., 2001, Hoogeman et al., 2004, Deurloo et al.,
2005]) showing the extent of day-to-day variations in target volume position
and rectal wall volume. The results of these investigations suggest the need
of more accurate imaging information. One of the ways that this can be
achieved is by using Adaptive Radiation Therapy (ART), where the patient
anatomy is imaged several times during the first week of treatment, thus al-
lowing to create a model of the average tumor and OAR position. For other
treatment sites, such as the lung, the usually applied free-breathing planning
CT scan can lead to a a systematic error due to the misrepresentation of the
anatomy [Shimizu et al., 2000, Seppenwoolde et al., 2002b]. In order to take
into account the effect of breathing in the imaging phase, techniques such
as Respiratory Correlated CT (RCCT) have been proposed [Vedam et al.,
2003, Ford et al., 2003], that allow to obtain a representation of the patient
anatomy in the average position of the breathing motion. An alternative
method has also been proposed that uses ’slow’ CT data acquisition [van
Sornsen de Koste et al., 2001] to obtain a ’blurred’ GTV image representing
the envelope of tumour positions over the breathing cycle. While with RCCT
the effect of respiration is removed from the anatomy represenation, the slow
CT approach produces an image explicitly combining anatomical information
and motion information.

2. IMRT allows to obtain dose distributions with a higher spatial resolution that
can be used to ’boost’ tumor subvolumes with a higher burden of cancer cells.
Initial studies (e.g. [Chao et al., 2001a, Alber et al., 2003, Das et al., 2004])
suggest that IMRT allows indeed to put in practice the idea of ’biological
dose painting’ [Ling et al., 2000]. For the relevant tissues to be identified,
a functional rather than an anatomical kind of imaging is needed. Positron
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Emission Tomography (PET) and Nuclear Magnetic Resonance (NMR) spec-
troscopy are the most commonly used tools for functional imaging in radia-
tion oncology, but their use in clinical practice is still not as established and
standardized as CT anatomical imaging.

Even if the anatomy is correctly represented in the imaging phase, there is an
uncertainty in the delineation of the target volume due to intra-/inter-observer and
inter-modality variations . The presence of this type of uncertainty has been clearly
demonstrated for prostate [Rasch et al., 1997, Fiorino et al., 1998], head and neck
[Rasch et al., 2002, Levendag et al., 2004], breast [Hurkmans et al., 2001a] and
lung cancer [Senan et al., 1999]. Unlike set-up errors and organ motion, delineation
uncertainties can considerably change from patient to patient and, within the same
patient, for different parts of the target volume. It is therefore very difficult to define
a ’safety’ margin to compensate for this kind of error. The delineation uncertainties
are likely to be reduced by integrating anatomical imaging, functional data and
surgical information (e.g. [Klein Zeggelink et al., 2003, Daisne et al., 2004]).

1.4.2 Treatment planning

Treatment planning of IMRT, on which the work described in this thesis is focused,
is significantly more complex than of 3D–CRT. In CRT, given the limited degrees of
freedom available, the aim of ensuring a sufficient target volume coverage without
producing ’hot spots’ in the normal tissue is already very complicated. In such a
situation, the dose in the OARs in the proximity of the planning target volume
(PTV) is more the by-product of the beam arrangement needed to irradiate the
target than the result of an exhaustive optimisation process. In IMRT, even for a
homogeneous dose distribution in the PTV, it is technically possible to define and
deliver several different dose distributions, in the OAR. In other words, the dose in
the OAR is only partially a by-product of the desired dose distribution in the target
volume. The treatment planner should therefore be as specific as possible in the
description of what is a desirable dose distribution for the OAR. Because the IMRT
planning procedure is dealing with several hundreds (and possibly thousands) of
elementary beamlets rather then a few beam shapes, a planning procedure which is
almost entirely computerized is needed. By applying such a procedure, the planner
is expected not to define the intensity of each single beamlet, but to define the the
so-called cost function, i.e. to describe in mathematical terms the properties of the
desired dose distribution.

The importance of a properly defined cost function has probably been underes-
timated in the early years of IMRT, when the activity of research and development
was focused on technical aspects of beam delivery, such as the mechanical and dosi-
metrical characterization of the MLC (e.g. [Huq et al., 1995, Williams and Hounsell,
2001, Deng et al., 2001, Low et al., 2001, Hartmann and Fohlisch, 2002]). Nowadays,
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the relevance of cost function definition is commonly acknowledged, both as topic
of research projects (e.g [Thieke et al., 2003, Meyer et al., 2004, Rosen et al., 2005])
and in the development of commercial TPSs. In theory, the cost function should
be based on the knowledge of the dose-effect relation for the tumor and all OARs
involved in the irradiation. In practice, this knowledge is usually far from complete,
as the use of 3-D data in dose-effect relation studies is relatively recent and it is
not warranted that models based on 3D-CRT data can be used in a straightforward
way in IMRT. In fact, currently available data on dose-effect relations are to some
extent technique-dependent, and possibly even institution-dependent. At the same
time, a very conservative approach on radiobiological models runs the risk to end up
in a chicken–and–egg problem (’I need new biological data to use a new technique,
but I should use that technique to get the data I need’).

In some institutions, the number of patients treated with IMRT is probably large
enough to produce studies that, combining accurate dosimetric data and possibly
functional endpoints, provide a solid knowledge base for the application of IMRT.
Furthermore, in 3D–CRT the planning prescriptions do not need to specify each
single aspect of the dose distribution, because the technique has a limited number of
degrees of freedom, and the planning procedure strongly relies on the experience of a
human planner. In IMRT, the degrees of freedom are often two orders of magnitude
more than in 3D–CRT, and the only ’knowledge’ available is that provided by
the cost function. It is therefore necessary to state in great detail the desired
properties of the dose distribution, not only for the tumor volume or the OARs in
its surroundings, but, in principle, for all tissues involved in the irradiation.

Another specific problem of IMRT is that the optimized dose distribution is typi-
cally a theoretical one, i.e. it is obtained without taking into account the mechanical
and dosimetrical constraints of the linear accelerator and the device used for treat-
ment delivery (e.g. the MLC). IMRT dose distributions are characterized by high
dose conformity and/or steep dose gradients, that can not be delivered with few
beam apertures like in CRT. The dose is therefore delivered either with a sequence
of static MLC segments (’step&shoot’) or with the MLC in dynamic mode (DMLC).
The irradiation patterns are created by the so-called sequencing (or segmentation)
process, where the idealized fluence is discretized and converted into actual radia-
tion fields, each with its own shape and weight. After the segmentation, the dose
is calculated with the most accurate dose calculation algorithm available in the
TPS, that is usually different from the one used during the optimisation. These
two steps (segmentation and dose calculation) can lead to significant differences be-
tween optimized and deliverable dose distributions, and part of the IMRT treament
procedure consists of minimizing this difference as much as possible. Typically, the
best combination has to be determined between several parameters (e.g. the num-
ber of intensity levels, the maximum number of segments or the minimum number
of Monitor Units (MUs)) to guarantee that the final dose distribution will be:
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a) As close as possible to the optimized one

b) Technically deliverable in a reasonable time

c) Robust against geometrical uncertainties

d) Accurately predicted by the dose calculation algorithm.

This approach can be time consuming, and is often patient dependent, so there
is now a growing interest in optimisation schemes that overcome this problem by
tuning segment shape and weight within the optimisation cycle.

1.4.3 Treatment verification

To translate the complexity of IMRT plans from simulations to reality, a thorough
treatment verification is needed, from both the geometrical and the dosimetrical
point of view. The development of 3D–CRT prompted the systematic use of elec-
tronic portal imaging devices (EPID) and the development of ’recipes’ for PTV
definition. The periodic measurement of set-up errors based on bony anatomy is
quite common nowadays, but the accumulation of data on organ motion at the
level of the individual patient, the use of correction protocols and of carefully cho-
sen PTV margins are still not obvious. The conformity of IMRT dose distributions
demands a strict consistency between the geometrical accuracy actually achievable
and the applied margin between Gross Target Volume (GTV), or Clinical Target
Volume (CTV), and PTV. As a consequence, the diffusion of IMRT is likely to be
accompanied with further developments in the field of tumor position verification.
The availability of on-board CT imaging devices should eventually facilitate track-
ing anatomy changes during the treatment cycle and reoptimizing the treatment
plan based on the new anatomy representation, when needed.

Several IMRT techniques ask for an accurate patient positioning not only from
fraction to fraction but also within the fraction itself. The use of dynamic MLC
or of step&shoot treaments with many segments per beam might require in some
situation (e.g. large respiration motion) the use of tracking/gating systems to ensure
treatment accuracy. The interplay between beam delivery and intrafraction motion
has been the subject of several papers (e.g.[Bortfeld et al., 2002, Jiang et al., 2003])
and more real patient data are needed to validate the models presented so far.

Another significant difference between 3D–CRT and IMRT in clinical practice
is the emphasis on dose verification characterizing the latter technique. In 3D–
CRT, the dose verification used to take place when the TPS was commissioned
and with in vivo dosimetry. Even though recent guidelines on how to commission
a dose calculation algorithm are rather detailed (e.g. [Fraass et al., 1998, IAEA
International Atomic Energy Agency, 2004]), there is a common consensus that
in IMRT the commissioning phase is not sufficient to ensure that all patients will
be treated according to plan and that simple in vivo dosimetry measurements in
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one point are not enough. As a consequence, in most centers a dosimetric pre-
treatment verification is carried out for each patient, at least in the early phase
of IMRT. Such a dose verification procedure consists of the comparison between
calculation and measurements of a 2–D dose map of each irradiation field, or of
the whole treatment plan. The agreement between planned and delivered dose is
usually evaluated with the gamma index method [Low et al., 1998a,b], gamma being
a parameter combining differences in dose and in space into one figure.

A problem related to this procedure are the resources needed, as the measure-
ments are usually performed with film dosimetry in a water-equivalent phantom
and are quite time consuming. This is one of the reasons why more sophisticated
tools, such as dosimetry with electronic portal imaging devices, are now under
development. These approaches will eventually allow to combine treatment plan
verification and patient anatomy changes with 2– or 3–D in vivo dosimetry [Boel-
laard et al., 1998, Pasma et al., 1999, McCurdy et al., 2001, Partridge et al., 2002,
Louwe et al., 2003, Steciw et al., 2005].

A second problem is that the gamma evaluation as such does not provide crite-
rion for acceptability of a plan. For example, there is a general consensus about
the dosimetric and spatial difference to be used as thresholds in gamma calculation
(typically 3% and 3mm), but it is unclear to what extent these thresholds can be
violated. It might well be that it is unsafe to rely on a unique criterium of accept-
ability based on the gamma index, and that the decision on whether or not a plan
can be delivered clinically has to be decided for each individual case, considering
both technical and medical aspects.

1.5 Purpose of this thesis

Regardless of which specific event is considered as the beginning of IMRT, this
radiotherapy technique has been around for several years [Webb, 2001], so one might
think that even small clinics are now delivering IMRT as a treatment approach that
is fully mature from both a clinical and a technical perspective. This is actually
not the case, as the transition from 3–D CRT to IMRT requires a complex and long
learning process. One can buy the latest hi-tech tool, but the problem of how to use
it in a sensible manner is far from trivial. Besides economical and clinical reasons
that will not be discussed here, the relatively slow introduction of IMRT in daily
practice has also to do with technical issues related to the relative novelty and the
complexity of the technique.

The work presented in this thesis addresses some of these issues and some open
questions related to IMRT treatment planning. More precisely, the following aspects
were analyzed:

Impact of dose calculation inaccuracies on IMRT treatment plan-
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ning results.
The irradiation patterns used in 3D–CRT were such that most dosimetric
problems could be addressed by ensuring a good dosimetric model of the
open part of the beam. In IMRT treatments, both the target volume and the
organ at risk can, for a specific segment, be in the high dose region, in the
penumbra or outside the geometric edges of the segment itself. As a conse-
quence, the dose calculation algorithm must be able to handle these different
situations to evaluate the 3–D dose distribution in a correct way. Some stud-
ies (e.g. [Azcona et al., 2002]) addressed the impact of beam modeling outside
the segment edges on IMRT 1– and 2–D dose distributions. Our study was
designed to address some questions that remained open:
What is the impact of different beam models in the low dose region on the
results of IMRT optimization ? Could these differences bias the optimization
problem ? Could the differences in dose distributions obtained with different
beam models be significant from a clinical point of view ? Are the recommen-
dations on dose calculation accuracy for CRT sufficient to ensure accuracy
also in IMRT ?

Potential and limitation of ’biological’ cost functions: sensitivity of
the results with respect to the model parameters.
The degrees of freedom of IMRT can not be exploited unless the optimisation
problem is properly expressed in mathematical form through the objective
cost function. The quality of a cost function is determined by three factors:
first, the accuracy of the clinical data on which it relies, second, the valid-
ity of the functions translating the clinical knowledge into a mathematical
expression, third, the suitability of these functions for a computer based op-
timisation process. The use of radiobiological parameters in the cost function,
such as equivalent uniform dose (EUD), Tumor Control Probability (TCP)
and Normal Tissue Complication Probability (NTCP) represents in theory
the best possible choice and it was analysed in a number of studies (e.g. [Mo-
han et al., 1992, Choi and Deasy, 2002, Wu et al., 2002, 2003b, Thieke et al.,
2003]). In most cases, these studies argued for the superiority of ’biological
optimisation’ with respect to the usual ’physical optimisation’. All radiobio-
logical models, however, require to input one or more parameters value, that
in some cases are associated to large uncertainties. As a consequence, some
questions arise:
What is the impact of different model parameter values on the EUD–based
optimisation of prostate treatments ? What is the actual difference between
these new optimization approaches and the usual DVH-based cost functions ?
To what extent is it now possible and useful to perform ’biological optimisa-
tion’ ?

Sensitivity of IMRT dose distribution with respect to geometrical
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uncertainties. Geometrical uncertainties (set-up error and organ motion)
are typically taken into account in the treatment planning procedure by ap-
plying safety margins around the GTV/CTV and designing the dose distri-
bution for the PTV [ICRU, 1993]. The very conformal dose distributions ap-
plied in IMRT represent a challenge for the PTV definition, as the improved
dose conformity might cause serious target underdosage if the PTV margin
is not adequate. Moreover, the steep dose gradients applied in IMRT might
be associated with an increased risk of overdosage of organs at risk partially
encompassed in the PTV or in its close proximity. The risk that planned and
delivered dose in lung cancer are significantly different from each other, in
particular due to breathing motion, is probably the main reason why a very
promising technique such as IMRT has not been largely applied to lung can-
cer so far. We therefore carried out a study aimed at quantifying the risk of
underdosage of the target (and overdosage of the OARs) in CRT and IMRT
treatments of the lung and at addressing these questions:
What is the impact of set-up error and moderate breathing motion (up to
10 mm peak–to–peak) on dose distribution applied for the treatment of lung
cancer patients ? Do CRT and IMRT dose distributions show a different be-
haviour ? What is the benefit of using respiration-correlated CT data instead
of free-breathing CT ?

Development of IMRT techniques for tumors in the prostate, head–
and–neck and lung region. In our institution, the clinical implementation
of IMRT techniques for patients with tumor of the prostate or in the head
and neck region started back in 1997. Since then, clinical experience in the
use of IMRT was gained and more sophisticated treatment planning tools
became available. New IMRT techniques were therefore designed and tested
to meet new clinical needs. The use of IMRT was then considered also for
other regions of the body, such as the lung, where the potential for dose es-
calation of this technique was assessed. A study was designed to investigate
the following questions:
What are the benefits and the limitations of forward and inverse IMRT plan-
ning for tumors of prostate and in the head and neck region ? Is it feasible
to delineate the anatomical structures whose damage lead to dysphagia and
aspiration and to spare them with IMRT ? What is the potential of IMRT for
dose escalation in the treatment of non-small cell lung cancer ?
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Abstract. Purpose: To assess the effect of differences in the calculation of the dose

outside segment edges on the dose distribution and the optimisation process of intensity

modulated radiation therapy (IMRT) treatment plans.

Methods: Accuracy of dose calculations of two treatment planning systems (TPS1 and

TPS2) was assessed, to ensure that they are suitable for IMRT treatment planning. Ten

treatment plans for patients with prostate and head and neck tumours were then calcu-

lated. The calculations were compared in selected points and with respect to dose-volume

parameters of the planning target volume (PTV) and organs at risk (OARs).

Results: For both TPSs, the calculations agree within 2.0% or 3 mm with the measure-

ments in the high dose region for single and multiple segment dose distributions. Below

35% of the prescribed dose, TPS1 overestimates and TPS2 underestimates the measured

dose values, TPS2 being closer to the experimental data. The differences between TPS1

and TPS2 in the calculation of the dose outside segments explain the differences (up to

50% of the local value) in point dose comparisons. For the prostate plans, no differences

were found in PTV coverage, normal tissue complication probability values and results of

the plan optimisation process. The dose volume histograms (DVH) of the rectal wall differ

below 60 Gy, thus affecting the plan optimisation if a cost function would operate in this

dose region. For the head and neck cases, the two systems give different evaluations of the

DVH points for the PTV (up to 22%) and the parotid mean dose (1.0-3.0 Gy). Also the

results of the optimisation are influenced by the choice of the dose calculation algorithm.

Conclusions: In IMRT, the accuracy of the dose calculation outside segment edges is im-

portant for the determination of the dose to both OARs and target volumes and for a

correct outcome of the optimisation process. This aspect should be of major concern in

the commissioning of a TPS for use in IMRT. Fulfilment of the accuracy criteria valid for

conformal radiotherapy is not sufficient. 3-D evaluation of the dose distribution is needed

to assess the impact of dose calculation accuracy outside the segment edges on the total

dose delivered to patients treated with IMRT.
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2.1 Introduction

Intensity-Modulated Radiation Therapy (IMRT) aims at improving the target cov-
erage and/or the sparing of organs at risk, by allowing better control of the fluence
delivered from a given beam portal compared to more traditional techniques [Ling
et al., 1996, Smitt et al., 1997, Eisbruch et al., 1999a, De Meerleer et al., 2000,
Adams et al., 2001, Claus et al., 2001a]. However, this improvement comes at a
cost, which is an increased treatment complexity, from planning to verification of its
delivery [Wang et al., 1996, LoSasso et al., 1998, Low et al., 1998b, Partridge et al.,
1998, Essers et al., 2001]. Concerning the treatment planning aspects, IMRT is dif-
ferent from conventional techniques, with respect to both the irradiation patterns
(i.e. shape and number of segments) and the way they are defined (i.e. through
a computer-based process rather than a manual one). For a given gantry angle,
intensity modulation is often obtained with a non-intuitive combination of segment
shapes and weights. Also, the classical concept of defining a beam aperture in such
a way that the target is always in the open part of the segment while the surround-
ing tissues are as much as possible shielded by the jaws, or the leaves of an MLC,
is often abandoned. In IMRT treatments, both the target volumes and the organs
at risk can be, for a specific segment, in the high dose region, in the penumbra or
outside the geometric edges of the segment itself. From the point of view of dose
calculation, such an approach requires that the algorithm is able to properly han-
dle these different situations if a correct 3-D dose evaluation is needed. Moreover,
IMRT segment weights and/or segment shapes are defined through a computerized
approach that relies on a cost function to rate different solutions. This cost func-
tion is often expressed in terms of Dose-Volume Histograms (DVH) points or other
parameters in dose or volume space (e.g. the mean dose). If a parameter of the cost
function is defined in a region of the dose space where the dose is not accurately
predicted, the whole optimisation process will be biased.

The difficulty in calculating the dose outside the geometrical edges of the seg-
ment was recently recognized in a publication on the accuracy requirements for
the dose calculation algorithms [Venselaar et al., 2001]. Here it was noted that,
when differences between measurements and calculations are normalized to the lo-
cal dose value, the actual accuracy achievable with most dose calculation algorithms
changes considerably according to the irradiation geometry and the point of mea-
surement. In particular, when the comparisons are carried out in low dose and
low dose gradient regions (e.g. outside the geometric edges of the segment), the
differences between measurements and calculations can be as high as 50% for the
more complex situations.

So far, the importance of the accuracy of the dose calculation in IMRT plans
has been studied mainly with the purpose to assess the need for Monte Carlo-based
dose calculations in regions where inhomogeneity corrections play an important
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role [Jeraj and Keall, 1999, Jeraj et al., 2002, Laub et al., 2000, 2001]. Recently, a
study appeared that analyses the effect of different modelling of the transmission
through the jaws for prostate plans [Azcona et al., 2002]. The evaluation was
carried out for points in the high dose region and for one dimensional profiles, but
no estimate of this effect on the 3-D total dose distribution for an IMRT plan was
given. Implementation of IMRT has currently a high priority in many centres, and
the commissioning of the dose calculation algorithm of new optimisation software
is one aspect to be considered. In particular, it is important to identify which
additional experimental tests have to be carried out and to assess whether the
accuracies required in dose calculation for conventional radiation therapy are also
adequate for the safe introduction of IMRT.

In this work, we investigated two treatment planning systems (TPS) that present
differences in the calculation of the dose outside segment edges. Measurements in
a water phantom were carried out to ensure that both systems fulfil the accuracy
criteria of dose calculations as presented in various reports (e.g. [Fraass et al., 1998,
Venselaar et al., 2001]). Dose distributions of patients with tumour of the prostate
or in the head and neck region treated with IMRT were calculated with both TPSs
with the aim to assess: a) the impact of differences in dose calculations outside the
segment on the three-dimensional dose distribution for the volumes of interest and
b) the effect of dosimetric differences on IMRT plan optimisation.

2.2 Material and Methods

2.2.1 IMRT techniques

The IMRT techniques for prostate and head and neck tumours that are currently
clinically applied in our centre are based on manual segment definition and subse-
quent computer-based segment weight optimisation. The TPS used for this purpose
is U-MPlan (University of Michigan, Ann Arbor, Michigan), which will be called
TPS1 in this study.

Prostate treatments are planned with a Simultaneous Integrated Boost (SIB)
technique [Bos et al., 2002], which is the combination of a 5 beam IMRT ’class-
solution’ approach [Damen et al., 2001] together with the simultaneous treatment
of the primary PTV (PTV1, with a prescribed dose of 68 Gy) and the boost volume
(PTV2, with a prescribed dose of 78 Gy) [Bos et al., 2002]. A total of twenty-two
segments per IMRT plan with a predefined distance between the MLC leaves and
the anatomical structures (PTVs and/or the rectal wall) are set in beam’s eye-view,
after which a computerized segment weight optimisation is run, using a DVH-based
cost function. Only segments with more than 4 MUs are retained at the end of the
optimisation, and their final number ranges from 8 to 13 for the patients included
in this study.
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Head and neck treatments concern a parotid sparing technique for patients with
larynx or base of the tongue cancer. Segments are defined patient by patient, as
the individual anatomical variability has been found to be too complex for a ’class-
solution’ approach. Patients are usually treated in two phases, one up to 46 Gy
where the primary tumour (PTV1) and the left (LFN L) and right (LFN R) nodal
regions are treated, and a second with a boost of 24 Gy where a smaller volume
(PTV2) is treated.

In this study we analyse dose distributions related to the first phase only (i.e. up
to 46 Gy) , as these plans better represent an example of multi-segment IMRT treat-
ment. Segment weights are computer-optimised using a cost function that includes
objectives on PTVs, parotid glands and spinal cord (see Appendix). Objectives are
set to ensure a proper target coverage and to avoid overdosage, while reducing the
dose to organs at risk. For the parotids, the aim is to achieve a mean dose not
higher than 26 Gy for the whole treatment, as a strong correlation has been found
between mean parotid dose and late side effects [Eisbruch et al., 1999b, Roesink
et al., 2001]. The maximum dose to the spinal cord for the whole treatment must
be below 45 Gy. Also for the head and neck case, segments with less than 4 MUs
are discarded after the optimisation, and the final plan consists of a number of seg-
ments ranging from 11 to 19 for the patients analysed in this work. The contours of
volumes of interest for the head and neck cases were chosen not to be too close to
air cavities, in order to minimize the problem of different inhomogeneity corrections
between the two planning systems in proximity of low density regions. Also, the
equivalent field size of most segments is larger than 8 cm2, the minimum being 6.4
cm2, thus further reducing the importance of air cavities [Kan et al., 1998, Wang
et al., 2001].

2.2.2 Treatment planning systems: tests carried out in
phantoms.

The second TPS (TPS2) used in our study is Pinnacle (Philips Medical Systems,
Best, the Netherlands) version 6.0g. As the system was not used in our centre for
calculation of IMRT plans before this study, the following tests carried out in the
commissioning of TPS1 for the clinical use of IMRT were repeated comparing:

1. Measured and calculated cGy/MU value for 80 segments (53 related to head
and neck and 27 to prostate plans) used in IMRT treatments. As the main aim
of this test was to evaluate the MU calculation modules of the two systems,
the measurements were carried out with an ionisation chamber located at the
centre of the segment within a water phantom. The detector was a PinPoint
chamber (PTW-Freiburg), a device that has been proven to be suitable for
the characterisation of the small segments used in IMRT [Martens et al.,
2000].
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2. Measurements and calculations along 1-D profiles through the total dose dis-
tribution of a prostate plan. The segments used for a prostate treatment
were sequentially applied to irradiate a water phantom, and line scans were
performed with an ionisation chamber. The directions of the line scans with
respect to the segments were such that the sum of all scans corresponds to a
one-dimensional scan of the total dose distribution, where the patient shape
is approximated to a pentagon-like water phantom (see Damen et al. [Damen
et al., 2001] for details).

3. Measurements and calculations along dose profiles for single IMRT segments
used in head and neck treatment.

4. Measurements and calculations for the total dose at a point for head and neck
treatments. In this test, the segments used in the treatment of one patient
were applied to a cylindrical phantom made of water-equivalent material,
with the same gantry and collimator orientations as used during the clinical
treatment. The treatment consisted of 16 segments, 4 of them delivered with
non coplanar beam orientations. We measured the dose delivered by the
remaining 12 segments with coplanar beam orientation. Measurements were
carried out with an ionisation chamber located at the same positions for all
segments, in order to evaluate the accuracy of TPS1 and TPS2 for different
locations of the point of measurement with respect to the segments. We
selected a measurement point in the open part of one segment, while it was
outside the geometrical edges of the remaining 11 segments.

In the low dose gradient regions, the difference between measurements and calcu-
lation was defined as

Δmeas,i = 100 × (Dmeas − Dcalc)/Dmeas (2.1)

Δmeas,tot = 100 × (Dmeas − Dcalc)/Dmeas (2.2)

for the dose delivered at a point by a single segment i and by the total number of
segments, respectively. The local dose value was considered, for both measurements
and calculation. In the high dose gradient regions we evaluated the difference in mm
rather than using Eqs. 2.1 and 2.2. The tests we performed should not be considered
as an exhaustive evaluation of TPS1 and TPS2 with respect to MLC modelling.
Such an approach would require a quantitative evaluation of single aspects, such as
the influence of ’tongue-and-groove’ effect and the rounded leaf ends on the dose
distribution, which were beyond the purpose of our study. Instead, we focussed
our experimental measurements on the assessment of the overall accuracy of the
two TPSs in the calculation of dose distributions relative to single segments and to
overall irradiation patterns for typical IMRT treatments.
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2.2.3 Comparison between dose distributions

The DVH calculation modules of the two systems were tested, by comparing various
DVHs with those calculated by an in-house developed algorithm, enabling to handle
volumes and doses generated by either TPS1 or TPS2. The results showed that
the evaluation of dosimetric differences is not biased by using for each TPS its own
DVH module, provided that in TPS2 a 2 mm dose calculation grid is used for head
and neck cases. To compare treatment plans based on CT datasets (5 of patients
with prostate cancer, and 5 of patients with cancer in the head and neck region),
a software module was used that converts the files describing images, contours and
segment settings from TPS1 to TPS2 format. The plans calculated and optimised
in TPS1, and accepted for clinical use, were transferred to TPS2, where for each
segment the same number of MUs as calculated by TPS1 was applied.

Point dose values

A comparison between TPS1 and TPS2 was carried out at selected points in CT
scans. From three treatment plans of head and neck patients and four plans in the
prostate region, 40 points were selected (20 for each site). Both the dose delivered
by each segment and the position of the point with respect to the segment were
recorded. In total, 345 segments were analyzed. A point was considered to be
inside a segment if the dose received from the segment was at least 50% of the dose
received by another point located in the centre of the segment and at the same depth
as the point under analysis. For both treatment sites, the points were selected in
such a way that they were within the volumes used in the DVH comparison and
distributed over the whole dose range. In low dose gradient regions, the difference
between TPS1 and TPS2 was calculated as

ΔTPS,i = 100 × (DTPS1 − DTPS2)/DTPS1 (2.3)

ΔTPS,tot = 100 × (DTPS1 − DTPS2)/DTPS1 (2.4)

for the dose released at a point by a single segment and by the total number
of segments, respectively. Again, the local dose value was considered, for both
measurements and calculation. In the high dose gradient regions, we evaluated the
difference in mm rather than using Eqs. 2.3 and 2.4. Two possible correlations
were tested to assess the influence of the dose outside the segment in the different
dose values calculated by the two systems:

1. A correlation between ΔTPS,tot at a point and the dose given by the segments
that do not directly irradiate that point. If differences between TPS1 and
TPS2 in calculation of the dose outside the segment are indeed the main cause
of the differences in the total dose, this relation should show an increase of
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the differences for an increased importance of the dose given by segments
that do not hit the point under analysis.

2. A correlation between ΔTPS,tot at a point and the value of the total dose in
that point relative to the isocentre. Such a correlation can be used to assess
whether differences in calculation of the dose outside the segment between
TPS1 and TPS2 affect the various dose ranges in a different way.

Dose-volume parameters

The parameters used in the evaluation were:

Prostate patients:

– Mean dose in PTV2.

– Percentage of volume of PTV2 that receives at least 95% of the pre-
scribed dose (VD95%).

– Percentage of volume of PTV(1-2) that receives at least 95% of the
prescribed dose (VD95%). PTV(1-2) is the volume produced by sub-
tracting PTV2 from PTV1.

– Percentage of volume of rectal wall that receives at least 45 Gy, 65 Gy,
70 Gy and 75 Gy (V45Gy,V65Gy,V70Gy and V75Gy, respectively) and the
NTCP of the rectal wall. The NTCP was calculated using the Lyman-
Kutcher-Burman model with the parameters D50 = 80 Gy, n = 0.12
and m = 0.15 [Burman et al., 1991, Lyman, 1985]. All these parameters,
except V45Gy and NTCP for the rectal wall, were included in the cost
function used in segment weight optimisation [Bos et al., 2002].

Head and neck patients:

– Mean dose in the target volumes (PTV1 and nodal regions).

– Volume percentage of target volumes that receives at least 95% and
90% of the prescribed dose (VD95% and VD90%, respectively).

– Mean dose in parotids.

All these parameters were included in the cost function used in segment weight
optimisation (see Appendix).

Effect of dose differences on the optimisation process

As Jeraj et al. [Jeraj et al., 2002] have shown, the use of different dose calculation
algorithms in IMRT optimisation can lead to two different kinds of discrepancies.
On one hand, differences can arise by taking the solution proposed by one algorithm
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and re-evaluating it with a different one. We assessed this difference (which Jeraj
defines as the systematic error) by recalculating in TPS2 the plans optimised in
TPS1. On the other hand, discrepancies can be related also to different shapes of
the solution space. In fact, the space of the possible solutions, being determined
by both the dose calculation and the cost function, is in principle different when
different dose calculation algorithms are used. We evaluated this component (which
Jeraj defines as the convergence error) in two ways:

1. For the two patient categories, we assessed whether the differences in the
dose calculation have an impact in the dose region where the cost function
was defined;

2. For one patient with a head and neck tumour, we took the same segment
definition and the same cost function in TPS1 and TPS2, but using their own
dose calculation algorithms to optimise the segment weights. This test was
intended to assess whether the differences between the two dose calculation
algorithms are so large that different sets of segments would be required in
the two systems to reach the plan objectives.

2.3 Results

2.3.1 Calculations vs. measurements in a water phantom.

For the segments applied for IMRT of prostate and head and neck patients, Δmeas,i

has a mean value of 0.7% and 0.6% for TPS1 and TPS2, respectively. All values of
Δmeas,i are within 2.5%, except for a few segments that are either far off-axis (centre
of the segment displaced by 5 cm or more in at least one direction) or very elongated
(Fig. 2.1). For these segments, the differences ranged from 3.0% to 15% for TPS1
and from 3.4 to 10% for TPS2. Comparison between measurements and calculation
of the total dose distribution for a prostate treatment showed values of Δmeas,tot

within 3 mm or 2% (for high and low dose gradient regions, respectively) where
the dose is higher than 35% of the prescribed dose (Fig. 2.2). The calculations are
for TPS 1 and TPS2 on either side of the measurements; TPS1 is overestimating
while TPS2 is underestimating the measured values. This means that, in the high
dose gradient region, ΔTPS,tot could in some points be as large as 5 mm. When the
dose is lower than 35% of the dose at the isocentre, Δmeas,tot ranges from 10.5% to
15.5% for TPS1 and from −7% to −9.5% for TPS2.

For head and neck treatments, evaluation of both profiles of single segments and
of the total dose at a point shows the same trend; the two systems give different
estimates of the dose outside the geometric segment edge: TPS1 overestimates the
dose and TPS2 underestimates it, with TPS2 somewhat closer to the measured
values (Fig. 2.3). For instance, a comparison of calculated and measured dose was
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Figure 2.1: Frequency of differences between calculation and measurement of cGy/MU
values for prostate and head and neck treatments. The values on the X-axis are defined
according to (Eq. 2.1). The values in the last bin (|diff | > 2.5) range from 3.0% to 15%
for TPS1 and from 3.4 to 10% for TPS2.

carried out at a point for a head and neck treatment geometry with 12 segments.
This point was directly irradiated only by one segment, and its measured total dose
was 22.6% of the dose at the isocentre. The total dose values calculated by TPS1
and TPS2 were 28.1% and 19.0% of the dose at the isocentre, respectively.

2.3.2 Comparison between CT-based plans

Comparison between dose calculations at selected points

The results presented in Fig. 2.4 show the correlation between ΔTPS,tot and the
relative contribution of the dose outside the segment to the total dose at the point
under analysis. The linear regression coefficient R2 for the linear fit to this relation
has a value of 0.92. For the prostate cases ΔTPS,tot is also correlated with the total
dose (i.e. ΔTPS,tot increases for decreasing values of the total dose) while a weaker
correlation has been found for the head and neck treatments. In the prostate plans,
when the total dose is higher than 80% of the prescribed dose, either all segments
directly irradiate the point under investigation or, in any case, the contribution
from the fields not hitting the point is minimal. A point is in general outside all
segments when its dose is lower than 15% of the prescribed dose (see Table 2.1).
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Figure 2.2: Comparison between calculated and measured dose profile in a prostate plan
along a line in the AP direction starting from the isocentre. The two vertical lines indicate
the position of the anterior (A) and the posterior (P) edge of the rectal wall in the patient.

Comparison between volumetric parameters

An example of the dose distribution characteristics for the IMRT plans calculated
in TPS1 and TPS2 is given in Tables 2.2 and 2.3, for one prostate and one head
and neck case.

For all patients, the prostate results show good agreement for all parameters
concerning the PTVs, i.e. the mean dose, VD95% of PTV2 and VD95% of PTV(1-2).
Concerning the rectal wall, for at least 4 out of 5 patients the differences in NTCP,
V70Gy and V75Gy are smaller than 2%, while for 3 out of 5 patients the differences
in V45Gy are larger than for the other rectal wall parameters, ranging from 0.8% to
9.2%. Except in one case, all values of V45Gy and V65Gy calculated by TPS1 are
higher than those calculated by TPS2, while V70Gy and V75Gy values tend to be
lower when calculated by TPS1. Fig. 2.5 shows a typical example of the DVHs
calculated by the two systems for a prostate case. For the head and neck cases,
there are differences in the PTV dose distributions concerning in particular the
mean dose (up to 4%), and, to a larger extent, VD90% (up to 22.1%). Except in one
case, all VD95%,VD90% and mean values calculated by TPS2 are higher than those
calculated by TPS1. A correlation was found between differences in mean dose and
differences in VD90% . Concerning the parotid mean dose, TPS1 predicts in all cases
higher values than TPS2; the mean difference is 2.1 Gy (range 1.0 - 3.1 Gy). There
is no correlation between the mean parotid dose and the differences between the
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Table 2.1: Dose from nine segments in three selected points for a prostate plan. For each
of the three points, the contribution calculated by TPS1 and TPS2 and the position of the
segment with respect to the point is reported (I(in) = open part of the segment), E(edge)
= outside the segment, less than 1 cm from the edge, O(out) = outside, more than 1 cm
from the edge). Values are expressed as a percentage of the isocentre dose.

Point 1 2 3

Segment MUs TPS1 TPS2 Pos TPS1 TPS2 Pos TPS1 TPS2 Pos

1 66 5.2 3.6 E 22 22.1 I 28.2 28.1 I

2 8 0.1 0.0 E 0.0 0.0 O 0.1 0.2 E

3 51 1.2 0.5 E 4.9 2.0 E 18.3 18.5 I

4 7 0.1 0.0 O 0.1 0.0 O 1.9 1.3 I

5 50 1.8 0.4 E 29 29.1 I 22.8 22.1 I

6 10 0.1 0.0 O 0.7 0.2 E 0.3 1.2 E

7 55 1.0 0.3 E 7.4 6.1 E 19.5 19.6 I

8 10 0.0 0.0 O 0.1 0.1 O 3.2 3 I

9 11 0.2 0.0 O 0.2 0.1 O 4.7 4.5 I

Dtot(%isoc) 9.7 4.8 64.4 59.7 99.0 98.5

Table 2.2: Characteristics of the dose distributions of IMRT treatments for prostate
patients.

Patient 1 2 3 4 5

TPS TPS1 TPS2 TPS1 TPS2 TPS1 TPS2 TPS1 TPS2 TPS1 TPS2

PTV2

Mean(Gy) 77.7 78.6 77.6 77.5 77.8 78.5 77.3 77.5 76.1 76.4

VD95%(%) 98.8 98.7 98.9 97.6 99.5 99.6 99.2 99.9 78.6 79.5

PTV(1-2)

VD95%(%) 99.9 99.9 99.9 99.9 99.7 100 98.8 99.0 98.0 97.8

R. wall

V45Gy(%) 58.7 52.3 39.7 37.0 83.8 75.7 57.1 47.9 76.7 75.9

V65Gy(%) 40.7 40.5 17.1 14.4 65.0 54.4 19.7 19.6 52.0 52.8

V70Gy(%) 15.4 17.3 8.2 8.5 29.5 30.1 11.5 12.5 30.7 31.2

V75Gy(%) 0.4 52.6 1.7 1.8 4.0 9.0 0.6 1.4 1.8 0.8

NTCP(%) 6.6 6.9 3.2 2.8 13.2 12.7 4.8 4.8 12.7 12.9
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Figure 2.3: Comparison between calculated and measured dose at a point in a head
and neck treatment geometry with 12 segments. This point is directly irradiated only
by segment 10, and its measured total dose is 22.6% of the dose at the isocentre. The
total dose values calculated by TPS1 and TPS2 are 28.1% and 19.0% of the dose at the
isocentre, respectively.

values calculated by the two systems. Fig.2.6 shows a typical example of the DVHs
calculated by TPS1 and TPS2 for a head and neck case.

Effect of dose differences on the optimisation process

For our IMRT technique of prostate treatment, the differences between the two dose
calculation algorithms appear for doses below 60 Gy for four out of five patients,
while all plan objectives are related to dose values ≥ 65 Gy. This means that,
using our cost function, the solution space calculated either by TPS1 or by TPS2
is essentially the same, and therefore the optimisation will converge to the same
solution regardless the type of dose calculation algorithm. For head and neck cases,
the results of the optimisation are influenced by the choice of the dose calculation
algorithm. Because the differences occur both in the high and in the low-dose
region, the two systems behave differently in the evaluation of the DVH points for
the PTV and parotid mean dose, that are used as objectives for segment weight
optimisation.

For the treatment plan where the dose distributions calculated by TPS1 and
TPS2 were optimised with the same cost function, it was possible to achieve an
equivalent PTV coverage with just a different distribution of the segment weights.
The difference between the two solutions concerns the parotid, as TPS2 predicts a
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Figure 2.4: Relation between the contribution to the total dose of the dose outside the
segments and Dtps,tot. On the x-axis, the contribution from the dose outside the segments
is expressed as a percentage of the total dose at that point. (For x = 0%, all segments
are irradiating the point directly, while for x = 50%, half of the dose is given by segments
directly irradiating the point and the other half results from the dose outside the other
segments). The solid line represents the linear fit for this relation. The values on the
Y-axis are defined according to Eq. 2.4.

lower mean dose compared to TPS1 ( 21.1 Gy vs. 23.8 Gy), but there was no need
to add segments or to modify the shape of the existing segments to achieve the plan
objectives.

2.4 Discussion

The clinical implementation of complex treatment techniques like IMRT is strictly
associated with the need of a dedicated QA programme of all phases of the treat-
ment, from planning to delivery. Concerning the dose calculation, several studies
have dealt with the problem of the accuracy needed for IMRT dose calculations in
the presence of tissues inhomogeneities, emphasizing the role of Monte Carlo-based
codes, both in plan verification and during the optimisation process. Jeraj et al.
[Jeraj et al., 2002] pointed out that the use of different dose calculations algorithms
during fluence optimisation leads in principle to different solutions. These authors
showed that an accurate dose calculation algorithm is needed for all phases of the
optimisation and not only after the segmentation, in particular when the effect of
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Table 2.3: Characteristics of the dose distributions of IMRT treatments for head and
neck patients. Patient 7 did not receive treatment of the left nodal region.

Patient 1 2 3 4 5

TPS TPS1 TPS2 TPS1 TPS2 TPS1 TPS2 TPS1 TPS2 TPS1 TPS2

PTV1

Mean(Gy) 47.5 45.6 46.2 45.6 47.5 45.9 47.0 45.8 48.0 48.0

VD95%(%) 99.5 99.2 99.5 99.8 99.5 97.9 99.9 99.1 100.0 99.9

VD90%(%) 99.5 77.4 96.2 89.3 98.4 85.2 96.5 90.5 99.5 99.4

LFNL

Mean(Gy) 46.1 44.7 - - 46.0 44.8 46.3 45.5 46.6 45.5

VD95%(%) 99.4 95.9 - - 99.8 98.9 99.8 99.5 99.8 96.1

VD90%(%) 93.8 76.0 - - 97.0 82.9 95.5 91.9 97.0 81.2

LFNR

Mean(Gy) 44.7 44.2 46.8 46.5 46.1 44.9 45.8 44.9 46.5 45.4

VD95%(%) 96.7 93.8 100.0 99.9 99.7 99.3 99.4 98.3 99.8 94.7

VD90%(%) 78.7 70.8 99.2 95.3 97.2 86.3 89.0 73.0 96.0 77.8

R Parotid

Mean(Gy) 23.7 20.6 15.9 13.3 15.6 12.6 23.0 21.0 36.7 35.7

L Parotid

Mean(Gy) 23.7 22.7 26.0 24.2 14.2 12.4 24.6 22.5 26.8 24.2

tissue inhomogeneity is significant, like in lung treatments.
Although the accuracy in dose calculation might not always be so difficult to

achieve as in lung, the IMRT treatment plans are still demanding for an accurate
dose calculation algorithm, because the irradiation patterns are usually composed
of many small and off-axis segments. In such a case, the dose calculation in the
penumbra region as well as outside the segment becomes a critical issue. Azcona et
al. [Azcona et al., 2002] found that, without a correct tuning of the primary x-ray
fluence through the jaws, the differences between measured and calculated dose in
the high dose region for a five-beam IMRT prostate treatment can be as high as
11.3%. They demonstrated in particular the importance of the so-called ’beam-
fitting’ process, i.e. the phase prior to TPS commissioning when the parameters
that describe a model of the beam properties must be tuned in order to match
the measured values in some selected geometries. In many cases the beam fit can
not lead to a perfect agreement between measurements and calculations for all
situations. Trade-offs have to be made between different requirements that might
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Figure 2.5: DVHs of PTV2 and rectal wall for a prostate treatment plan. Triangles
and circles indicate DVH points used in the computerized optimisation for rectal wall and
PTV2, respectively

slightly compromise the dose calculation in specific cases, but provide an overall
good agreement for the wide spectrum of beam settings that are encountered in
clinical practice. This does not mean that control of the accuracy of the dose
calculation must not be strict. On the contrary, the overall performances of the
dose calculation algorithm can still be defined with a rigorous method, e.g. using
the concept of confidence limit, as suggested by Venselaar et al. [Venselaar et al.,
2001], but in a way that is compatible with the real practice, where many data
points in comparable situations are taken into account.

2.4.1 Single segments and point dose values.

The two systems show a very different degree of agreement with the measurements
depending on the position of the point under analysis with respect to segment
edges. When a point is in the centre of the segment, even for off-axis or elongated
segments, the calculated values of both TPS1 and TPS2 are in 95% of the cases
within 3% of the measured value, which agrees with the tolerance proposed by two
recent recommendations [Fraass et al., 1998, Venselaar et al., 2001]. On the other
hand, when the point under analysis lies outside the segment edges, the differences
increase by more than a factor of 10 and are in two cases larger than the proposed
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Figure 2.6: DVHs of the PTV and one parotid in a head and neck treatment plan.

tolerance of 50% [Venselaar et al., 2001] of the local dose value or of 5% of the
isocentre dose, as proposed by another report [Fraass et al., 1998]. The differences
between the two systems in this region are increased by the fact that they are on
either side of the measured value; TPS1 overestimates the dose outside the segment,
while TPS2 underestimates it. This can lead to very large differences for the points
that are outside all segments (Fig. 2.4).

2.4.2 Comparison between 3-D dose distributions in
CT-based plans.

The IMRT plans analysed in our study can be considered, with respect to segment
setting, as an intermediate between conventional 3D-CRT plans and IMRT plans
where a large number of segments, or a dynamic MLC approach, is applied to
produce highly modulated intensity patterns. In prostate treatments, for instance,
the vast majority of the points belonging to the boost volume are irradiated by
all segments, while the points belonging to the rectal wall are mostly close to the
segment edge or below the MLC leaves, as in a 3D-CRT treatment. Therefore, for
such a site, an accurate dose calculation outside the segment edge is much more
important for the organ at risk than for the target volume. On the other hand,
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the PTV in treatments of the head and neck region requires a different approach
due to the complexity of the patient anatomy, and a number of segments only
irradiate parts of the PTV. As a consequence, the dose coming from the regions
outside segment edges contributes also to the total dose of the PTV. Because of
these different irradiation geometries, the differences between TPS1 and TPS2 in
head and neck PTV mean dose values are larger than for prostate treatments. The
differences in VD90% are in some cases quite dramatic, being as high as 20%. On the
other hand, there is a correlation between differences in VD90% and the differences
in mean dose, thus suggesting that, if the two DVHs were normalized to the same
mean dose, the differences in VD90% would be smaller. Furthermore, the DVH
curves are very steep in this dose region, and therefore small shifts in dose translate
into large shifts in volumes. Therefore, the primary cause of the differences between
the values of VD90% is the different mean dose value calculated by the two systems
rather than a difference in the shape of DVH curves.

The comparison of DVHs for OARs shows a common behaviour in both prostate
and head and neck treatments. If the dose is lower than 75-80% of the prescribed
dose, TPS1 systematically overestimates the dose compared to TPS2, while for
doses higher than 80% the dose values calculated with the two systems have much
better agreement. This effect is due to an increasing importance of the dose outside
the segment for decreasing values of total dose, for prostate plans in particular.

The point dose measurements in combination with the limited number of line
scans performed in this study do not allow accurate assessment of a measured
volumetric dose distribution of PTV or OAR. Although the water phantom mea-
surements, as given for instance in Fig. 2.2 and 2.3, suggest that the actual DVH
curve will lie between those calculated by TPS1 and TPS2, no measured data are
currently available. Such data can be obtained by irradiating a stack of radiographic
films in a suitable solid phantom. Another possibility might be to validate the full
3-D dose distribution calculated with clinically applied treatment planning systems
with Monte Carlo calculations, assuming that the latter compute dose distributions
accurately.

2.4.3 Effects of dosimetric differences on plan optimisation.

The effect of dosimetric differences on plan optimisation is the result of the com-
bination of two elements: the dose differences themselves and the characteristics
of the cost function. As a consequence, differences in dose calculation will have
different effects on the optimisation process for PTV and OARs and for prostate
and head and neck treatments.

PTVs
The cost functions used in prostate and head and neck optimisation are sim-
ilar for the PTV, as the plan objectives for both sites concern PTV coverage,
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mean dose and maximum dose. Nevertheless, for prostate optimisation the
effect of the dose outside the segment is negligible, while it is important in
head and neck optimisation. Consequently, for head and neck treatments the
choice of the dose calculation algorithm will affect the optimisation outcome.

OARs
Although the differences in DVH curves show a common behaviour for the
rectal wall and for the parotids, the optimisation of plans is affected by those
differences only for the head and neck treatment. This is due to the different
characteristics of the cost function. For prostate, the clinical data which form
the basis of the currently applied cost function suggest that rectal wall side
effects are only related to dose values higher than 60 Gy [Boersma et al.,
1998]. This value corresponds to about 77% of the prescribed dose, and
therefore all plan objectives are in a dose range where the two algorithms
have good agreement. This is also the explanation of the small differences
found in NTCP values. In fact, in the current NTCP model, the value of
the n parameter is quite small (n = 0.12), and therefore the NTCP value
is much more sensitive to the high dose region, where the two systems are
in good agreement, than to the dose values where differences were found.
However, there is emerging evidence that also doses between 40 and 50 Gy
are correlated with damage to the rectum related to side effects [Fiorino
et al., 2002, Skwarchuk et al., 2000]. If this is the case, then the cost function
used in prostate optimisation has to be redesigned. As a consequence, the
optimisation of prostate plans will also be affected by the differences in dose
calculation outside the segment edge. For salivary glands, late effects are
correlated to the parotid mean dose, a parameter that is affected by low dose
values, and therefore different values of the dose outside the segment affect
the results of the optimisation process.

2.4.4 Applicability to IMRT of dose accuracy tolerances for
CRT.

According to the experimental tests we performed and the tolerances for the accu-
racy of dose calculation proposed by various reports, TPS1 and TPS2 can both be
considered suitable for clinical use. On the other hand, the results obtained suggest
that, as far as the dose calculation outside the segment edges is concerned, IMRT
treatments require a different approach with respect to accuracy compared to CRT.

Deriving recommendations for tolerances for the accuracy of dose calculation for
IMRT in general, or even for the cases discussed in this paper, is a complex prob-
lem. First, the method presented in our study has to be modified to be suitable
for defining such recommendations, as one would need to repeat for several situa-
tions the kind of measurements reported in Fig. 2.3. The points analysed in our
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comparison (Fig. 2.4) can not be randomly distributed in an irradiated volume. In
fact, they must have some specific properties, like covering the whole dose range,
and being in a proper position with respect to all segments, i.e. as much as possible
either in the open part or completely outside the segment, but not in the penumbra.
Combining these requirements with the difference in geometry between a phantom
and a patient and the limited number of ionisation chamber positions, we end up
with a situation where performing a sufficiently large number of measurements is
impractical. An alternative would be to make a treatment plan directly for a phan-
tom irradiation, thus taking into account these geometrical constraints from the
beginning. Furthermore, the validity of a general statement about the required
accuracy will be limited because IMRT techniques can be very different in terms of
degree of modulation and delivery method.

Experimental assessment of the 3-D dose distribution for every single IMRT
technique is probably at this moment the best approach. If such a task could
not be accomplished, at least a proper combination of point, 1-D and 2-D dose
measurements should be devised, making sure that such a a procedure allows an
accurate determination of the dose distribution over the whole dose range in a 3-D
volume of interest. For example, if the issue under analysis is the dose outside
the segment edges, it is very important to properly sample the middle to low dose
region. As a consequence, it is possible that orthogonal scan lines in the AP, LR
and HF directions crossing each other at the isocentre are not providing the desired
information and that one should choose to scan the dose distribution in areas more
peripheral with respect to the center of the target.

2.5 Conclusion

In the commissioning of a TPS for IMRT treatments, the accuracy of the calcula-
tion of the dose outside the segment is of major concern, also when the degree of
modulation and the number of segments are not extremely high. Even for relatively
simple IMRT techniques, the fulfilment of accuracy requirements for dose calcula-
tions valid for CRT is not adequate. 1-D and 2-D tests are no longer sufficient to
appreciate the differences between measurements and calculation, and the complete
3-D dose distribution delivered to the patient should be evaluated. In the defini-
tion of cost functions for IMRT, the choice of the plan objectives has to be carried
out with knowledge of the effects of dose calculation accuracy on the optimisation
outcome.
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2.6 Appendix

The score function applied for optimisation of head an neck plans between 0 and
46 Gy was the following:

Structure Evaluator(parameters) Modifiers(parameters) Weight
PTV DVH point(41.4 Gy) Floor(99% vol, slope 5) 1.0
PTV DVH point(43.7 Gy) Floor(97% vol, slope 5) 1.0
PTV Thresh(49.2 Gy) Passthrough(n 2) 1.0
PTV Mean Equal 46 Gy, slope 20 1.0
Parotid Mean Ceiling(20 Gy, slope 3) 1.0
Spinal cord Max Ceiling(40 Gy, slope 10) 1.0
External Max Ceiling(49.2, slope 5) 1.0

The score function is based on the evaluation of the dose in the PTVs, the parotids,
and the spinal cord. The score function is composed of different objectives or
costlets. The dose distribution in the structures is evaluated using an ”evaluator”
to yield a number, which is modified with a user-defined function to get the penalty.
The prescribed dose is 46.0 Gy at the isocentre or at another prescription point
within the PTV.
The results obtained in the boost plan, that is calculated before planning the large
volume treatment, might change the parameters of the parotid(s) and the spinal
cord, whose plan objectives are related to the whole treatment. The values given in
the table for the organs at risk were set in order to ensure that the dose delivered
to these organs, after the delivery of the boost, did not exceed the overall tolerance
levels (i.e. 26 Gy for the parotid gland and 50 Gy for the spinal cord).
The types of evaluators used in the score function are:

DVH point Volume that is at or above a certain dose
Thresh If (dose > Thres) → Evaluator = Σ(doseThresh)n

If (dose ≤ Thresh) → Evaluator = 0
Mean Mean dose in the organ
Max Max dose in the organ

The types of modifiers used in our score function are:

Floor The returned costlet is zero if the evaluator is above the prescribed
objective, and equals the difference with that threshold multiplied with a
factor (called the slope) if it is under that threshold.

Passthrough The returned objective is equal to the value of the evaluator.

Equal The returned objective is the difference between the evaluator and
the prescribed target, multiplied with the slope.
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Ceiling The opposite of the Floor function: a non-zero objective is returned
if the evaluator is above the prescribed target.

The costlets are added using a user-defined weight to form the total penalty. The
tradeoff between the various components of the score function is thus governed by
the weights and nature of the evaluators and the modifiers.
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Abstract Purpose: To compare two methods to generate treatment plans for intensity

modulated radiotherapy (IMRT) of prostate cancer, delivered in a step-and-shoot mode.

The first method uses fluence optimization (inverse planning) followed by conversion of the

fluence weight map into a limited number of segments. In the second method, segments

are manually assigned using a class solution (forward planning), followed by computer

optimization of the segment weights.

Methods: Treatment plans for IMRT, utilizing a simultaneous integrated boost, were cre-

ated. Plans comprise a five-field technique to deliver 78 Gy to the prostate plus seminal

vesicles. Five patients were evaluated. Optimization objectives of both planning ap-

proaches concerned dose coverage of the target volumes and the dose distribution in the

rectal wall. The two methods were evaluated by comparing dose distributions, the com-

plexity of the resulting plan and the time expenditure to generate and to deliver the plan.

Results: For both planning approaches 99% of the target volumes received 95% of the

prescribed dose, which complies with our planning objectives. Inverse planning resulted

in more conformal dose distributions than forward planning (conformity index: 1.37 versus

1.51). Inverse planning reduced the dose to the rectal wall compared to a manually de-

signed plan, albeit to a small extent. The theoretical probability of severe rectal proctitis

and/or stenosis was reduced on average by 1.9% with inverse planning. Maximal sparing

of the rectal wall was achieved with inverse planning for a patient whose target volume

was partly wrapped around the rectum. The number of segments generated with inverse

planning ranged between 33 and 52, and between 9 and 13 segments for manually created

segments.

Conclusion: Dose coverage of the planning target volumes is adequate for both approaches

of planning. Inverse planning results in slightly better dose distributions with respect to

the rectal wall compared to manual planning, at the cost of an increase of the number of

segments by a factor of 3.
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3.1 Introduction

Treatment plans for intensity modulated radiotherapy (IMRT), delivered in a step-
and-shoot mode, are either generated by manually assigning segments, often referred
to as forward planning, or by inverse planning, which is an automated procedure
based on fluence optimization. Manually assigned segments can be subjected to an
optimization procedure, in which segment weights are computer optimized using a
score function. In this phase, the dose distribution is continuously evaluated by the
planner with respect to the segment shapes and improved if possible. Since the seg-
ments are designed by the planner, all sorts of field limitations (minimum segment
size, minimum number of monitor units, asymmetry tolerance of the segments)
that ensure the quality of treatment delivery and dose calculations are guaranteed.
Furthermore, control of the treatment time (number of segments) is established.

Inverse planning is characterized by generation of fluence weight maps by opti-
mization, using a score function. The fluence weight maps are subsequently dis-
cretized into a number of intensity levels, and systematically downgraded to a num-
ber of segments (sequencing) that, when applied, approximate the fluence weight
maps. These processes are aimed at generating a desired dose distribution on the
one hand, but on the other hand may employ feedback mechanisms in order to
approximate the calculated fluence weight maps [Beavis et al., 1901], guarantee de-
livery of the created segments [Bar et al., 2001, Cho and Marks, 2000, Seco et al.,
2002], reduce the number of segments [Bar et al., 2001], or minimize the delivery
time [Siochi, 1999]. This process, in which several objectives interact, may pro-
duce segments with shapes that could not be foreseen by only taking into account
the internal geometry of the patient. Thus, potentially, plans created with inverse
planning exhibit a higher degree of complexity compared to manually designed
segments, which may result in more favorable dose distributions.

In this study the process of manually designing segments was compared to a so-
phisticated inverse planning system, named Hyperion [Alber et al., 2000] (University
of Tübingen), in which segments are generated in an automated manner. The aim
of this study was to evaluate two approaches of planning to create step-and-shoot
IMRT plans for the treatment of prostate cancer. A comparison was performed
between plans created by both approaches on the basis of dose distributions and
treatment delivery.

3.2 Material and methods

3.2.1 Definitions

In this planning study we used CT data of patients who had been irradiated previ-
ously for prostate cancer. The patients were scanned in supine position. Delineation
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of the organs was performed on the CT images, using our 3D treatment planning
system (TPS) (U-MPlan, University of Michigan). In each CT image the gross
tumor volume (GTV) and relevant organs at risk, i.e., rectal wall, femoral heads
and the bladder, were outlined and digitally stored. The bladder dose is not eval-
uated, because it is not considered as a doselimiting organ. The GTV consists of
the prostate plus seminal vesicles. No margin was applied from GTV to the clinical
target volume (CTV), because we assumed that coverage of subclinical disease, if
present, is accounted for by the beam penumbra. The outer rectum contour was de-
lineated from the sacroiliac joints to the anus at the level of the ischial tuberosities.
The inner contour was generated automatically [Meijer et al., 1999].The femoral
heads were delineated down to the level of the trochanter major.

A five-field technique was used with beam directions of 36, 100, 180, 260, and 324
deg, and a photon energy of 18 MV was applied. Delivery was performed using an
Elekta accelerator (SLi-20, Elekta Oncology Systems, Crawley, UK), equipped with
an MLC. A simultaneous integrated boost [Bos et al., 2002] technique was planned,
in which two target volumes are irradiated to different dose levels in one fraction.
The planning target volume (PTV) of the primary treatment, PTV1, consists of
an isotropically expanded CTV with a 10 mm margin. The boost PTV, PTV2,
consists of an expanded CTV, with no margin towards the rectum, and 5 mm
elsewhere. This nonisotropic margin is a compromise between boosting a part of
PTV1 while limiting rectal complications that are associated with dose escalation.
PTV1 is irradiated up to 68 Gy, and PTV2 up to 78 Gy. PTV(1-2) is defined as
the annulus, or shell, formed by PTV1 from which PTV2 was subtracted. PTV(1-
2) partly overlaps with the rectum at the posterior aspect of the prostate. In this
study, we evaluated five patients that are characterized by varying degree of overlap
between PTV1 and the rectum, and the extent to which PTV1 is wrapped around
the rectum (wrap index, or aperture [Bos et al., 2002]). In this study the same set of
patients was used as for the development of a class solution for the five-field IMRT
technique [Damen et al., 2001], and the design of the simultaneous integrated boost
technique [Bos et al., 2002].

3.2.2 Manually designing segments

Treatment planning was performed using our 3D, validated, and clinically approved
TPS (U-MPlan). This TPS uses an octree-edge dose calculation algorithm, which
is based on parametrization of measured depth-dose curves and profiles at several
depths using simple mathematical models [Fraass and McShan, 1987]. Inhomo-
geneity corrections are taken into account using a simple equivalent path-length
method. Calculations were performed using a grid size of 5 mm. The segment
shapes were created by means of a class solution. An open conformal segment, and
a rectumshielding segment were defined in beam’s-eye-view, for both PTV1 and
PTV2, for each beam direction [Bos et al., 2002]. For the PA beam, one open seg-
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Table 3.1: Score function used for weight optimization of manually designed segments.

Structure Evaluator Modifiers Weight

PTV2 DVH-point(74.1 Gy) Floor(99% vol slope 10) 1.0

NThresh(74.1 Gy, n=2) PT1 1.0

Thresh(83.5.1 Gy, n=2) PT1 1.0

Mean dose Equal=78 Gy, slope=10 1.0

PTV(1-2) DVH-point(64.6 Gy) Floor(99% vol slope 5) 1.0

DVH-point(74.1 Gy) C2(30% vol, slope 1) 1.0

Rectal wall DVH point(65 Gy) C2: (45% vol(× 0.5) slope 0.2) 1.0

DVH point(70 Gy) C2 (30% vol(×0.5) slope 0.2) 1.0

DVH point(75 Gy) C2 (5% vol(×0.5) slope 0.2) 1.0

Femoral heads DVH points (52 Gy) C2:10% vol slope 5 1.0

1PT:

Passthrough 2C: Ceiling

ment and two rectumshielding segments were defined for each PTV. Subsequently,
the segment-weights were computer optimized utilizing the optimization module of
U-MPlan (U-MOpt) to define a score function (see Table 3.1). A penalty is cal-
culated for each objective that cannot be met. The optimization minimizes the
total penalty of the score function by means of a simulated annealing search algo-
rithm. The score function comprises several objectives for the target volumes and
the organs at risk, and represents criteria used for clinical plan evaluation. More
details about the tools provided by U-MOpt to define a cost function are provided
elsewhere (Section 2.6 of this book).

The first objective for the target volumes represents adequate dose coverage by
ensuring that 99% of the volume receives at least 95% of the prescribed dose, i.e.,
64.6 and 74.1 Gy for PTV(1-2) and PTV2, respectively. Furthermore, a minimum
dose level, a maximum dose level, and a mean dose of 78 Gy were defined for PTV2.
For PTV(1-2) also a dose-volume histogram point (DVH) point was used to assure
that at most 30% of the volume receives a dose higher than 74.1 Gy. This objective
enhances the conformity of the 74.1 Gy isodose surface to PTV2. The objectives
for the rectal wall consist of three DVH points. These points represent cutoff levels
that discriminate between a high and a low incidence of severe rectal bleeding of
grade 2 or higher [Boersma et al., 1998]. The DVH points are defined at 5%, 30%,
and 45% of the rectal wall volume at 75, 70, and 65 Gy, respectively. These three
DVH points are the default objectives of the rectal wall. When all objectives for
the rectal wall were fulfilled in the optimization, further sparing was attempted by
iteratively reducing the volume parameter of the DVH points of the rectal wall by a
factor of 2. Because of the chosen beam arrangement, the dose values in the femur
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heads are typically very low. Nevertheless, a DVH point was defined for the femur
heads. This objective was introduced to guide the optimization process towards a
solution that results in a rather symmetrical dose distribution and avoids hot spots
in the surrounding tissue. The objective prescribes that only 10% of the femur head
volume receives 52 Gy or more [Khoo et al., 2000].

The score function consists of objectives only, and does not include constraints;
i.e., any objective can be violated at the cost of a certain penalty. During opti-
mization it was assured that the minimum number of monitor units (MUs) per
segment was 4, i.e., segments having less than 4 MU were removed at the end of
the optimization.

3.2.3 Inverse planning

Inverse planning was performed with a prototype version of Hyperion, an inverse
treatment planning program developed at the University of Tuebingen [Alber et al.,
2000]. First, the fluence weight maps are optimized, for the predefined 5-beam direc-
tions, using a score function. Subsequently, the fluence weight maps are sequenced
to provide a set of segments [Bar et al., 2001] taking into account all hardware
limitations of Elekta accelerators, such as the minimum leaf separation, to guaran-
tee plan delivery. Next, the segment shapes and segment weights are optimized or
fine-tuned, using the same score function as used in the optimization of the fluence
weight maps, to account for deterioration of the dose distribution due to the se-
quencing process. Important constraints in the optimization that further determine
the complexity of the plan are the minimum number of MUs per segment and the
minimum segment size, for which values of 4 and 1 cm2, respectively, were chosen.

For Hyperion the optimization aim is to maximize the therapeutic dose (equiva-
lent uniform dose [Niemierko, 1997]) in the PTV, which is limited by the tolerance
of the organs at risk and/or constraints for the target volume defined in the score
function. This approach does not match the clinical practice in our institution,
which is based on the delivery of a specific dose to the PTV with a certain level of
dose homogeneity, and an acceptable dose level in the rectal wall. In order to gen-
erate a plan that approximates our clinical practice, and results in maximal sparing
of the rectal wall, the following recipe was applied.

In the score function (see Table3.2), a constraint was placed on the homogeneity
of the dose distribution of the target volumes. The standard deviation was con-
strained to 1.5 Gy for PTV2 and 3 Gy for PTV(1-2), which are values typically
found for the dose distributions of clinical treatment plans, and are mandatory for
an adequate dose coverage of the target volumes. The therapeutic dose was defined
as an objective and is the free (unconstrained) parameter to be maximized. The
therapeutic dose [Alber and Nusslin, 1999] represents a homogeneous dose with
the same tumor control probability as the inhomogeneous dose distributions in the
PTVs during optimization, based on Poisson statistics [Webb and Nahum, 1993].
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Table 3.2: Score function used for inverse planning.

Structure Objective(o)/Constraint(c) Dose(Gy) Volume(%)

PTV2 Therapeutic dose(o) 78

Standard deviation(c) 1.5

PTV(1-2) Therapeutic dose(o) 68

Standard deviation 3.0

Rectal wall DVH point(c) 65 45(×0.8k)

DVH point(c) 70 30(×0.8k)

DVH point(c) 75 5(×0.8k)

Normal tissue EUD(c) 40

The objective was set at 78 and 68 Gy for PTV2 and PTV(1-2), respectively. For
the rectal wall the optimization was started with the same three DVH points that
were defined in the weight optimization of the manually designed segments. If,
however, the optimization resulted in a mean dose that exceeded the prescription
of PTV2, which is the consequence of maximizing the therapeutic dose in the pres-
ence of objectives rather than constraints for the rectal wall, the optimization was
rerun with a downscaled tolerance of the rectal wall. In this manner the therapeutic
dose in PTV2 and PTV(1-2) was indirectly controlled.

Downscaling, i.e., reduction of the volume parameter of the DVH points by an
arbitrary factor of 0.8, was repeatedly applied until the mean dose in PTV2 was 78
± 0.5 Gy and simultaneously maximal sparing of the rectal wall was established.
For surrounding normal tissues an effective dose [Alber and Nusslin, 1999, 2001b]
was defined of 40 Gy, in order to enhance conformity of the high dose levels in the
target volumes. The effective dose equals the definition of equivalent uniform dose
(EUD) for surrounding normal tissues [Mohan et al., 1992, Niemierko, 1999] and
was calculated using the following equation:

EUD =

(
1
N

N∑
i=1

D
1/n
i

)n

(3.1)

The volume parameter (n) for calculation of the EUDnormaltissue was arbitrarily
chosen as 0.125. This value resulted in an enhanced conformity of high dose re-
gions around the target volumes and effectively suppressed hot spots, by which the
integral dose of the normal tissue was reduced.
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3.2.4 Plan comparison

The score functions used for optimization of the weights of the manually designed
segments and for inverse planning were not identical. This could result in a differ-
ent optimization outcome. More importantly, the score function used for inverse
planning lacks certain objectives for the target volumes that are used for the opti-
mization of the segment weights, and are important for plan evaluation.

In order to make the plan comparison as independent as possible of differences
between score functions, plans created by inverse planning were exported to the
clinical treatment planning system, where the segments were reoptimized using the
segment-weight optimization routine of the clinical TPS. In this manner the same
score function was used for the manually designed segments as for the automat-
ically generated segments. Moreover, differences between dose engines may exist
between the inverse planning program and the clinical TPS [Jeraj et al., 2002]. By
reoptimizing the segment weights of the inverse planin the clinical TPS, the effect
of differences between the dose engines on the optimization result was eliminated.
Hence, in some sense the inverse planning algorithm was used as an advanced seg-
ment generator.

The mean dose in PTV2, after optimization of the segment weights in the clinical
TPS, was always close to 78 Gy (± 0.5 Gy) for all plans, but it was normalized to
78.0 Gy for the purpose of plan comparison. The dose distributions were evaluated,
based upon coverage of the target volumes (99% of the volume must receive at
least 95% of the prescribed dose) and the dose distribution in the rectal wall. The
conformity of the 95% isodose surfaces to the target volumes was expressed as a
conformity index. This index is defined as the ratio of total volume receiving more
than 74.1 Gy (64.6 Gy) and the volume of PTV2 (PTV1) receiving more than 74.1
Gy (64.6 Gy). For highly conformal dose distributions, this index is close to unity.

The equivalent uniform dose (EUD) of the target volumes was calculated ac-
cording to the concept developed by Niemierko [Niemierko, 1997], using a surviving
fraction (SF2) of 0.5. The equivalent uniform dose of the rectal wall (EUDrectalwall)
was calculated using the equation for EUDnormaltissue, using an n value of 0.12,
according to Burman et al [Burman et al., 1991]. The normal tissue complication
probability (NTCP) values for the rectal wall were calculated after applying the
LymanKutcher DVH reduction scheme, using parameters related to the incidence
of rectal proctitis, necrosis, and/or stenosis [Burman et al., 1991]. NTCP values
were used for plan comparison purposes only, rather than to predict complication
probabilities.
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3.3 Results

3.3.1 Inverse planning process

During the various steps in the inverse planning process, the dose distribution and
the DVHs vary, which is illustrated in Fig. 3.1.
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Figure 3.1: DVHs in several steps of the inverse planning process. (a) and (b): DVH
of the PTVs and rectal wall (pat. 3) for the fluence maps (bold lines) meet all criteria
defined in the cost function. Sequencing deteriorates the DVHs (thin solid line), reducing
the mean dose and dose homogeneity in the target volumes. The DVHs all complied with
the score function after shape and weight optimization (dashed lines). (c) and (d): DVH
of the PTVs and the rectal wall for the inverse plan after weight and shape optimization
(dashed lines) and the same plan after segment weight optimization in the clinical TPS
(bold lines). Triangles and circles represent the default DVH points for the rectal wall,
and the downscaled DVH points, respectively, used in the optimization.

The DVH points of the rectal wall were downscaled in such a manner that the
mean dose in PTV2 was close to 78 Gy. The fluence weight maps result in a dose
distribution in PTV2 that meets the objectives expressed in the score function.
Sequencing somewhat deteriorates the dose distribution, resulting in a lower mean
dose and reduced dose homogeneity.
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The number of segments created in this example was 56. The effect of the
dose deterioration due to sequencing is largely compensated for by the subsequent
segment-shape and segment-weight optimization, which restored the standard de-
viation of the dose distribution and the mean dose to comply with the objectives
in the score function. The number of segments after this second optimization was
reduced to 45, by merging, and/or removing segments having less than 4 MUs.

The dose distribution of the rectal wall throughout the inverse planning process
was practically unchanged. All segments that were created by inverse planning
were subsequently transferred to our clinical TPS, where the segment weights were
reoptimized (Figs. 3.1 c and d), and few MU segments were removed from the plan.
The number of segments was further reduced to 28 by segment-weight optimization
in our clinical TPS, without compromising the dose distribution of the PTVs, as
was assessed from a simple DVH-shape comparison.

3.3.2 Dose distribution comparison

The DVHs for both approaches of planning are illustrated in Fig. 3.2 for two pa-
tients (patient 1 and 5). For all five patients, the difference between the cumulative
DVHs of PTV2 is negligible. Furthermore, we found that the variation in DVH
of the PTVs between patients was small for both approaches of planning. This
allowed us to calculate a meaningful average DVH.

The average mean dose, average standard deviation, and average EUD of PTV2
was 78.0, 1.7, and 77.5 Gy, respectively, for both planning approaches. The objec-
tive assuring dose coverage for PTV2 and PTV(1-2), respectively (Figs. 3.2a and
3.2c, circles), was met in all plans for all patients. Only in plans created by inverse
planning could the second objective of PTV(1-2) in the score function be met, thus
successfully limiting the volume receiving more than 74.1 Gy to 30% of PTV(1-2)
(Figs. 3.2, dots). For the manually designed plans, this volume was higher, ranging
between 40% and 51% for the five patients.

The average standard deviation of the dose distributions in PTV(1-2) differed
slightly between the two planning approaches, 2.8 and 2.9 Gy, respectively. Char-
acteristics of the dose distributions are summarized in Table 3.3. For example, the
mean dose (Dmean) and the EUD in PTV(1-2) was reduced for the inverse plans,
by 1 and 0.9 Gy on average, respectively, compared with plans designed manually.
All inverse plans were highly conformal. As a consequence, the volume of the rec-
tal wall in the high dose regions was reduced for the inverse plans, resulting in a
decrease in the EUDrectal wall and NTCP values.

For the example presented in Figs. 3.2b and 3.2d, the NTCP was reduced by 3.3%
(patient 1) and 0.9% (patient 5), respectively. On average the NTCP was reduced
by 1.9%. The gain in NTCP reduction is small for patients with little overlap
and/or a small wrap index. Also, all inverse plans complied with all default DVH
points of the rectal wall (Figs. 3.2b, 3.2d, triangles). In the first three patients,
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Figure 3.2: DVHs generated by inverse planning (dotted line) and manually designed
segments (solid line), both after segment weight optimization in the clinical TPS. (a)PTV2
and PTV(1-2) and (b)for the rectal wall of pat. 1. (c)PTV2 and PTV(1-2), and (d)rectal
wall of pat. 5. Symbols show the objectives during plan optimization with the clinical
TPS. Circles in (a) and (c) are the dose coverage objectives for PTV2 and PTV(1-2) and
the dot the objective for PTV(1-2), ensuring that at most 30% of this volume receives
74.1 Gy or more. Triangles in (b) and (d) show the objective for the rectal wall, using the
default DVH points. The circles show the downscaled DVH points.

the manually designed plan could meet only two of the three default DVH points
for the rectal wall. The downscaled DVH points used for inverse planning and for
consecutive optimization in the clinical TPS are represented by the circles in Figs.
3.2b and 3.2d.

All plans resulted in a dose distribution in the femur heads that was less than
prescribed in the cost function. Also, no hot spots or high dose regions were found
in regions other than in the close vicinity of the target volumes.

3.3.3 Number and nature of segments

segment-weight optimization and discarding segments that employ less than 4 MUs,
the number of segments was reduced, ranging between 9 and 13. These segments
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Table 3.3: Characteristics of the dose distributions of five patients. The wrap index in-
dicates to what extent PTV1 is wrapped around the rectum. Overlap is the volume of the
rectum that overlaps with PTV1. The conformity index, and the mean dose (Dmean) are
presented for the five patients separately, as well as their average value. The NTCP re-
lates to the estimated complication probability for severe rectal proctitis/necrosis/stenosis
([Burman et al., 1991]). The number of dose criteria met is defined as the number of default
DVH points for the rectal wall that could be complied with, after optimization.

Patient 1 2 3 4 5 Average

Wrap index 202 188 170 170 127

Overlap [%] 29 20 24 18 8

Plan design Man. Inv. Man. Inv. Man. Inv. Man. Inv. Man. Inv. Man. Inv.

PTV2

Dmean(Gy) 78.0 78.0 78.0 78.0 78.0 78.0 78.0 78.0 78.0 78.0 78.0 78.0

EUD(Gy) 77.6 77.7 77.4 77.6 77.5 77.4 77.6 77.6 77.6 77.4 77.5 77.5

C.I. 1.52 1.31 1.73 1.37 1.47 1.30 1.32 1.25 1.54 1.31 1.52 1.31

PTV(1-2)

Dmean(Gy) 73.7 72.5 74.0 72.4 73.0 72.6 73.0 72.6 73.8 72.5 73.5 72.5

EUD 72.0 71.0 72.1 70.9 71.3 70.9 71.4 71.2 72.4 70.6 71.8 70.9

PTV1

C.I. 1.55 1.37 1.69 1.35 1.47 1.37 1.40 1.33 1.46 1.41 1.51 1.37

Rectal wall

EUD(Gy) 66.1 64.0 65.1 63.1 65.1 63.9 62.8 62.3 57.7 56.1

NTCP(%) 12.5 9.2 10.8 8.0 10.8 9.1 7.6 7.1 3.2 3.3

consist mainly of open segments, and some segments that completely block the
rectum in beam’s-eye-view. Plans created by inverse planning showed a higher
degree of complexity. The number of segments ranged between 33 and 52.

For all beam directions an open conformal segment was generated in beam’s-
eye-view encompassing PTV1 with a variable margin. Smaller segments mostly
block the rectum only partially in beam’s-eye-view. For all patients, few segments
were generated that completely block or miss the rectum. After segment-weight
optimization in the clinical TPS, approximately one third of the segments could
additionally be discarded because they employed less than 4 MUs, resulting in a
total number of segments ranging between 21 and 44.
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3.4 Discussion

In this study we compared a planning approach in which segments were assigned
manually and the weights were computer optimized (forward planning), with a
more sophisticated inverse planning program for the purpose of IMRT treatment
planning. The (dis)advantages of both approaches will be discussed in more detail,
emphasizing practical aspects of both methods.

3.4.1 Dose distributions

The DVHs of PTV2 in Figs. 3.2a and 3.2c are virtually identical. All plans showed
adequate dose coverage for both PTV2 and PTV(1-2). Inverse planning, however,
resulted in a significantly higher degree of conformity (lower conformity index) for
PTV2 and PTV(1-2), which inherently reduces high dose regions to the surrounding
normal tissue and rectal wall. Also, these plans resulted in a somewhat lower mean
dose and EUD in PTV(1-2) than the plans created with manually designed segments
(Table 3.3), but did not introduce any underdosage. This lower mean dose and
EUD for the inverse plan, compared to the manual designed plan, should not be
interpreted as a deterioration of the dose distribution, because it is still fulfilling
the plan objective. Furthermore, only with inverse planning could the volume of
PTV(1-2) receiving more than 74.1 Gy be limited to 30%. Meeting this objective
after segment-weight optimization in the clinical TPS, while the objective was not
used during inverse planning, is an indication of the degeneracy of the inverse plan.

A degenerate solution consists of a set of solutions, all of which comply with
the objective defined in the score function, but have different characteristics. By
adding an objective to the score function of the segment-weight optimization in the
clinical TPS, we can evaluate all degenerate solutions, and select the solution that
complies best with the extended set of objectives.

For all patients, inverse planning reduced the dose in the rectal wall compared to
the plans that were designed manually. For all patients, the EUD and the NTCP
were somewhat reduced with inverse planning. For calculation of the EUD and
NTCP we used a value of n=0.12, proposed by Burman et al. Because recent
clinical data suggest a value of n ([Rancati et al., 2003]) twice as large as suggested
by Burman et al., dose distributions were also evaluated for n=0.25. Using this
value of n, the NTCP values become systematically lower, and further reduce the
advantage of inverse planning compared to manually designed plans.

There is a correlation between the gain in NTCP reduction and the amount of
overlap between rectum and PTV1, and the wrap index (Table 3.3). This indicates
that inverse planning can better cope with complex organ geometries and create
better dose distribution than plans created by manually assigning segments, based
on the internal geometry of the patient. This result is an extension of the findings of
Fiorino et al. [Fiorino et al., 2000], who demonstrated that a forward-planned IMRT
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technique increased the therapeutic ratio for concavely shaped target volumes more
than a 3D-conformal technique.

Our general findings agree with studies from Xia et al. [Xia et al., 2001] and
Xiao et al. [Xiao et al., 2000]. They demonstrated that for prostate treatment both
approaches of planning could result in acceptable dose distributions in the target
volumes, but that the dose in the rectal wall was only somewhat reduced with inverse
planning. However, these studies were limited because either a single patient was
evaluated, or multiple patients were evaluated in a qualitative manner. Our current
study substantiates their conclusions. Recently, Corletto et al. [Corletto et al., 2003]
published data on the differences between a simple (1D) forward IMRT technique,
compared to a simple (1D) and an advanced inverse (2D) IMRT technique for
prostate and seminal vesicles. Best rectum sparing was achieved for the advanced
inverse IMRT technique, indicating that treatment planning with more degrees
of freedom results in advantageous dose distribution compared to those created
with simple planning techniques. Also in that study, no clear advantage of simple
inverse planning over simple forward planning regarding dose distributions could
be demonstrated.

3.4.2 Number and nature of segments

Plans created manually consist of 9 to 13 segments after segment-weight optimiza-
tion. For most beams only two segments and on a few occasions three segments per
beam remained after optimization. The intensity modulation per beam direction is
thus rather limited. Apparently, the class solution, comprising 22 predefined seg-
ments, inherently provides enough intensity modulation to create dose distributions
that can comply with our objectives. Reducing the set of predefined segments could
at a certain point limit the degree of intensity modulation and could compromise
the dose distributions.

Our results indicate that the gain in rectum sparing of the inverse plan compared
to the plan comprising manually assigned segments is small. This means that
increasing the initial number of predefined segments in the class solution would not
result in a large reduction of rectal dose.

Plans generated by inverse planning resulted in a much larger number of seg-
ments. This increased complexity is the result of a series of interacting and rivaling
processes during the optimization, which can only be evaluated using a computa-
tional approach.

For the current inverse planning system these processes consist of smoothing the
fluence maps before sequencing, shape- and weight optimization of the segments
after sequencing, merging and splitting of segments, and accounting for the MLC
hardware limitations of the accelerator.

The segments created automatically demonstrate various levels of rectum shield-
ing, from no shielding to major shielding in beam’s-eye-view. Few segments com-
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pletely shielded or avoided the rectum and were mostly small, possibly compensat-
ing for low dose areas in the PTVs. In addition to these intuitive segment shapes,
nonintuitive segment shapes were generated. This type of segment was identified
as adjacent segments with comparable weights, which would intuitively be created
and employed as a single segment. The cause of this discrepancy could lie in the
computational approach used by inverse planning, but it could also be an example
of a limitation of the conventional manner of planning using a class solution to
create segments.

Class solutions are mostly based on the internal geometry of the patient in a
beam’s-eye-view projection. This could be an oversimplification of the situation,
because information on the varying external contour of the patient and the depth
of the relevant organs, which also determine the optimal fluence weight map, are
disregarded in this projection. This hypothesis is supported by two papers of De
Gersem et al., who demonstrated that dose distributions from segments that were
created based on the internal geometry [De Gersem et al., 2001a] could be improved
significantly by adjusting the shapes of the segments [De Gersem et al., 2001b] in
a nonintuitive manner.

Segment-weight optimization of the inverse plan in the clinical TPS is accom-
panied by removal of segments that employ less than 4 MUs. Discarding these
segments reduced the number of segments by a factor of 1.5 on average. The ad-
ditional removal of segments during this optimization may appear inconsistent, as
the minimum number of MUs constraint was already included in the score function
during in inverse planning. An explanation for this discrepancy could be the use of
different dose engines and score functions in the optimization of the clinical TPS
and the inverse planning program. These differences can result in different weight-
ing of the segments for comparable DVHs, due to the highly degenerate state of
the DVH [Wu and Mohan, 2002]. Furthermore, the optimization routines of the
clinical TPS and the inverse planning program use different search algorithms, sim-
ulated annealing versus conjugate gradient method, as well as different strategies
to remove segments with too few MUs.

3.4.3 Workload

Treatment planning

Treatment planning, excluding delineation, of a plan consisting of manually de-
signed segments requires 3 to 4 hours. A large part of this time is actual workload
for the planner and mainly consists of creation and fine-tuning of segment shapes,
and controlling the optimization. Segment-shape definition and segment-weight op-
timization are employed according to a protocol, which allows for automation of
the processes, using computer scripting. In this manner the actual workload of
the planner can be strongly reduced. Plans created by inverse planning required
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approximately 1 h, of which the planners workload was approximately 15 min.
Our inverse treatment planning system accounted for the hardware limitations

of our Elekta accelerators, guaranteeing delivery of the segments, and match of the
computed dose distribution and delivered dose distribution. For inverse planning
systems, which cannot account for the hardware limitations of the accelerator, ad-
justment of the segment shapes is mandatory. This procedure may add up to an
hour in planning time, and could result in a deviation between the calculated dose
distribution and the delivered dose distribution.

Treatment delivery

Treatment plans that were created manually consist typically of 11 segments, for
which the quality of delivery and calculations is always assured. This relatively
small number of segments can be applied within the regular time slots reserved
for traditional prostate treatments. However, if the number of segments created
with inverse planning increases, it becomes progressively more important that the
delivery system allows for fast delivery [Xia and Verhey, 2001]. Using state-of-
the-art techniques to deliver segments, large number of segments can be applied
automatically for various types of accelerators. Consequently, the large number
of segments generated by inverse planning is not a counter indication anymore
for clinical implementation of inverse plans. Recently, Chui et al. [Chui et al.,
2001] demonstrated that an inverse plan for step-and-shoot IMRT, using a five-field
technique with at least 50 segments in total, could be delivered in 2 min, gantry
rotation not included. A test performed in our institution with a state-of-the-art
delivery technique (Elekta RTD, version 4.0) showed that 45 segments divided over
5 gantry angles takes approximately 10 min for delivery.

3.5 Conclusion

Optimized plans with manually designed segments and segments created by inverse
planning can create treatment plans for IMRT delivered in a step-and-shoot mode.
Both approaches result in adequate dose coverage of the target volumes. With
inverse planning the dose in the rectal wall was somewhat reduced compared with
the method of creating and adjusting segments manually.

The number of segments of an inverse plan was on average three times the number
of segments of a manually designed plan. Delivery of segments from both planning
approaches is feasible in a routine clinical setting.
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Abstract. Purpose: To analyse the sensitivity of plan optimisation of prostate cancer

treatments with respect to changes in the volume parameter (n), when the EUD is used

to control the dose in the rectal wall.

Methods: A series of plans was defined, by varying n over a range between 0.08 and 1,

and testing different cost functions and beam arrangements. In all cases, the aim was to

minimise the EUD in the rectal wall, while ensuring specific dose coverage of the PTV

and limiting the dose in the other OARs. The results were evaluated in terms of 3-D dose

distribution and with respect to the current clinical knowledge about late rectal toxicity

after irradiation.

Results: Different values of n lead to very similar dose distributions over the PTV (dif-

ferences in mean dose < 1 Gy, differences in dose given to 99% of the volume < 1%).

For the rectal wall, the following observations were made: a) all cumulative DVH curves

crossed each other around 60 Gy; b) the rectal wall volume receiving doses between 30

and 45 Gy could change by 45 and 30%, respectively, depending on the value of n; c) for

doses higher than 70 Gy the differences were typically within 5%. Different values of n

also affected the position of isodose surfaces. The distance between the 70 and the 30 Gy

isodose curves changed in the AP direction by a factor of 3 when n decreased from 1 to

0.08. High values of n were associated with less dose conformity and a larger volume of

normal tissues receiving 50 Gy or more. All DVHs for the rectal wall were below published

dose toxicity thresholds except when the prescribed dose was escalated up to 86 Gy.

Conclusions: In most cases, the solutions associated with n values up to 0.25 produced

similar dose distribution in the rectal wall for doses above 45 Gy, complying with the dose–

toxicity thresholds we analysed. The choice of a specific value of n in the optimisation

requires an analysis of its effects on the dose distribution for the rectal wall, but also on

aspects such as the value of the dose to the non-involved normal tissues.
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4.1 Introduction

Computer optimisation of radiotherapy treatment plans requires a well-defined ob-
jective cost function, whose quality is determined by three factors: first, the ac-
curacy of the clinical data on which it relies, second, the validity of the functions
translating the clinical knowledge into a mathematical expression, third, the suit-
ability of these functions for a computer-based optimisation process. Most com-
mercial treatment planning systems allow cost functions defined only by points in
the dose-volume histogram (DVH) space, but this approach has clear limitations.
A DVH point is a reliable descriptor of the dose-response relation only for organs
at risk (OARs) that are purely serial. For these organs, e.g. the spinal cord, the
maximum dose is sufficient to calculate the probability of complication. If a volume
effect exists for the OAR, we should be able to control the whole dose range, a task
not easily achievable with a few DVH points.

The equivalent uniform dose (EUD) is a concept proposed with different formu-
lations in the past years, either as a method to describe the dose-response relation
for tumour and normal tissues [Marks, 1994, Niemierko, 1997, 1999, Seppenwoolde
et al., 2003] and as a tool to drive the optimisation process [Seppenwoolde et al.,
2002a, Wu et al., 2002, 2003b]. Recent studies by Wu et al. [Wu et al., 2002] showed
that the EUD in combination with a sigmoidal cost function is an effective tool to
minimise the dose in an OAR whithout requiring extensive trial and error, as often
needed in DVH-based optimisation. Wu et al. used a simple formulation of the
EUD [Niemierko, 1999] (see section 4.2.2 for details) that requires just one volume
parameter consistent with the Lyman-Kutcher-Burman (LKB) model for normal
tissue complications (NTCP) [Lyman, 1985]. Thanks to this consistency, the EUD
can be used not only as a tool to easily shape a dose distribution, but also as a
phenomenological description of the dose-effect relation for an OAR.

If the EUD is to be used as a radiobiological model in a cost function, one must
take into account that for some organs the value of the volume parameter is not
accurately known. For the rectal wall, an estimate of this parameter was proposed
more than ten years ago [Burman et al., 1991]. Several studies appeared since then
about rectal wall toxicity, providing physical and clinical parameters correlated with
sequelae to the rectal wall [Boersma et al., 1998, Fiorino et al., 2002, Jackson et al.,
2001, Skwarchuk et al., 2000]. In the study by Boersma et al. [Boersma et al.,
1998], the results did not correlate with the estimated NTCP calculated according
to Burman et al. [Burman et al., 1991], and an inaccurate value of the volume
parameter was considered one possible cause of this discrepancy. Recently, the
results of a large multicenter study suggested that the value of the volume parameter
is significantly different from the one originally proposed, and that different degrees
of toxicity are better described with two different values of this parameter [Rancati
et al., 2004]. When using the EUD in the optimisation of IMRT, one must also take



4.2 Material and Methods 53

into account that the dose distributions used to derive the parameter value in all
the studies mentioned above were obtained with conventional irradiation techniques
that are in general not representative of what can nowadays be achieved with IMRT.

Because of these uncertainties, it is important to understand how robust the
results of planning optimisation are with respect to changes in the volume param-
eter. The aim of our study is to perform a sensitivity analysis that quantitatively
addresses the implications of using EUD for controlling the dose in the rectal wall
in the plan optimisation of prostate cancer treatment.

4.2 Material and Methods

4.2.1 Patient selection, volume definition and dose
prescriptions.

CT datasets and delineated contours of 5 prostate cancer patients treated in our
centre with IMRT were selected for this study. For all patients the simultaneous
boost technique was applied [Bos et al., 2002], in wich two PTVs are irradiated. The
PTV of the primary treatment, PTV1, resulted from of a 10 mm isotropic expansion
of the CTV, defined as the prostate plus seminal vesicles. The boost PTV, PTV2,
consisted of an expanded CTV, with 0 mm margin towards the rectum and 5 mm
margin elsewhere. PTV(1-2) was defined as the annular region formed by PTV1
from which PTV2 was subtracted. PTV(1-2) partly overlapped with the rectum at
the posterior aspect of the prostate, and 15% to 20% of the rectal wall volume was
within PTV(1-2) for the patients analysed in this study. The organs at risk were
identified as the rectal wall, the femur heads and the non-specified normal tissues,
i.e. all the remaining volume included in the body contour. Details about the
treatment technique and the volume definition can be found elsewhere [Bos et al.,
2002].

4.2.2 Cost functions and treatment technique.

In this study, the EUD was defined by the relation:

EUD =

(
1
N

N∑
i=1

D
1/n
i

)n

(4.1)

where N is the number of voxels of the anatomical structure of interest, Di the dose
associated with the i-th voxel and n a parameter that, for each organ, describes the
volumetric dependence of the dose-response relationship. This definition of EUD
is identical to the effective uniform dose proposed by Mohan et al. [Mohan et al.,
1992] and can be derived from the DVH reduction scheme of the LKB NTCP model
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[Burman et al., 1991, Lyman, 1985].
It should be noted that Eq. 4.1 can also be obtained from a formalism (the so-
called general parallel model) that defines a dose-effect relation as a weighted mean
of the dose distribution [Seppenwoolde et al., 2003]. According to this approach,
the definition of EUD is the result of choosing a power law weighting function.
Eq. 4.1, finally, is equivalent to the definition of the generalised EUD proposed
by Niemierko [Niemierko, 1999] by changing the parameter n into 1/a. This last
definition of EUD was also adopted by Wu and colleagues in their recent papers [Wu
et al., 2002, 2003b]. It is a matter of discussion whether n or 1/a is used to indicate
the volume parameter: n should be used if the purpose is to be consistent with fits
of NTCP models, while a should be used to be consistent with recent publications
on EUD-based optimisation. For this study we decided to use the parameter n, to
underline the consistency between the EUD formalism and the LKB model.

The choice of n determines the relative importance of different dose ranges on
the value of EUD. For example, with n = 1 the EUD is equal to the mean dose,
while, when n is positive and approaches 0, the EUD approaches the maximum
dose.
The cost CEUD associated with the EUD was calculated with a quadratic penalty
function that for an organ at risk is expressed by the relation

CEUD = H(EUD,EUD0)
(

EUD − EUD0

EUD0

)2

(4.2)

where EUD0 is a user-defined parameter and H the Heaviside step function defined
as follows:

H(EUD,EUD0) =

{
1 if EUD > EUD0,
0 if EUD ≤ EUD0

(4.3)

In the definition of cost functions (see details in the Appendix ), the planning aims
for the PTV were expressed in terms of DVH points only. Large weighting factors
were associated with these objectives, to ensure that the dose reduction in the rectal
wall did not cause underdosage in the target volumes. For both PTVs, at least 99%
of the volume should receive 95% of the prescribed dose and two objectives were
also set to limit the maximum dose. The EUD-based cost function of Eq. 4.2 was
applied to reduce the dose in the rectal wall. Finally, a planning aim was associated
also with the femoral heads, in order to facilitate the creation of a conformal plan,
and to the non-specified normal tissues, to avoid ’hot spots’ outside the target
volumes. In agreement with our clinical practice, no constraints were set for the
bladder. Previous studies carried out at our institution showed large variations
in bladder volumes in successive CT scans [Lebesque et al., 1995] and did not
show statistically significant correlations between DVH points and genitourinary
complications [Boersma et al., 1998]. Finally, DVH thresholds currently proposed
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(e.g. in RTOG protocol p-0126) are easily satisfied with IMRT when a conformal
dose distribution is achieved.

In order to study the influence of the value of n on different aspects of the
dose distribution, we started by testing one technique and one cost function as a
reference. This reference technique is a simultaneous boost approach, where five
beams with predefined directions (36, 100, 180, 260 and 324 degrees) are applied
to irradiate the two PTVs. The prescribed dose is 68 Gy for PTV(1-2) and 78 Gy
for PTV2, the maximum dose allowed in the PTVs is 105% and 107% of 78 Gy for
PTV(1-2) and PTV2, respectively. As the treatment course lasts for 39 sessions,
the dose per fraction is 1.74 Gy for PTV1 and 2 Gy for PTV2. No more than
10% of the femoral head was allowed to receive 52 Gy or more [Khoo et al., 2000].
Details of the cost function are provided in the Appendix.

This technique was applied to all 5 patients, and 5 values of n were tested (0.08,
0.12 0.25, 0.5 and 1). n = 0.08 was chosen as the lowest value after preliminary
tests showing that a further decrease caused no changes in the dose distribution.
The value proposed by Burman et al. [Burman et al., 1991] (n = 0.12) is still
commonly used in the literature, although recently a multicenter study found that
n = 0.26 and n = 0.06 are the best values to describe mild and severe rectal wall
complications and only severe complications, respectively [Rancati et al., 2004].
The applicability of these results to the IMRT domain will be addressed in the
discussion.

As in every optimisation problem, it is important to understand which properties
of the final dose distribution are directly controlled by specific parameters of the cost
function, which are not directly controlled but result from other planning objectives
and which, finally, are the inevitable result of ’hard constraints’ such as the PTV
definition or the patient anatomy. We therefore tested also the following alternative
dose prescriptions and cost functions:
Change in dose prescription. The prescription dose was increased by about 10% and
set to 86Gy for PTV2 and 75 Gy for PTV(1-2). The planning objectives relative to
both PTV and to the maximum dose in non-involved normal tissues were rescaled
accordingly.
Changes in cost function. The following changes were tested:

1. The maximum dose allowed in the PTV was increased to 115% and 117% for
PTV(1-2) and PTV2, respectively. The maximum dose allowed to the non-
involved normal tissues remained fixed at 107% of the prescribed dose for
PTV2. The aim of this test was to assess the relation between the maximum
dose in the PTV and the maximum dose in the rectal wall.

2. The minimum dose in PTV(1-2) was increased from 64.6 to 70 Gy, to test
a situation where it is more difficult to satisfy currently used dose-volume
thresholds for rectal wall toxicity (see next paragraph for details).
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3. The maximum dose in all tissues, except a 2 cm expansion of PTV1, was
limited to 50 Gy to set more stringent demands on dose conformality, to see
how this restriction affects the rectal wall volume receiving medium to low
doses.

Each of these tests was performed on three patients and for three values of n (0.08,
0.25 and 1). Finally, further tests showed that alternative beam arrangements, with
three or seven beams, did not provide more insight on the properties of EUD-based
optimisation for prostate cases, so the results of these tests will not be presented.

In each optimisation run, the aim was to find the minimum EUD value for the
rectal wall that still satisfies the requirements for dose coverage of the targets and
dose sparing of the other normal tissues. The cost function was therefore defined in
such a way that, at the end of the optimisation, only the costlet related to the rectal
wall had a value different from 0, while all the other costlets were zero or at least
2 orders of magnitude smaller than the costlet of the rectal wall. To reach such a
situation, in all plans a value of EUD0 was selected that could never be achieved
(10 Gy), combined with a very low weight (0.001): the value of EUD0 guaranteed
that the relevant costlet did never reach zero, while the low weight ensured that
this planning objective did not override the other objectives. This choice of EUD0

and weight allowed to run all plans with exactly the same cost function except for
the value of n, the parameter under investigation.

The treatment planning system (TPS) used in this study was Pinnacle, ver-
sion 7.1a (Philips Medical Systems, Best, The Netherlands), with the Orbit IMRT
module (RaySearch Laboratories, Stockholm, Sweden). The difference between the
current clinical version of the TPS and the one we used for this study is only in
the use of EUD in the optimisation module: all other issues, e.g. the use of dose
calculation algorithms during the optimisation, optimisation libraries and even the
equations to calculate the cost are the same as in the version available for clinical
use.

As applied in most commercial treatment planning systems, Pinnacle uses a gra-
dient algorithm to find the minimum of the cost function. This approach is unable
to avoid local minima, raising the question how much this issue represents a prob-
lem in the optimisation of clinical plans. This subject has been studied by several
authors [Rowbottom and Webb, 2002, Wu and Mohan, 2002, Jeraj et al., 2003,
Llacer et al., 2003, Wu et al., 2003a], suggesting that the presence of local min-
ima is unlikely to cause clinically relevant differences when realistic situations are
considered. A recent paper by Zhang et al.[Zhang et al., 2004] concluded that EUD-
based optimisation of clinical cases is not affected by local minima provided that
uniform initial beamlet intensities are chosen, which is the case in our study. We
analysed the results of fluence optimisation, performed on 5mm x 5mm elementary
beams (beamlets).
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4.2.3 Evaluation of the results.

For PTV2 and PTV(1-2), the mean dose and the dose received by 99% of the volume
(D99%) were evaluated. For the rectal wall, we first assessed the relative volume
receiving 30, 45, 60 and 70 Gy or more (V30, V45, V60 and V70, respectively). Then,
to compare the overall dose distributions in the rectal wall, an additional set of EUD
values was calculated (EUDev), by using a single value of the volume dependence
parameter (nev) for the results of different optimisation runs. Finally, the results
were evaluated with respect to recent data about rectal wall toxicity:
Dose-volume thresholds: based on the data available in the literature, two sets of
dose-volume thresholds were identified to assess the risk for rectal wall damage;
the first for moderate (Grade ≥ 2) and the second for severe (Grade ≥ 3) compli-
cations. For moderate complications, cut-offs were set at 40, 60 and 70 Gy, with
corresponding volume thresholds of 60% [Huang et al., 2002], 40% [Jackson et al.,
2001] and 25% [Huang et al., 2002, Fiorino et al., 2003] of the volume. For serious
complications, a set of thresholds was defined based on the study carried out at our
institution by Boersma et al. [Boersma et al., 1998]. These authors recommended
three dose thresholds at 65 Gy, 70 Gy and 75 Gy with corresponding values of 40%,
30% and 5% of the volume.
Maximum dose in the rectal wall (Dmax): this parameter was found to be a very
good predictor of complications, although no cut-off value was proposed [Skwarchuk
et al., 2000].

To analyse the dose outside the target volumes and the rectal wall, the confor-
mity index (CI) was calculated, taking 95% of the prescribed dose to PTV1 as the
reference value. Furthermore, the volume of the non-specified normal tissues re-
ceiving 50 Gy or more (EXT50) was compared and the distance between the 70 Gy
and 30 Gy isodose lines was measured in the slice of the isocentre in the posterior
direction for the plans with n = 1, 0.25 and 0.08.

4.3 Results

4.3.1 Reference technique

For all patients and all values of n, the final dose distributions satisfied the require-
ments set by the cost function. At the end of the optimisation, only the costlet
associated with the EUD of the rectal wall was significantly different from zero,
representing 98 to 99% of the residual cost.
For both PTV2 and PTV(1-2), the variations of D99% associated with different
values of n were within 1% for all patients. The DVHs of PTV2 were essentially
identical over the whole dose range, and the differences in mean dose lower than
0.5 Gy. For PTV(1-2), small differences were found in the dose range between 65
and 70 Gy, that translated in mean dose differences always smaller than 1 Gy.
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When the volumes of rectal wall irradiated at specific dose levels were compared
(see Fig. 4.1), the differences in V30 between the distributions related to n > 0.12
and the remaining ones ranged from 15% to 45%.

For increasing doses, the differences decreased, and, for V45, they varied from
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Figure 4.1: Rectal wall volume receiving at least 30, 45, 60 and 70Gy as a function
of the value of n for the reference technique (data for patient 1). The closed symbols
represent the values of n actually tested in our study, while the lines are the result of an
interpolation.

patient to patient between 5% and 10%. For all patients there was a point at about
60 Gy where the DVH-curves crossed each other; between 55 Gy and about 65 Gy
all solutions produced very similar DVHs (see Fig. 4.2 as an example). The upper
value of this interval (65 Gy) corresponds to the planning prescription concerning
the coverage of PTV(1-2) (see Appendix), which always had a geometrical intersec-
tion with the rectal wall. The values of V70 were always between 1.5% and 5% for
n = 0.25 , 0.12 and 0.08 and between 2% and 9% for n = 1 and 0.5.
Looking at the overlap region between PTV(1-2) and the rectal wall (Fig. 4.3), one
can see that the minimum dose (around 64.5 Gy) did not depend on n, as it was
determined by the cost function. A value of n ≤ 0.12 resulted in smaller volumes
irradiated with a dose of 65 Gy or more when compared with the solutions for n >
0.12.

In the comparison of the EUD values of the rectal wall, two kinds of variation
were found:
Inter-patient variations. When data obtained from different patients but with the
same value of n were compared (see values by rows in Table 4.1), the differences
between the values of the EUD at the end of the optimisation were always within 5
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Figure 4.2: DVH-curves of the rectal wall for patient 4. The results for the reference
technique and five values of n DVH-curve are shown.

Gy. No correlation was found between the values of EUD and the volume of rectal
wall encompassed by PTV(1-2).
Intra-patient variations. When the dose distributions associated with the same
patient but obtained by optimising the dose distribution with different values of n
were compared the changes were much more dramatic, being more than 30 Gy for
the two extremes values of n (1 and 0.08) (see Table 4.1). These large differences
were due to two different reasons: first, the dose distributions in the rectal wall were
indeed different, and, second, the EUDs were calculated with different values of n,
i.e. the value used in each optimisation run. When EUDev values were compared
(see in Table 4.2 the data for patient 2 as an example), using the parameter proposed
by Burman and colleagues (nev = 0.12) the differences were always smaller than 4
Gy, and they were reduced to less than 2 Gy for the three solutions associated with
n ≤ 0.25. When nev was set to 0.25, all solutions except one showed EUDev values
within 2 Gy. Finally, when the mean dose was calculated (nev=1), the differences
between the results obtained with the two extreme values of n increased to 13 Gy.

When the dose distributions of the rectal wall were evaluated with respect to
published data related to side effects, no violations were found for all thresholds for
both moderate and severe complications, although the solutions with n=0.08 were
in two cases close to the threshold of 60% of the volume receiving 40 Gy or more.
For all patients, the maximum dose in the rectal wall increased for increasing values
of n, being in the range of 73-74 Gy for n = 0.08 and 76-77 Gy for n =1. For each
individual patient, the difference in Dmax between the solutions associated with the
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Figure 4.3: DVH-curves of the overlap region between the rectal wall and PTV(1-2) for
patient 4. The results for the reference technique and five values of n DVH-curve are
shown.

Table 4.1: EUD values in Gy of the rectal wall at the end of the optimisation for the
reference technique for the five patients and for different values of n.

n 1 2 3 4 5

0.08 58.5 60.2 57.9 59.8 58.8
0.12 54.7 57.3 54.1 57.0 54.8
0.25 45.2 48.8 45.5 48.7 45.4
0.5 33.0 37.6 34.4 37.3 33.3
1 20.8 25.0 24.0 25.0 20.3

two extremes values of n (1 and 0.08) ranged from 1.5 to 4.0 Gy.
With regard to the dose in other normal tissues and the isodose distributions (see

Table 4.3), the solutions associated with higher values of n had a higher conformity
index, that translated into a 10% to 20% increase of the volume receiving 64.6 Gy
or more, when the solutions with n =1 and n = 0.08 were compared. Also the
normal tissue volume receiving 50 Gy or more (EXT50) increased for increasing
values of n, in one case (patient 3) by a factor of almost 2.
Looking at the transversal dose distributions (see Fig. 4.4), the anterior part is
very similar for all solutions, while significant differences appear in the posterior
part, where an increasingly steep dose gradient was found in the AP direction for
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Table 4.2: EUDev values (Gy) for patient 2, for the reference technique, when three
values of nev are used to evaluate the results of the optimisation obtained with different
values of n. Note that the second column shows the same values as presented in Table 4.1
for this patient.

n nev=n nev=0.12 nev=0.25 nev=1

0.08 60.8 57.8 51.3 38.3
0.12 57.3 57.3 49.6 33.7
0.25 48.8 57.4 48.8 28.5
0.5 37.6 57.8 49.0 25.8
1 25.0 58.7 49.6 25.0

increasing values of n (Table 4.3). On the other hand, the dose gradient in the LR
direction was shallower for increasing values of n.

Figure 4.4: 2-D dose distribution of the reference technique in a transversal and in a
sagittal plane for patient 1 for n = 1 and n = 0.08. The solid lines represent the 70 Gy,
50 Gy and 30 Gy isodose curves. The areas in light and dark grey show PTV1 and the
rectal wall.
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Table 4.3: Values of the conformity index (CI), the volume receiving 50 Gy or more
(EXT50) and the distance between the 70Gy and the 30Gy isodose lines in the posterior
direction (d70−30) for the reference technique. The value of EXT50 is in cm3, the distance
in cm. The number in parentheses is the value of n used in the optimisation.

Parameter 1 2 3 4 5

CI(0.08) 1.56 1.54 1.59 1.56 1.58
CI(0.25) 1.61 1.55 1.59 1.60 1.60
CI(1) 1.86 1.75 1.99 1.72 1.72
EXT50(0.08) 565 433 562 443 826
EXT50(0.25) 590 449 564 457 829
EXT50(1) 795 487 1039 620 1130
d70−30(0.08) 6.8 5.5 7.3 3.2 7.5
d70−30(0.25) 3.2 2.1 2.4 1.7 2.5
d70−30(1) 2.4 0.9 2.0 1.2 1.9

4.3.2 Alternative dose prescription and cost functions.

We present the results only for the rectal wall because, similar to the situation for
the reference technique, the choice of n had very little effect on the dose distribution
for the PTVs.

Change in dose prescription.

Increasing the prescription dose from 78 Gy to 86 Gy caused a displacement of the
DVH-curves for the rectal wall along the dose axis, without noticeable changes in
its shape. For one patient, the resulting dose distributions violated V75 for all n
values, while for another patient V40 was violated when n was set to 0.08.

Change in cost functions.

By allowing the maximum dose in the targets to be as high as 115% and 117% of
the prescribed dose in PTV(1-2) and PTV2, respectively, the typical increase of
the maximum dose in these volumes was between 4 and 5 Gy. The maximum dose
in the rectal wall increased in six out of nine cases with respect to the reference
technique, but always by less than 1 Gy. In the remaining three cases, it slightly
decreased, up to 1 Gy.
Increasing the minimum dose in PTV(1-2) up to 70 Gy resulted in an increased dose
in the rectal wall in the dose range from 30 Gy to the maximum dose. The DVH
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for different values of n still cross each other at a point close the minimum dose in
PTV(1-2), i.e. 70 Gy. When the volume receiving a given dose was correlated with
the value of n, the resulting curves are similar to those for the reference technique
(Fig. 4.5). In two out of three cases, the solution for n = 0.08 violated the dose-
volume threshold at 40 Gy.
A restriction on the allowed dose in the non involved normal tissues always caused
an increased of EUD of the rectal wall. The plans associated with n =0.08 and 0.25
showed an increase of the EUD of less than 2%, while for n =1 the increase was at
least 10%.
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Figure 4.5: Rectal wall volume receiving at least 30, 45, 60 and 70 Gy as a function of
the value of n for the reference technique and for the plans with 70 Gy minimum dose in
PTV(1-2) (data for patient 5).

4.4 Discussion

We analysed the sensitivity of the optimisation process for IMRT plans of prostate
cancer with respect to the values of the volume parameter n in the EUD for the
rectal wall. This analysis is needed before introducing EUD-based cost functions in
clinical practice, even when the EUD is considered a reliable radiobiological index
and not just a tool do drive the optimisation. The values of n proposed so far, based
on clinical studies, not only vary over a range but also were obtained from patients
treated with CRT, and thus the applicability of these results to the IMRT realm
is not granted. One should therefore analyse how a change in the radiobiologically
correct value of n would affect the optimisation results.
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In our study the EUD proved to be an effective tool to easily obtain a large
variety of dose distributions by changing just one parameter of the cost function.
Having tested a wide range of n values and different irradiation techniques, dose
prescriptions and cost functions, the results are an overview of the achievable dose
distributions, for a specific set of PTV definitions and minimum dose prescriptions
to the target volumes.

A general property of the results was that, by looking at the purely dosimetric
data (e.g. V30, V45, V60, V70 and Dmax), there was not one solution better than
the others for all parameters. In the comparisons of 3D-CRT vs. IMRT (e.g. see
[Adams et al., 2001, Cho et al., 2002a, De Meerleer et al., 2000, Landau et al., 2001,
Xia et al., 2000]), the latter technique was often superior to the former in the whole
dose range and for both the target and OARs. The primary cause of this superiority
was the large difference in the degrees of freedom available for the two approaches.
Our comparison involves a series of solutions all obtained with IMRT, i.e. having
the same number of degrees of freedom. The results are a series of trade-offs about
the irradiation of different organs at risk and/or different dose distributions within
an organ at risk. As a consequence, the results are more difficult to interpret and a
complete knowledge of the dose-response relation, or a clinical judgment, is needed
to decide which solution is bests.

4.4.1 3-D dose distribution in the PTVs and in the rectal
wall.

The minimum dose in the PTVs was not affected by changes in the value of n,
because achieving an adequate dose coverage while limiting the overdosage was
given a higher priority in the cost function than the reduction of the dose in the
rectal wall (see Appendix). With looser constraints on PTVs minimum dose, the
resulting dose distributions would not only be determined by the value of n, but
also by the weighting factors set for the PTVs and the rectal wall. By setting
the weighting factors in such a way that the PTVs coverage was always the same,
we could focus on the influence of n on the end results. The small impact of n
on PTV(1-2) mean and maximum dose was not determined by the cost function
definition. The cost function allowed a difference between minimum and maximum
dose in PTV(1-2) as large as 17.3 Gy (see Table 4.4) for the reference technique.
As no objectives were set to raise the dose in PTV(1-2) above the minimum, the
dose in this volume would increase only if this resulted in a lower cost value, i.e.
in a lower EUD of the rectal wall. The fact that no dose increase was observed in
PTV(1-2) suggests that, regardless of the n value, raising the dose in this target
volume could not improve the rectal wall sparing.

The dose distributions in the target volumes were not very sensitive to the PTV
definition. PTV1 was defined by expanding the GTV by 10 mm, which is a margin
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quite commonly applied. We did a further test on one patient, expanding the
GTV by 15 mm in the posterior direction to increase the overlap volume, while the
margins in all other directions were kept at 10 mm. Even then, the choice of n did
not cause significant differences in PTV(1-2) dose distributions.

With respect to the rectal wall, the results showed how the choice of values of n
translated always in a balance between the rectal wall volume receiving a dose lower
than 50 Gy and a dose higher than 65 Gy, all DVH-curves being very similar between
55 and 65 Gy. The higher dose value (65 Gy) was due to the dose prescription and
the overlap between rectal wall and PTV(1-2). In fact, 15% to 20% of the rectal
wall was within PTV(1-2), which should receive at least 64.6 Gy. As a consequence,
for a good coverage of PTV(1-2), at least this volume percentage of rectal wall
should receive 64.6 Gy or more. For any pair of DVH-curves, the curves cross at
approximately 60 Gy. This means that we could not tell which solution was best
from a dosimetric analysis alone. In the region where the rectal wall overlaps with
PTV(1-2), the choice of n had a strong influence on the relative volume receiving
doses higher than 65 Gy (Fig. 4.3). The reason why these differences were not
evident in the DVH of the rectal wall (Fig. 4.2) was that the overlap represents
only 15 to 20% of the total volume of the organ.

4.4.2 Dose in other normal tissues and isodose distributions.

The choice of n had a marked influence on the shape of isodose curves and in
particular on the dose gradient in the AP direction. The differences shown in Fig.
4.4 were obtained because different values of n had opposing effects on the position
of both high and low dose levels. When n=0.08, the optimisation process tends
to move the high dose region as far as possible from the rectal wall, thus moving
the 70 Gy isodose curve in the anterior direction. At the same time, there was
no incentive in reducing the volume of rectal wall receiving lower doses, which was
the reason why the dose gradient in the posterior direction was shallow. On the
contrary, for n=1, high and low doses are equally penalised in the optimisation
process, and therefore the 70 Gy isodose level is more posterior, because this allows
a reduction of the mean dose. This is also the reason why the 30 Gy isodose curve
moves in the anterior direction.

A consequence of different widths of the dose gradient in the AP direction can
be the sensitivity of these solutions to set-up errors and organ motion, particularly
along that direction. It is therefore possible that, after taking into account the effect
of these uncertainties, the differences between the solutions are different from those
depicted in the DVH comparison of the static solution. It is also evident (Table 4.3)
that the solutions associated with a steep dose fall in the AP direction showed a
significant increase of the volume irradiated at both 64.6 Gy or more (shown by the
increase of the conformity index) and 50 Gy or more. This happened because, for
high values of n, the dose gradient was considerably shallower in the LR direction
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(see Fig. 4.4), thus producing a dose distribution with a higher conformity index.
As a consequence, for high values of n, the limiting factor for a further decrease of
the EUD of the rectal wall is likely to be not the minimum dose to the PTV, but
rather the dose to the femoral heads and to the other non-involved normal tissues.

4.4.3 Alternative dose prescription and cost functions.

By combining the results of all dose prescription values and cost functions, we could
observe that:

- Changing the value of n in the EUD optimisation for the rectal wall always
results in DVH-curves that cross each other, therefore requiring a clinical
judgment for selecting the best plan. With the PTV definition and require-
ment on target coverage used in this study, the crossing point corresponds
with the minimum dose in PTV(1-2).

- The value of n determines the shape of the DVH-curve for the rectal wall,
which remains the same after dose escalation and also when different require-
ments on the minimum dose in the PTV are set. The EUD minimisation
therefore does not guarantee that specific DVH threshold will be satisfied.
This is one of the reasons why the combined use of EUD and DVH-points
might be beneficial in some cases [Wu et al., 2003b].

- In most cases the treatment techniques ended up in dose distributions for
the rectal wall below the thresholds associated to a high risk of complication.
According to our results, the dose-volume threshold at 40 Gy for moderate
complications is the most likely candidate to be violated in difficult cases,
but only if n ≤ 0.08 is used.

- The maximum dose, although not explicitly controlled by the EUD, remained
quite stable even for n=1 and when hot spots in the target volumes up to
117% were allowed. This shows that the maximum dose in the PTV and in
the rectal wall were essentially two independent variables of the optimisation.

- The optimisation process is almost insensitive to the value of n between 50
and 65 Gy. Above 65 Gy, the influence of n on the DVH-curve is small except
for the solution with n = 1, that leads to a significantly higher irradiated
volume.

- The planning objectives usually applied to the non-involved normal tissues
allowed for a large variability of the rectal wall volume irradiated at doses
below 45 Gy. With more strict demands in terms of conformality (see par
refcostfunc), the solutions with a higher value of n showed significant changes.
This result, combined with the increase of the conformity index and V50 for
the reference technique with respect to the solutions with n ≤ 0.25, showed
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that with a large value of n there is a conflict between reducing the EUD in
the rectal wall and limiting the dose in other normal tissues.

4.4.4 Use of the currently proposed values of n in the
optimisation.

The values of n resulting from the analysis of clinical data range from 0.06 to 0.24
[Burman et al., 1991, Rancati et al., 2004]. Given the different treatment techniques,
scoring methods, and perhaps definition of the rectum used to obtain these values,
we have to look at them as useful suggestions about a reasonable value of n rather
than precise estimates.
In this perspective, n = 0.12 and n = 0.06 yield almost the same results of the
optimisation process. The use of n = 0.06 would obtain a slightly lower maximum
dose, of about 1 Gy, while n = 0.12 would lead to a small reduction of the rectal
wall volume irradiated with a dose of 40 Gy or less. In some cases, with n ≤ 0.12 it
might be difficult to comply with the currently used dose-volume thresholds at 40
Gy. By taking n = 0.26, the volume irradiated in the 40 Gy range could in some
cases be reduced by up to 10%. The price to pay for this reduction is an increased
dose to the non-involved normal tissues.
It is therefore important to check whether the planning objectives for the normal
tissues are strict enough. A maximum dose objective to the normal tissue is often
enough to guarantee a good dose conformality as long as the optimisation is aimed
at reducing the rectal wall volume irradiated at high doses only. With n = 0.26,
the maximum dose constraint is likely not to be sufficient, because the optimisation
will try to decrease the rectal wall volume irradiated in the 40-50 Gy dose range at
the expense of other normal tissues.

4.5 Conclusion

EUD-based optimisation is an effective method to control the dose in the rectal wall
over the whole dose range and to explore the possible results of treatment planning
optimisation by simply changing the volume parameter. For cost functions and dose
prescriptions commonly applied in clinical practice, different values of the volume
parameter are associated with different tradeoffs between doses higher and lower
than 65-70 Gy. For most techniques used in this study, the solutions associated
with n values up to 0.25 produced similar dose distributions in the rectal wall for
doses above 45 Gy, that complied with the dose-toxicity thresholds we analysed.

The choice of the value of n in the optimisation requires an analysis of its effect
not only on the dose distribution for the rectal wall, but also on other aspects such
as the dose to the non-involved normal tissues and the value of all the planning
objectives included in the cost function with their relative weights.
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4.6 Appendix. Cost function, treatment
techniques and dose prescription.

The reference technique consisted of 5 beam directions (36, 100, 180, 260 and 324),
of a prescribed dose of 68 Gy and 78 Gy for PTV(1-2) and PTV2, respectively, and
of the cost function reported in table 4.4.
A DV Hmin objective is set to guarantee that the volume Vl receives at least the

Table 4.4: Cost function

Volume Objective Parameters Weight

PTV2 DV Hmin DoseLevel(Dl): 95% of the prescr. dose 90
VolumeLevel(Vl):99%

PTV(1-2) DV Hmin Dl:95% of the prescr. dose Vl:99% 90
PTV2 Dmax Dl:107% of the prescr. dose 90
PTV(1-2) Dmax Dl:105% of the prescr. dose for PTV2 90
Rectal wall EUDmax EUD0=10 and different values of n 0.001
Femur heads DV Hmax Dl:52 Gy Vl 10% 50
External contour Dmax Dl:107% of the prescr. dose (83.5 Gy) 90

dose Dl and the cost is calculated as

C = w
1
N

1
D2

l

N∑
i=1

(H(di − Da) − H(di − Dl))(di − Dl)2 (4.4)

where w is the weight factor associated with the objective, N is the number of voxels
of the anatomical structure of interest, di the dose associated with the i-th voxel, H
is the Heaviside step function and Da is the actual dose level at Vl in the cumulative
dose-volume histogram. This expression holds only for Da ¡ Dl and the cost is set
to 0 when Da ≥ Dl. A DV Hmax objective is set to guarantee that the volume Vl

receives at most the dose Dl and the cost is calculated as

C = w
1
N

1
D2

l

N∑
i=1

(H(di − Dl) − H(di − Da))(di − Dl)2 (4.5)

This expression holds only for Da > Dl and the cost is set to 0 when Da ≤ Dl.
Dmax is a special case of DV Hmax where Vl = 0 and therefore eq. 4.5 becomes

C = w
1
N

1
D2

l

N∑
i=1

H(di − Da)(di − Dl)2 (4.6)
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Abstract. Purpose: To compare intensity-modulated treatment plans of patients with

head and neck cancer generated by forward and inverse planning.

Materials and methods: Ten intensity-modulated treatment plans, planned and treated

with a step&shoot technique using a forward planning approach, were retrospectively re-

planned with an inverse planning algorithm. For this purpose, two strategies were applied.

First, inverse planning was performed with the same beam directions as forward planning.

In addition, nine equidistant, coplanar incidences were used. The main objective of the

optimisation process was the sparing of the parotid glands beside an adequate treatment

of the planning target volume (PTV). Inverse planning was performed both with pencil

beam and Monte Carlo dose computation to investigate the influence of dose computation

on the result of the optimisation.

Results: In most cases, both inverse planning strategies managed to improve the treatment

plans distinctly due to a better target coverage, a better sparing of the parotid glands or

both. A reduction of the mean dose by 3-11 Gy for at least one of the parotid glands

could be achieved for most of the patients. For three patients, inverse planning allowed

to spare a parotid gland that had to be sacrificed by forward planning. Inverse planning

increased the number of segments compared to forward planning by a factor of about 3;

from 9-15 to 27-46. No significant differences for PTV and parotid glands between both

inverse planning approaches were found. Also, the use of Monte Carlo instead of pencil

beam dose computation did not influence the results significantly.

Conclusion: The results demonstrate the potential of inverse planning to improve intensity-

modulated treatment plans for head and neck cases compared to forward planning while

retaining clinical utility in terms of treatment time and quality assurance.
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5.1 Introduction

Previous comparisons have demonstrated the potential to improve conventional 3D–
CRT dose distributions with intensity modulated radiotherapy (IMRT) for several
tumour sites [IMRT Collaborative Working Group, 2001]. IMRT can be delivered
in a static mode, where a series of single fields or segments from each beam di-
rection are superimposed to achieve a modulation of the intensity [Bortfeld et al.,
1994]. In this paper, we will denote this method as the step&shoot technique. Two
approaches of computerised treatment planning for step&shoot IMRT are generally
applied.

The first method is an extension of conventional treatment planning and is in
this paper referred to as forward planning. Its definition of the segment shapes
is performed manually similar to conventional planning. However, more than one
segment is used from each beam direction. Afterwards, the weights of the segments
are optimised using a computer optimisation algorithm to achieve the desired dose
distribution [De Neve et al., 1999, Damen et al., 2001, De Gersem et al., 2001a].

The second strategy, which we denote as inverse planning, usually starts with
the optimisation of fluence profiles from each beam direction by minimisation of an
objective function [Bortfeld, 1999, Brahme, 1999]. Afterwards, sequencing trans-
forms each optimised profile into a series of segments which can be delivered with
a multileaf collimator (MLC). Alternatively, sequencing may also be part of the
optimisation process [Keller-Reichenbecher et al., 1999, Alber and Nusslin, 2001a,
Seco et al., 2002].

The clinical implementation of IMRT using forward planning is relatively easy,
because it is closely related to conventional planning. Issues like quality assurance,
time involved in planning and delivery are a logical extension of the experience
obtained with conformal radiotherapy. Manual definition of the segments leads to
intuitive choices of the segment shapes based on the beam’s eye view option of the
planning system. Inverse planning is far less related to conventional radiotherapy
because the segment shapes are not defined manually and the number of segments
is usually considerably larger. Therefore, the resulting segment shapes may be less
intuitive and procedures for quality assurance have to be modified [IMRT Collab-
orative Working Group, 2001, Sultanem et al., 2000]. However, there are complex
clinical situations which require the use of many beam directions and segments. In
theses cases, inverse planning may be the only efficient strategy.

In this work we investigated, and to what extent, improvements of IMRT treat-
ment plans generated by forward planning can be achieved with an inverse planning
strategy for complex treatments. To this aim, we compared a clinically applied for-
ward planning procedure with an inverse planning technique for a set of patients
suffering from head and neck tumours. IMRT for these tumour sites is considered
to be a promising method to improve local control and/or reduce acute or late
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toxicity [McShan and Fraass, 1993, Xia et al., 2000]. In particular, the aim of the
treatment planning was to spare the parotid glands to avoid or alleviate xerosto-
mia without compromising the coverage of the planning target volume (PTV). This
approach is based on considerations and results of recent publications from the
University of Michigan [Eisbruch et al., 1998, 1999b, 2001a] and other institutions
[Chao et al., 2001b, Roesink et al., 2001, Sultanem et al., 2000, Wu et al., 2000, Xia
et al., 2000]. The focus of the comparison is on the resulting dose distributions, in
particular on dose-volume histograms (DVHs). Other aspects like quality assurance
and treatment time are also discussed briefly.

5.2 Materials and Methods

5.2.1 Patients, treatment, dose prescription and limitations

Ten patients with various types of head and neck cancer were selected for this
planning study. Tumour sites and volumes are presented in table 5.1. All patients
received a CT-scan with a slice distance of 3 mm in the area of the PTV and the
lower and upper adjacent regions. Treatment planning and delivery were performed
at the Netherlands Cancer Institute (NKI) between October 2000 and January
2002 with the forward planning approach described in the next section. During
this period, a low-energy accelerator equipped with an MLC was installed. This
treatment machine was used for treating five patients, while blocks were used on
older machines for the treatment of the earlier five patients. All patients were
treated with 6 MV photons produced by Elekta SL 15 accelerators. In two cases,
an additional electron boost was delivered to treat regions in very close proximity
to the patient’s surface.

The PTV of the main phase of the treatment, further denoted as PTV1, con-
sisted of the primary tumour and the left and right nodes, with a safety margin to
account for organ motion and set-up variations. Although PTV1 consisted of three
spacially separate volumes in some cases, in what follows, we refer to PTV1 as one
composite volume for the sake of simplicity. It should be noted that the optimisa-
tion for both planning methods was performed with respect to a sometimes slightly
modified PTV1, which kept a minimum distance of 5 mm to the patient’s surface.
In this way, the build-up region, where it is impossible to meet the prescribed target
coverage and where the dose calculation is imprecise, was excluded. In what fol-
lows, dose prescriptions and dose distributions refer to this modified PTV1. After
the optimisation, the segments produced by the inverse planning procedure were
enlarged to cover the volume of PTV1 close to the patient’s surface. The spinal
cord and both parotid glands were considered as organs at risk (OARs).

A dose of 46 Gy was prescribed to the ICRU point at the centre of the primary
tumour for the main phase of the treatment. Patients were treated 5 times per week
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Table 5.1: Tumour site, total tumour volume and treatment modality for the 10 patients
of the study.

Patient Tumour site Tumour Volume (cm3) Treatment

1 Base of tongue 530 Blocks
2 Base of tongue 567 Blocks
3 Base of tongue 323 Blocks
4 Larynx 363 Blocks
5 Base of tongue 345 Blocks
6 Base of tongue 469 MLC
7 Base of tongue 593 MLC
8 Larynx 503 MLC
9 Larynx 424 MLC
10 Base of tongue 748 MLC

with a total dose of 46 Gy given in 23 fractions. Subsequently, a boost of typically
24 Gy was delivered with the same fractionation scheme to PTV2, which consisted
of the high risk volumes of PTV1 and if indicated also to parts of the neck nodes.
In some cases, a boost of only 10 or 20 Gy was considered sufficient and prescribed.
In what follows, we consider all patients as treated with a 24 Gy boost for the sake
of simplicity. Therefore, the relevant clinical boost plans were scaled up to 24 Gy if
necessary.

The aims of the treatment were to achieve a dose of 90% of the prescribed dose
(46 Gy for the main phase, 24 Gy for the boost) in at least 99% of the volume of
PTV1 and PTV2 and a dose of 95% in at least 97% of PTV1 and PTV2. The
maximum dose was restricted to 107% of the prescribed dose in each treatment
phase. In particular, the maximum dose of the spinal cord was limited to 50 Gy for
the composite treatment plan. Furthermore, the mean dose of left and right parotid
gland was aimed at less than 26 Gy for the composite treatment. This limitation
aims at substantially sparing the gland function and was defined according to the
findings of Eisbruch and colleagues [Eisbruch et al., 1999b]. However, not all aims
of the planning could be achieved for each patient due to the complexity of the
geometry of PTV1, PTV2 and OARs in these patients (see the Results section).

5.2.2 Forward treatment planning

Forward treatment planning of the main phase was performed with the 3D treat-
ment planning system U-MPlan of the University of Michigan [Fraass and McShan,
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1987], which is used in clinical routine at the NKI.
The first planning stage consisted of manually specifying 5-10 beam incidences

for each patient individually to irradiate PTV1 properly while having the potential
to spare the OARs. Segments were manually defined, which typically either encom-
passed PTV1 completely or treated parts of PTV1 while completely shielding the
OARs. The total number of segments was limited to 20 by a software restriction
and the edge/octree dose computation algorithm [Fraass et al., 1987, McShan and
Fraass, 1993] implemented in UMplan was used for dose calculation.

In the next step, an optimisation of the beam weights was performed for all
segments with a module of the treatment planning system. The cost functions for
the optimisation reflected the aims of the treatment planning. For the head and
neck patients of this study, the aforementioned aims for PTV1 and a maximum
dose of 40 Gy to the spinal cord were chosen for the main phase. Another aim of
this phase was to restrict the volume of each parotid gland that receives more than
25 Gy to 60% of the total volume. If a parotid gland could not be spared, i.e. if
this aim could not be reached, this gland was discarded from the optimisation and
it was not attempted to reduce its mean dose any further. After the optimisation,
segments with less than 4 monitor units (MUs) were eliminated and the optimisation
was restarted with the remaining segments. This procedure was repeated until all
segments delivered at least 4 MUs.

A similar but less complex method was applied for the boost phase, where only 2-4
beam incidences were used. Furthermore, beam weight optimisation was considered
to be unnecessary due to the rather simple design of the treatment plans of the
boost.

5.2.3 Inverse treatment planning

Inverse treatment planning was performed with the inverse planning software Hy-
perion, which was developed at the University of Tübingen [Alber et al., 2000,
Alber and Nusslin, 1999]. Briefly, Hyperion minimises the probability of tumour
cell survival by minimising an objective function subject to constraints for the
PTVs and OARs. The optimisation considers the constraints in a strict way and
not through the use of importance factors. Violations of the prescription are only
accepted for PTV1, but not for the OARs. In an initial stage of the optimisation,
Hyperion uses a finite-size pencil beam algorithm with density scaling to produce
freely modulated fluence weight profiles. In a second stage, the shapes and weights
of segments are optimised. Here, the Monte Carlo code XVMC can be used [Fippel
et al., 1999, Laub et al., 2000] alternatively.

In the beginning of the planning procedure of the main phase, beam directions
and cost functions that reflect the desired dose distribution were specified. In a first
series of optimisation (1st inverse approach), the same beam directions as applied
for the specific patient during forward planning were defined. In a second series
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(2nd inverse approach), nine equidistant and coplanar beam directions starting from
0◦ gantry angle were used.

A class solution for the cost functions of the optimisation was defined (see the
Appendix for details). For PTV1, the aim was to minimise the probability of
tumour cell survival with a Poisson statistics model. Additionally, a dose variance
constraint was used to restrict the dose inhomogeneity in PTV1. In this way,
the steepness of the cumulative DVH of PTV1 could be controlled. An overdose
constraint contributed a penalty to the objective function if the prescribed dose
of 46 Gy was exceeded. High dose regions within PTV1 were thus suppressed. A
serial constraint for the spinal cord limited its maximum dose to the same value as
applied for the forward planning. A parallel constraint was used for both parotid
glands to restrict their mean dose. The aim for the main phase was to achieve a
mean dose of not more than 20 Gy for each parotid gland. The parotid constraints
used for inverse planning are somewhat stricter than for forward planning in order
to force better sparing. If this resulted in an unacceptable coverage of PTV1, the
constraints were modified to allow a higher mean dose. Notice that a step like this
has to be taken because otherwise, inverse planning would create less modulated
treatment plans quite like forward planning. Better parotid sparing will not result
from the use of inverse planning alone, it has to be required in the treatment setup.

As for the forward planning, a parotid gland that could not be spared was no
longer considered as a dose-limiting organ during the optimisation. An overdose
constraint with a much stronger emphasis than for PTV1 was used for the irradiated
volume of the patient minus PTV1 and OARs. In this way, regions of very high dose
outside PTV1 were suppressed. The same cost functions were used for both inverse
planning approaches. A summary of the parameters available for the definition of
cost functions is given in the appendix.

First, the fluence profiles were optimised. Then, each profile was transformed
into an initial series of segments. Finally, the shapes and weights of the resulting
segments were re-optimised with the same cost functions as used for initial fluence
optimisation. Additional constraints were applied to force the optimisation to end
up with reasonably-shaped segments. The minimum segment size was limited to
4 cm2, the minimum segment width to 1 cm and the minimum segment weight to
5 MUs. A detailed description of this automated procedure, which did not require
user intervention at intermediate stages, can be found elsewhere [Alber and Nusslin,
2001a, Bar et al., 2001].

The planning of the boost phase was performed with a single approach with
similar cost functions. In some cases, the same beam directions as for forward
planning were used. In others, different incidences were specified to be able to
reduce the dose to the parotid glands compared to forward planning.
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5.2.4 Comparison of the two planning approaches

Forward and inverse planning was performed for the main phase and the boost part
of the treatment. However, most of the time, only the main phase was challeng-
ing for both treatment planning approaches. Furthermore, the boost treatment of
two patients consisted of an additional electron boost, while the inverse planning
approach was restricted to photons. Therefore, we focused our study on the main
phase of the treatment, where we could compare the different strategies for difficult
treatment planning situations. Nevertheless, the results of the boost phase, with
the exception of the two patients which received an electron boost, will also be
analysed briefly.

For the comparison of the treatment plans, the DVHs were normalised, so that
the mean dose of PTV1 of the primary tumour was equal to 46 Gy for the main
phase and the mean dose of PTV2 was equal to 24 Gy for the boost. We analysed
the coverage of PTV1 and PTV2, the maximum dose of the spinal cord and the
mean doses of both parotid glands. We did not consider the maximum dose of
PTV1 and PTV2 in what follows, because they were in every case similar for all
methods.

5.3 Results

5.3.1 Main phase

Forward treatment planning of the main phase resulted in 5-10 beams and 9-15
segments. The 1st inverse planning approach with the same beam directions led to
27-42 segments, while the 2nd with 9 equidistant beams resulted in 24-46 segments
(see table 5.2).

The aim of having at least 99% of the volume of PTV1 to receive at least 90%
of the prescribed dose was in most cases fulfilled for all three approaches. Only
forward planning of patient 6 led to significant underdosage. The criterion of having
at least 97% of PTV1 to receive at least 95% of the prescribed dose was mostly
not met by any method (on average 86.9% of the volume of PTV1 for forward
planning, 95.5% for 1st inverse and 95.4% for 2nd inverse planning received 95% of
the prescribed dose), although the extent of failure varied significantly (68-97% for
forward planning, 92-98% for 1st inverse and 93-98% for 2nd inverse planning). The
maximum dose of the spinal cord was in most cases similar (on average 40.8 Gy
for forward, 39.4 Gy for 1st inverse and 39.5 Gy for 2nd inverse planning). Only
for patient 4, one of the inverse approaches exceeded the result of the forward
technique. For three patients, none of the methods managed to spare both parotid
glands (patients 2, 3 and 10).

Most of the time, both inverse planning methods resulted in 3-11 Gy lower doses
to at least one of the parotid glands. Only for patients 4 and 7, the mean dose of the
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Table 5.2: Number of beam directions and segments of forward and inverse planning
approaches for the main phase of the treatment. The forward and 1st inverse plans used
the same beam directions, while the 2nd inverse plan consisted of 9 coplanar beams.

# Beams # Segments
Patient Forw. / 1st Inv. Forw. 1st Inv. 2nd Inv.

1 6 9 38 35
2 6 10 37 32
3 9 11 30 27
4 5 11 27 24
5 7 11 28 30
6 8 12 29 46
7 6 12 33 30
8 6 12 39 31
9 10 15 42 33
10 7 13 41 39

right parotid gland was somewhat higher with the 2nd inverse approach compared
to that of the forward planning. Both inverse planning approaches led to similar
results in terms of coverage of PTV1 and sparing of OARs. The results for the three
approaches are summarised in table 5.3 for all 10 patients. As a typical example,
the results of forward and 1st inverse planning of patient 5 for PTV1 of the primary
tumour and the parotid glands are illustrated in a cumulative DVH in figure 5.1.

5.3.2 Boost phase

Forward treatment planning of the boost phase resulted in 2-4 beams and 2-5 seg-
ments. Inverse planning applied 3-4 directions and resulted in 8-26 segments (see
table 5.4). Notice that the complexity of inverse planning significantly increased if
it was possible to spare an additional parotid gland. For instance, for patient 5 the
number of segments increased from 4 to 26. Inverse planning was not performed
for patients 9 and 10, who received a boost treatment with electrons.

The results for forward and inverse planning of the boost phase are summarised
in table 5.5. The differences with respect to coverage of PTV2 were small and
no method was systematically better than another. The maximum dose of the
spinal cord was similar or lower for the inverse planning approach. We achieved
significantly lower mean doses for one of the parotid glands for patients 1, 5 and 7
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Table 5.3: Results of the three treatment planning techniques for the main phase. ’For-
ward’ displays the results of the clinically applied forward planning technique, ’1st Inverse’
of the inverse planning technique with the same beam directions and ’2nd Inverse’ of the in-
verse planning technique with 9 equidistant beams. Notice that the doses of three parotid
glands which had to be sacrificed by all techniques are not listed, but marked with -.

Patient 1 2 3 4 5 6 7 8 9 10

PTV1 Forward 100 98 98 99 100 95 100 99 100 98
V90% 1st Inverse 98 99 99 100 99 98 100 99 99 99

2nd Inverse 99 99 99 99 99 98 100 100 99 99

PTV1 Forward 94 83 91 91 92 68 97 85 96 72
V95% 1st Inverse 95 95 96 96 96 92 98 96 96 95

2nd Inverse 95 97 95 93 95 94 98 96 96 95

Spinal Cord Forward 40 40 41 41 40 41 41 41 45 38
Dmax 1st Inverse 39 39 40 41 38 41 40 39 42 35

2nd Inverse 38 40 41 43 39 41 40 38 41 34

Parotid (L) Forward 30 28 - 19 27 23 26 14 25 26
Dmean 1st Inverse 19 23 - 20 19 19 18 13 21 21

2nd Inverse 19 24 - 20 20 17 19 15 22 20

Parodit R Forward 23 - 24 18 24 23 16 15 24 -
Dmean 1st Inverse 19 - 20 20 19 22 17 12 20 -

2nd Inverse 19 - 19 22 19 20 19 11 21 -

Table 5.4: Number of beam directions and segments of forward and inverse planning of
the boost phase. Inverse planning was not performed for patients 9 and 10, where the
clinical boost treatment was given with an additional electron beam.

# Beams # Segments
Patient Forward Inverse Forward Inverse

1 3 4 5 14
2 3 3 4 12
3 3 4 3 20
4 3 3 3 10
5 4 4 4 26
6 3 3 3 8
7 3 4 4 20
8 2 4 2 18
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Figure 5.1: Cumulative DVH of PTV1 of the primary tumour and the parotid glands of
forward and 1st inverse plan of patient 5.

Table 5.5: Results of forward and inverse planning of the boost phase.

Patient 1 2 3 4 5 6 7 8

PTV2 Forward 100 100 93 100 100 100 99 91
V90% Inverse 98 99 97 99 99 100 99 100

PTV2 Forward 98 97 90 95 98 100 97 89
V95% Inverse 96 95 94 96 95 99 97 98

Spinal cord Forward 10 9 7 7 12 10 10 4
Dmax Inverse 8 9 6 5 11 10 7 4

Parotid L Forward 14 1 - 2 10 3 13 2
Dmean Inverse 7 0 - 1 4 0 8 0

Parotid R Forward 0 - 0 2 1 1 2 -
Dmean Inverse 0 - 1 1 1 0 1 -
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Figure 5.2: Histogram of the results for the mean dose of the parotid glands for all 10
patients after forward and inverse planning of both treatment phases. For each patient,
the parotid gland with the larger difference between both methods was chosen for this
illustration (see tables 5.3 and 5.5 for details.

with inverse planning, while the results were similar in the other cases.

5.3.3 Composite treatment

As the results for PTV1 and PTV2 were already sufficiently analysed in the previous
sections, we focus in this section on the total mean dose of the parotid glands. We
summed the mean doses of main phase and boost for each parotid gland to evaluate
the results for the composite treatment. For the sake of simplicity, we consider only
the forward and the 1st inverse planning approach, where the same beam directions
were used.

For three patients, inverse planning managed to save a parotid gland, which
could not be spared with forward planning (patients 1, 5 and 7). In three other
cases, both methods had to sacrifice a parotid gland (patients 2, 3, 10). In the rest
of the cases, inverse planning resulted on average in lower mean doses. In figure
5.2, the mean dose of the composite treatment of one the parotid glands of each
patient are illustrated in a histogram for the forward and the 1st inverse planning
approach. For patients 9 and 10, where the boost was not planned with Hyperion,
we used results of the main phase only. In figure 5.3, the results for the parotid
glands of forward and 1st inverse planning are illustrated in a different way: The
amount of parotid glands given as as a percentage of the total number (9 left and
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Figure 5.3: Frequency of the total number of parotid glands that received equal to or
less dose than the specified dose.

8 right parotid glands, as we did not consider the three parotid glands that were
sacrificed by all approaches) that received equal or more dose than the specified
dose is plotted against the dose. This plot shows a distinct shift of the mean dose
in the parotid glands towards lower values for the inverse compared to the forward
approach.

5.4 Discussion

The results of our study showed distinctly improved dose distributions for treatment
of head and neck cancer optimised with inverse planning compared to forward
planning. These improvements either manifested themselves with respect to the
coverage of PTV1 (patients 2, 6, 8 and 10) or the sparing of the parotid glands
(patients 1, 5 and 7). On the other hand, inverse planning increased the number of
segments compared to forward planning distinctly (about the threefold number for
the main phase) and thus decreased the average weight of a segment. However, the
treatment time with modern step&shoot delivery methods is mainly determined
by the number of gantry angles, at least when the number of segments is less
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than 30-40. Treatments with step&shoot IMRT with that many segments are thus
not significantly prolonged compared to conventional therapy. Similar to forward
planning, inverse planning limited the minimum weight of any segment to 5 MUs.
In our study, the major aim for the parotid glands was to achieve a mean dose
below 26 Gy as proposed by Eisbruch and colleagues [Eisbruch et al., 1999b]. We
considered a dose of 26 Gy as sufficient to substantially spare the gland function.
However, the normal tissue complication probability (NTCP) for the parotid glands
published by Eisbruch and colleagues [Eisbruch et al., 1999b] and another group
[Roesink et al., 2001] are continous and monotonously increasing functions of the
mean dose with a steep gradient between 20 Gy and 30 Gy. Any significant reduction
of the mean dose in this range may thus be of clinical importance. Therefore, the
benefits of inverse planning with respect to the parotid glands may not only be
relevant for patients 1, 5 and 7, but also of benefit for patients 2, 3, 6, 9 and 10.

The comparison of the 1st and the 2nd inverse planning strategy did not show
distinctly different results. In this way, the 1st approach with on average fewer and
manually chosen beam directions was more efficient with respect to the delivery
time, while the 2nd strategy with 9 pre-defined beam directions was faster and
easier to plan. These results support the hypothesis that IMRT with equidistant,
coplanar beams, as for instance proposed by Stein et al. [Stein et al., 1997] for
prostate cancer, may not always be optimal for treatment of head and neck cases.
For these tumours, automated beam direction optimisation seems more promising
[Meedt et al., 2003].

The validity of this study could be compromised by the fact that the two strate-
gies employ different dose computation algorithms. It is important to distinguish
between the absolute accuracy of a dose computation method, as compared with
measurement, and the influence of inaccuracies on the results of an optimisation
algorithm. Regarding the former case, recomputing the final dose distributions
with a third algorithm would only highlight the differences of the respective dose
computation methods without giving any insight into the interaction between dose
computation and optimisation. Regarding the latter case, if a better dose computa-
tion algorithm were used for optimisation, a different solution would be produced,
which would not need to be better with respect to the cost function. These sources of
error have been termed ‘systematic’ and ‘convergence’ error in a recent publication
by Jeraj et al. [Jeraj et al., 2002].

To evaluate the magnitude of the convergence error, the same dose computation
method would have to be used within the optimisation, which was not possible.
However, the optimisation of segment shapes and weights of the inverse algorithm
can use either pencil beam or Monte Carlo dose computation. In order to assess
the magnitude of the convergence error, a number of cases were optimised again
using Monte Carlo. Notice, that since the inverse approach employs constrained
optimisation, both results will necessarily agree in the OAR and PTV constraints.
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Figure 5.4: Cumulative DVH of the dose distribution resulting from the inverse planning
of patient 7 with a pencil beam and a Monte Carlo dose calculation algorithm. Illustrated
are PTV1, spinal cord and parotid glands.

Hence, the discrepancy between the dose computation algorithms will only affect
the cost function of the PTV.

As an example, we present inverse planning with Hyperion for a very complex
case (patient 7), see figure 5.4. The resulting weights and shapes of the segments
were slightly different. Notice that the segment shapes can be changed in increments
of 2mm in leaf direction, so that any difference in field penumbra between dose
computation methods can be easily absorbed in the segment shapes. The largest
differences were found in regions that do not affect the value of the cost function
(e.g. build-up regions and boundaries of the lung). Although the DVHs of the
parotids differ between the pencil beam and Monte Carlo results, their cost function
value is equivalent. Compared with pencil beam, a larger volume of the parotids
receives low doses with Monte Carlo dose computation which reflects a better model
of accelerator head scatter. Since the parotid dose is constrained by a parallel
model which penalizes also low and intermediate doses, the optimisation algorithm
has to compensate for this difference in dose computation. It does so by reducing
the volume of the parotids that receives intermediate doses, because this incurs a
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smaller cost in terms of target coverage than reducing high dose volumes close to
the targets. Despite this redistribution of dose in the parotids, the target dose did
not suffer significant losses.

These findings imply that the final cost function of the inverse strategy depends
only weakly on the absolute accuracy of the dose computation, while the segment
shapes and weights naturally have a greater dependence. It appears reasonable to
assume that these findings could be repeated if the dose computation of the forward
strategy could be used within the inverse optimisation so that the differences in dose
computation do not bear on the results of this study.

5.5 Conclusions

A treatment planning comparison of forward and inverse planning for head and
neck cancer was performed for 10 patients. In most of these patients, distinctly
better sparing of the parotid glands could be achieved with inverse planning without
compromising the coverage of the PTVs. This result is in agreement with other
publications regarding forward optimisation strategies for head and neck cancer.
However, it was shown by De Gersem et al. [De Gersem et al., 2001a,b]that the
dose distribution can be improved further if the shapes of the segments are adapted
during the optimisation, which in effect raises the degrees of freedom of the setup
to the levels of inverse planning. Accordingly, our results demonstrate that inverse
planning has the potential to improve dose distributions significantly at the cost of
a higher number of field segments.



84 Inverse and forward planning for head and neck tumors

5.6 Appendix

Inverse treatment planning with Hyperion used the following types of objectives
and constraints for the definition of cost functions:

Poisson :
1
n

n∑
i=1

exp (−Di)

Overdose :
1
n

n∑
i=1

(
Di − D0

I

)2
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Variance :
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(
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)k
≤ 1

where n is the number of voxels, Di the dose in voxel i, D the mean dose, H(x) the
Heaviside-step-function and D0, I and k are user-defined parameters. Hyperion
maximises the Poisson objective under strict compliance of all specified overdose,
variance, serial and parallel constraints. In what follows, the constraints for the
main phase are described. A similar, but downscaled scheme was used for the boost
phase. For PTV1, a Poisson objective, an overdose constraint with D0 = 46 Gy and
I = 1 Gy, and a variance constraint with I = 1.5 Gy was used. A serial constraint
with k = 15 and I = 30-40 Gy (for most patients I = 33 Gy) was applied for the
spinal cord. A parallel constraint with k = 1 and D0 = 16 − 20 Gy was used for
the parotid glands. A lower value for D0 was applied for the simpler cases, a higher
value for difficult cases. In situations where a parotid gland could not be spared,
no constraint was applied. Finally, an overdose constraint with D0 = 46 Gy and
I = 0.1 Gy was used for the total volume of the patient excluding PTV1 and OARs.
This constraint aimed at suppressing hot spots outside PTV1. Further details about
Hyperion’s objective function can be found in [Alber and Nusslin, 1999].
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Abstract. Purpose: To identify the anatomic structures whose damage/malfunction

cause late dysphagia and aspiration after intensive chemotherapy and radiotherapy (RT)

for head-and-neck cancer, and to explore whether they can be spared by intensity-modulated

RT (IMRT) without compromising target coverage.

Methods and Materials: 26 patients receiving RT concurrent with gemcitabine under-

went prospective evaluation of swallowing with videofluoroscopy (VF), direct endoscopy

and CT. To assess whether the VF abnormalities were regimen specific, they were com-

pared with the VF findings of 6 patients presenting with dysphagia after RT concur-

rent with high-dose intra-arterial cisplatin. The anatomic structures whose malfunction

was likely to cause the VF abnormalities common to both regimens were determined by

literature review. Pre and posttherapy CT scans were reviewed for evidence of dam-

age to each of these structures, and those demonstrating changes after radiotherapy

were deemed dysphagia/aspiration-related structures (DARS). Standard 3D RT, standard

IMRT (stIMRT), and dysphagia-optimized IMRT (doIMRT) plans in which sparing of the

DARS was included in the optimization cost function were produced for 20 consecutive

patients with advanced head-and-neck cancer.

Results: The posttherapy VF abnormalities common to both regimens included weakness

of the posterior motion of the base of tongue, prolonged pharyngeal transit time, lack of

coordination between the swallowing phases, reduced elevation of the larynx, and reduced

laryngeal closure and epiglottic inversion, contributing to a high rate of aspiration. The

anatomic structures whose malfunction was the likely cause of each of these abnormalities,

and that also demonstrated anatomic changes after RT concurrent with gemcitabine doses

associated with dysphagia and aspiration, were the pharyngeal constrictor muscles (me-

dian thickness near midline 2.5 mm before therapy vs. 7 mm after therapy; p = 0.001), the



86 IMRT to reduce the risk of dysphagia and aspiration

supraglottic larynx (median thickness, 2 mm before therapy vs. 4 mm after therapy; p <

0.001), and, similarly, the glottic larynx. The constrictors and the glottic and supraglottic

larynx were, therefore, deemed the DARS. The lowest maximal dose delivered to a stric-

ture volume was 50 Gy. Reducing the volumes of the DARS receiving >50 Gy (V50) was,

therefore, a planning and evaluation goal. Compared with the 3D plans, stIMRT reduced

the V50 of the pharyngeal constrictors by 10% on average (range, 0-36%, p < 0.001), and

doIMRT reduced these volumes further, by an additional 10% on average (range, 0-38%;

p < 0.001). The V50 of the larynx (glottic + supraglottic) was reduced marginally by

stIMRT compared with 3D (by 7% on average, range, 0-56%; p = 0.054), and doIMRT re-

duced these volumes by an additional 11%, on average (range, 0-41%; p = 0.002). doIMRT

reduced laryngeal V50 compared with 3D, by 18% on average (range 0-61%; p = 0.001).

Certain target delineation rules facilitated sparing of the DARS by IMRT. The maximal

DARS doses were not reduced by IMRT because of their partial overlap with the targets.

stIMRT and doIMRT did not differ in target doses, parotid gland mean dose, spinal cord,

or nonspecified tissue maximal dose.

Conclusions: The structures whose damage may cause dysphagia and aspiration after

intensive chemotherapy and RT are the pharyngeal constrictors and the glottic and supra-

glottic larynx. Compared with 3D-RT, moderate sparing of these structures was achieved

by stIMRT, and an additional benefit, whose extent varied among the patients, was gained

by doIMRT, without compromising target doses. Clinical validation is required to deter-

mine whether the dosimetric gains are translated into clinical ones.
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6.1 Introduction

Recent improvements in therapy for head-and-neck cancer have largely been the
result of intensification of treatment: the delivery of radiotherapy (RT) concurrent
with chemotherapy or altered fractionated RT, notably accelerated regimens [Fu
et al., 2000, Pignon et al., 2000]. The intensification of therapy has achieved im-
proved tumor response and loco regional control rates; however, it has often been
associated with high rates of severe early and late mucosal and pharyngeal toxi-
cities. The early toxicity can be addressed by measures such as transient gastric
tube feeding. However, persistent long-term pharyngeal toxicity is a major detri-
mental effect of some organ preservation approaches using chemo-RT or aggressive
accelerated RT [Skladowski et al., 2000, Staar et al., 2001, Delaney et al., 1995,
Abitbol et al., 1997, Vokes et al., 2003, Balm et al., 2004, Ang et al., 2005]. In
addition to late dysphagia, intensive treatment regimens are associated with late
laryngeal edema [Kaanders et al., 1992], and with aspiration and an increased risk
of pneumonia [Eisbruch et al., 2002b]. Thus, late dysphagia and aspiration limit
the intensity of concurrent chemo-RT or accelerated RT regimens and reduce their
therapeutic ratios [Kaanders et al., 1999, Trotti, 2000]. It has recently been recog-
nized that late pharyngeal toxicity is the main barrier to winning the battle against
head-and-neck cancer [Robbins, 2002].

Intensity-modulated RT (IMRT) may be one of the tools in the efforts to reduce
late dysphagia and aspiration after intensive therapy. By producing highly confor-
mal dose distribution around the targets, IMRT may reduce the doses delivered to
the noninvolved mucosa and to other tissues whose damage causes these sequelae.
Few recent retrospective studies of intensive treatment regimens compared severe
dysphagia in patients who had received standard technique RT or IMRT. These
studies reached different conclusions. Mittal et al. [Mittal et al., 2001] reported
significantly lower rates of dysphagia in patients receiving IMRT, and Garden et al.
[Garden et al., 2003] noted no differences between patients receiving standard tech-
niques or IMRT. Notwithstanding the uncertainties in retrospective comparisons,
these conflicting results raise several issues.

One issue is which patients may derive a benefit from IMRT. It is likely that
in some tumor sites, but not in others, IMRT may achieve clinically important
sparing of the structures whose damage causes dysphagia and aspiration compared
with standard RT. The other issue is what is the best way to use IMRT to gain
its maximal potential benefit. The first step required to explore these issues is to
identify the anatomic structures whose damage or malfunction after intensive ther-
apy caused dysphagia and aspiration. The process of efficient swallowing demands
exquisite timing and coordination of > 30 pairs of muscles and 6 cranial nerves that
are under both voluntary and involuntary nervous control [Goldsmith, 2003]. It is
necessary to identify the most important structures whose damage causes dysphagia
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and aspiration, and group them, if possible, into organs-at-risk that can easily be
outlined in the treatment planning CT data sets for an exploration of their sparing
by IMRT.

Toward this end, we examined the functional and structural abnormalities ob-
served in patients who had received two different intensive chemo-RT regimens,
after which high rates of dysphagia and aspiration were observed. The functional
abnormalities were assessed through videofluoroscopy (VF). VF (or modified bar-
ium swallow) is a validated method of objective assessment of swallowing and as-
piration, allowing the viewing and recording of the structures and dynamics of
the swallowing process [Logemann, 1998a]. We have previously reported the ab-
normalities observed in a prospective study of VF after a regimen of gemcitabine
concurrent with RT at the University of Michigan (UM), in which high rates of
dysphagia and aspiration required reductions of the drug doses [Eisbruch et al.,
2001b, 2002b]. To assess whether the functional changes were regimen specific,
they were compared with those observed in patients presenting with dysphagia at
The Netherlands Cancer Institute (NKI) after high-dose intra-arterial cisplatin con-
current with RT (RADPLAT). We then determined the anatomic structures whose
malfunction was likely to cause the functional abnormalities found to be common to
both intensive treatment regimens. Structures or organs whose damage was likely
to cause any of the VF abnormalities, and that also demonstrated an evidence of
structural changes in posttherapy CT scans, were deemed dysphagia/aspiration-
related structures (DARS). We hypothesized that if it were possible through IMRT
to reduce the doses to sufficiently large volumes of the DARS, without compromis-
ing target doses, a clinically apparent benefit could be achieved. The identification
of these structures, analyses of their relative sparing by different strategies of IMRT,
the tumor sites most likely to benefit, and the trade-offs with the doses to other
noninvolved tissues are presented in this paper.

6.2 Material and methods

6.2.1 Identification of DARS

Twenty-nine patients with locally advanced head and neck cancer participated in a
Phase I study of RT (70 Gy within 7 weeks) concurrent with weekly gemcitabine at
the UM [Eisbruch et al., 2001b]. Severe acute and late pharyngeal toxicity required
de-escalation of the gemcitabine dose in successive patient cohorts receiving dose
levels of 300 mg/m2/wk, 150 mg/ m2/wk, and 50 mg/m2/wk, with no excessive
toxicity noted in patients receiving 10 mg/m2/wk. Twenty-six of these patients
underwent prospective evaluation of swallowing with VF and esophagography per-
formed before therapy and early (13 months) and late (612 months) after therapy
completion. In addition, all patients underwent direct endoscopy under anesthesia
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and head-and-neck CT before therapy and 3 months after therapy completion. The
details of the VF methods have been published elsewhere [Eisbruch et al., 2002b].
In brief, the VF examination included a modified barium swallow of various food
consistencies.

The examinations were recorded, and an analysis of the three phases of the swal-
lowing process (oral, pharyngeal, and esophageal) was made by a radiologist and
speech-language pathologist. The timing and duration of the swallowing phases,
pharyngeal/laryngeal motility, aspiration, and laryngeal sensation (whose absence
causes lack or inefficient cough reflex after aspiration) were recorded. The VF
abnormalities found after therapy and their correlation with the clinical manifes-
tations of dysphagia and aspiration have been previously reported [Eisbruch et al.,
2002b]. To assess whether the abnormalities observed in the prospective UM study
were regimen specific or could be generalized to other intensive regimens; we ret-
rospectively reviewed VFs performed in 6 consecutive patients who presented with
apparent dysphagia after RADPLAT at the NKI. The RADPLAT treatment proto-
col was similar to that previously described by Robbins et al. [Robbins et al., 1997].
At the NKI, this regimen was associated with a high rate of late dysphagia (18%
of patients without evidence of disease required tube feeding 2 years after therapy)
[Balm et al., 2004, Ackerstaff et al., 2002]. The VF method at the NKI consisted
of a modified barium swallow. The method and its analysis were similar to those
practiced at the UM [Eisbruch et al., 2002b].

The VF-observed functional abnormalities common to both treatment regimens
were identified, and the anatomic structures whose damage or malfunction possibly
caused each of these abnormalities were determined by review of the literature rel-
evant to the anatomy and physiology of swallowing [Logemann, 1998b, Buthpitiya
et al., 1987, McConnel, 1988, McConnel et al., 1988, Banister, 1995a,b,c, Kahrilas
et al., 1992, Whillis, 1946, Ekberg and Sigurjonsson, 1982, Logemann et al., 1992,
Lazarus et al., 1996, Murray, 1999, Van Daele et al., 1995, Yokoba et al., 2003,
Ertekin and Palmer, 2000, Weir, 1997, Cook, 1993, Cook et al., 1989, Sasaki and
Isaacson, 1988]. We then searched for any evidence of anatomic changes in each
of these structures by reviewing the CT-scans and the reports of direct endoscopy
during anesthesia that had been performed prospectively in the gemcitabineRT pa-
tients, before and 3 months after therapy completion. Structures whose malfunction
was determined to be the likely cause of the functional VF- observed abnormalities,
and that also had an evidence of anatomic changes after therapy, were selected to
be the DARS for studies of sparing by IMRT.
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6.2.2 Treatment planning approaches with 3D–CRT and
IMRT

The CT data sets of 20 consecutive patients with advanced head-and-neck cancer
who had been treated with definitive RT concurrent with chemotherapy at the UM
or the NKI were used for comparisons among various treatment strategies. Ten of
these patients were treated at the UM and ten at the NKI. The primary tumor
sites included the base of tongue in 9, larynx in 6, tonsil in 3, and hypopharynx
in 2. The tumor stage was T3 in 14 and T4 in 6 patients. All patients, except 2,
had clinical evidence of neck lymph node metastases (ipsilateral in 16 and bilat-
eral in 2). Actual patient treatment had been performed with conformal or static
multisegmental IMRT in both institutions. The targets used in this study were
the same targets that had been outlined for the actual patient treatment planning.
In general, target selection and delineation at the UM were performed according
to previously published guidelines [Eisbruch et al., 2002a, 2004]. At the NKI, the
target outlying guidelines were similar to those previously published by Gregoire et
al. [Gregoire et al., 2003a]. In both institutions, the gross tumor volumes (GTVs)
and the clinical target volumes (CTVs) were expanded uniformly by 0.5 cm to yield
their respective planning target volumes (PTVs). The DARS were outlined on the
CT data sets with the aid of head-and-neck anatomic atlases that emphasize the
anatomic details of the muscles and other soft tissues [Romerll et al., 1994, Spitzer
et al., 1998].

To compare standard three-dimensional RT (3D-RT) and various IMRT strate-
gies, we adopted for this study the guidelines for dose prescription, critical organ
dose constraints, noninvolved tissue dose limits, and dose homogeneity criteria of
the Radiation Therapy Oncology Group (RTOG) protocol for IMRT of oropharyn-
geal cancer (H- 0022). In brief, 66 Gy in 30 fractions were prescribed to the PTVs
of gross disease (PTV66), 60 Gy to PTVs of subclinical disease at high risk (first
echelon nodes and subclinical disease at the vicinity of the primary tumor; PTV60),
and 54 Gy to lesser risk subclinical PTVs, such as the rest of the neck nodal tar-
gets (PTV54), simultaneously. Target homogeneity criteria and noninvolved tissue
constraints were defined as follows:

1. Standard IMRT (stIMRT)

a) Targets

- PTV66: gross disease; prescribed dose 66 Gy in 30 fractions
- PTV60: subclinical disease at high risk (adjacent to GTVs or first

echelon nodal levels); prescribed dose 60 Gy in 309 fractions
- PTV54: subclinical disease at lower risk (other nodal levels at risk);

prescribed dose 54 Gy in 30 fractions
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Prescribed dose encompassed ≥ 95% of PTVs
≤1% of PTVs received <93% of the prescribed dose <20% of PTVs
received >110% prescribed dose

b) Non involved tissues and organs

- Glottic larynx: 2/3 should receive < 50 Gy
- Brainstem: maximal dose 54 Gy
- Spinal cord: maximal dose 45 Gy
- Mandible: maximal dose 70 Gy
- Non specified tissue outside PTVs: < 1% to receive > 110% of

PTV66 dose
- Parotid glands: in at least one gland, mean dose ≤26 Gy or ≥ 50%

receive ≤ 30 Gy
- Reduce dose to esophagus as much as possible (the esophagus was

not specified in the RTOG protocol)

2. Dysphagia/aspiration-optimized IMRT (doIMRT)

- Same dose specifications and constraints as stIMRT

- In addition, minimize volumes of DARS receiving ≥ 50 Gy

Three-dimensional RT planning was performed retrospectively for comparisons
with IMRT. The 3D plans consisted of three fields matched at the thyroid notch
with a 2*2-cm block in the low anterior field to shield the glottic larynx. In cases in
which the GTVs extended to the midneck or larynx, the match was placed lower in
the neck, or two lateral angled-down fields were used. Beams eye views were used
to construct field edges that encompassed the edges of the PTVs, plus margins
sufficient to achieve adequate dose coverage of the periphery of the targets. The
target and spinal cord doses were identical to those specified in the RTOG protocol.
After the initial fields that delivered 46 Gy, off-cord and boost fields were planned
using beams eye views to achieve the prescribed doses to each target. Posterior
neck electron fields were matched to the off-cord photon fields where the targets
extended posteriorly.

Optimized IMRT plans were generated for each patient with nine coplanar equally
spaced fields that encompassed all targets, including the targets in the low neck.
Optimization of the plans at UM was performed using an in-house optimization
program (UMOpt). This program strives to provide maximal flexibility to deter-
mine which factors, either clinical or dosimetric, are of most importance for each
individual component (costlet) of the overall cost function. Component importance
can be controlled by assigning to the costlet a power function that is greater (or
lower) than the often-used quadratic function. Details about this program and
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examples of the cost functions used for the optimization of head-and-neck IMRT
plans have been described elsewhere [Vineberg et al., 2002]. Optimization of the
plans at the NKI were performed with Pinnacle, version 6.3c (Philips Medical Sys-
tems, Best, The Netherlands) with the Orbit module (RaySearch Laboratories,
Stockholm, Sweden). This program uses quadratic cost functions, including mean
dose objectives for the parotid glands and maximal/minimal dose or dosevolume
objectives for all other organs and for the targets.

Two optimized IMRT plans were generated for each patient. In the first plan,
standard IMRT (stIMRT), the dose specifications and constraints were identical to
those of the RTOG protocol, including reducing the dose of the glottic larynx. In
addition, reducing the doses to the esophagus, a routine goal at our institutions,
was included in the cost function of stIMRT (the esophagus was outlined from the
level of the inferior edge of the cricoid cartilage through the most distal axial CT
image containing targets in the low neck). In the second plan, dysphagia/aspiration-
optimized IMRT (doIMRT), the same dose specifications and constraints were used,
with the addition of a cost function striving to reduce the doses to the DARS as an
optimization objective. No compromise in target RT was allowed while sparing the
DARS. Therefore, only the parts of these structures that lay outside the PTVs were
planned to be spared and were included in the cost function of doIMRT. However,
to evaluate the efficacy of DARS sparing, it was assumed that the clinically relevant
end points should be the doses delivered to the whole structures. Therefore, evalua-
tions and comparisons of the sparing of the DARS were made with the dosevolume
histograms of the whole structures, including their volumes that overlapped with
the PTVs.

In both stIMRT and doIMRT plans, the highest weighting factors (at the NKI)
or power (at the UM) were applied to achieve satisfactory PTV coverage and safe
doses to the spinal cord. Lower priorities were assigned to spare the parotid glands
and other organs, avoiding high doses to non–specified tissue that lay outside the
targets or the specified organs, to address the protocol criteria for dose homogeneity,
and (in doIMRT) to reduce the doses to the DARS. At the NKI, the optimization
weighting factor for the cost for the DARS had a 2:1 ratio with the weighting
factors of sparing the parotid glands. If the volume of the DARS receiving ≥
50 Gy could not be reduced after the first optimization, the allowed dose to the
parotid glands was increased slightly and the optimization process was run again.
At the UM, equal importance (power) was assigned to sparing the parotid glands
and to sparing the DARS. To determine the extent to which different optimization
approaches would produce different results, the NKI CT data sets were imported
to UMopt, optimization proceeded according to the UM method, and the results
were then compared with the results achieved at the NKI.

No accommodation for setup errors was made for the noninvolved structures in
this study. To evaluate this issue, the DARS were expanded by 0.5 cm in three
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dimensions in the CT data sets of two randomly selected patients to yield their re-
spective planning organ-at-risk volumes. stIMRT and doIMRT were then planned
again using the same cost functions used initially, with the doIMRT plans includ-
ing a costlet for sparing the planning organ-at-risk volumes of the DARS (instead
of the costlet aiming to spare the nonexpanded structures). The doIMRT dose-
intensity distributions were expected to be more complex than the stIMRT ones.
To assess the practical issues related to clinical implementation, we investigated
how beam segmentation achievable by the multileaf collimator (MLC) would affect
the results and conclusions. At the NKI, segment shapes were generated for static
mode delivery with the MLC installed on the Elekta Sli linear accelerator (Elekta,
Crawley, UK) used at this institution, having a minimal equivalent segment size
of 3 cm2. At the UM, an in-house leaf sequencer was used to create segmental
MLC beamlets with a minimal field size of 1 cm2 [Litzenberg et al., 2002]. The
intensity distributions generated in the optimization experiments were evaluated
with the sequencer to identify distributions that might be undeliverable using the
MLC of the Varian EX2 accelerator (Varian, Palo Alto, CA) used at the UM. In
both institutions, after sequencing, a segment weight optimization was performed
to recover the deterioration of the dose distribution due to segmentation.

6.2.3 Statistical analysis

Comparisons of the radiologic measures before vs. after therapy, and comparisons
of the dose–volume histogram endpoints between different treatment plans for the
same patients were made by paired t tests. Statistical significance was determined
as p < 0.05, two-tailed.

6.3 Results

6.3.1 Identification of VF abnormalities common to two
intensive chemo-RT regimens

The VF swallowing abnormalities in patients with dysphagia after RADPLAT were
similar qualitatively to those observed in most patients after RT concurrent with
gemcitabine of 50-300 mg/m2/wk (patients receiving 10 mg/m2/wk did not experi-
ence late dysphagia or significant VF abnormalities), reported elsewhere [Eisbruch
et al., 2002b]. Few abnormalities in the oral phase of swallowing were noted (none
after gemcitabine-RT and in 1 patient after RADPLAT). Abnormalities in the pha-
ryngeal swallowing phase were frequent after both regimens. They included weak-
ness and incomplete posterior motion of the base of the tongue (which normally
helps push the bolus) in 85% of the gemcitabine- RT patients and in all RADPLAT
patients. Prolonged pharyngeal transit time, and lack of coordination among the
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pharyngeal peristalsis, opening of the upper esophageal sphincter, and closure of
the larynx were noted in all patients. Pharyngeal residue after swallowing was
observed in the vallecula or pyriform sinuses in 75% of the gemcitabine-RT and
in all RDPLAT patients. Reduced elevation of the hyoid and larynx and reduced
laryngeal closure and epiglottic inversion during swallowing were observed in one-
half the gemcitabine-RT patients and in 5 of 6 RADPLAT patients. The lack of
coordination in the swallowing phases, pharyngeal residue after swallowing, and
lack of laryngeal elevation and closure during the swallow contributed to a high
rate of aspiration after each regimen. Penetration of the bolus to the glottis or
aspiration to the airway past the glottis were noted in 60% of the gemcitabine-RT
patients [Eisbruch et al., 2002b] and in all the patients evaluated for dysphagia after
RADPLAT.

6.3.2 Determining DARS

Videofluoroscopy.

The structures whose damage or malfunction was likely to cause each of the VF
abnormalities common to both treatment regimens were determined after a search
of the relevant anatomy and physiology literature. Table 6.1 details these abnor-
malities, their relationships to specific aspects of dysphagia and aspiration, and
the anatomic structures whose malfunction was likely to cause each abnormality
(determined from the literature search). In summary of Table 6.1, these structures
were determined to be the circular pharyngeal constrictors, longitudinal pharyn-
geal wall muscles that originate near the base of the skull and blend distally with
the constrictors (stylopharyngeus, salpingopharyngeus, and palatopharyngeus; Fig.
6.1), larynx (glottic and supraglottic) and its adductor muscles, suprahyoid mus-
cles (geniohyoid, mylohyoid, and digastric), and surfaces (mucosa and submucosa)
of the base of tongue.

CT scans.

Each of the structures detailed above, whose malfunction was likely to be the cause
of VF abnormalities, was examined for an evidence of anatomic change on the CT.
Measurements of the thickness of the pharyngeal constrictors before therapy and 3
months after therapy completion were made for 14 patients in the gemcitabine-RT
protocol who did not have tumor involvement of the posterior pharyngeal walls.
The measurements were made near the midline in three axial levels: mid-C2 ver-
tebral body, inferior edge of the hyoid bone, and at the level of the mid-cricoid
cartilage, representing the superior, middle, and inferior constrictors, respectively.
No statistically signifi- cant differences in thickness were found among the various
levels of the constrictors.
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Table 6.1: Anatomic structures whose damage or malfunction were likely cause of vide-
ofluoroscopic (VF) abnormalities common to two intensive chemo-RT regimens

VF abnormality Aspects of dyspha-
gia/aspiration related to
the VF abnormality

Anatomical structures whose
damage or malfunction may
cause the VF abnormalities

Reduced peristalsis and lack
of synchronization among
pharyngeal contraction wave,
opening of upper esophageal
sphincter, and closure of
larynx

Dysphagia. Food residue
in oropharynx and hypophar-
ynx at completion of swallow-
ing, increasing risk of aspira-
tion after swallow

Pharingeal musculature, in-
cluding circular constrictors
and longitudinal muscles that
blend distally with circular
constrictor 6.1. Nerve sup-
ply: pharyngeal plexus, sup-
plied by n. X, IX and X.

Reduced, or lack of, posterior
movement of base of tongue
toward posterior pharyngeal
wall

Movement required to push
bolus downward and prevent
residue in vallecula that may
be aspirated after swallow

Contraction of mylohyoid
muscle (fig 6.1) causes this
movement. Mucosal and sub-
mucosal fibrosis at the base of
tongue or at its attachment
to pharyngeal musculature.
Nerve supply:XII

Incomplete or delay of glot-
tic closure and reduced ad-
duction of supraglottic larynx
during swallow

Aspiration during swallow Glottic adductor and supra-
glottic adductors muscles.
Stiffness of laryngeal walls
due to edema and fibrosis.
Nerve supply: superior la-
ryngeal and recurrent laryn-
geal(X), and sympathetic.

Lack of superior motion of
hyoid and larynx and lack of
inversion of epiglottis

Reduced airway protection
during swallow and increased
dysphagia.

Stiffness of epiglottic walls
due to edema and fibro-
sis. Malfunction of suprahy-
oid muscles that pull hyola-
ryngeal complex superiorly
and anteriorly, and with it
pull epiglottis to horizontal
plane. Nerve supply:VII

Lack of timely opening of up-
per esophageal sphincter

Dysphagia and aspiration
during swallow

Lack of relaxation of
cricopharyngeal muscle.
Malfunction of suprahyoid
muscles that pull larynx
upward, forward, and away
from posterior pharyngeal
wall.

In 11 patients who had received gemcitabine dose levels associated with late dys-
phagia and aspiration (50-150 mg/m2), the median pretherapy constrictor thick-
ness was 2.5 mm (range, 1-5 mm) and the median posttherapy thickness was 7
mm (range, 5-11; p < 0.001; Fig. 6.2). In 3 patients who had received the lowest
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(a) (b)

Figure 6.1: Pharyngeal constrictor muscles and related structures. Lateral (a) and pos-
terior (b) view. Circular constrictors and longitudinal muscles that blend distally with
them in depicted in bold letters. After Grays Anatomy [Banister, 1995c].

gemcitabine dose level (10 mg/m2), which was not associated with dysphagia or
aspiration, no statistically significant difference was found between the pretherapy
and posttherapy constrictor thicknesses. Nine patients had received a high dose
of gemcitabine concurrent with RT and did not have laryngeal tumor involvement.
In these patients, the median pretherapy thickness of the supraglottic larynx at
midline, 1 cm below its tip, was 2 mm (range, 1.5-2), and the median posttherapy
thickness was 4 mm (range, 3-5; p < 0.001; Fig. 6.2). A similar increase in thickness
after therapy was observed in the aryepiglottic folds and glottic larynx in patients
whose glottis was not shielded during therapy.

It was not possible to differentiate in the CT scans between thickening of the la-
ryngeal (glottic or supraglottic) adductor muscles or the adjacent laryngeal walls. In
3 patients who had received the lowest gemcitabine dose (10 mg/m2), the epiglottis
thickness increased slightly (by 0-1 mm) after therapy compared with the prether-
apy thickness.

Examination of the thickness or the radiologic appearance of the other structures
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Figure 6.2: Computed tomography scans of patient with base of tongue cancer treated
with gemcitabine concurrent with RT. (left) Before therapy. (right) Three months after
completion of therapy. Black arrow, middle pharyngeal constrictor; white arrow, epiglottis.

whose damage was likely to cause the VF abnormalities, including the suprahy-
oid muscles (mylohyoid, geniohyoid and digastric), longitudinal pharyngeal muscles
(stylopharyngeus, palatopharyngeus, and salpingopharyngeus) proximal to their
blending with the pharyngeal constrictors, and surfaces of the tongue and base of
the tongue, revealed no differences between the pretherapy and posttherapy scans
in any of the patients. Also, changes in the nerves that may be implicated in
dysphagia/aspiration (Table 6.1) could not be detected in the CT scans.

Direct endoscopy findings.

Three months after completion of the gemcitabine-RT regimen, direct endoscopy
during anesthesia was performed in 22 patients and identified strictures in 7. The
strictures in all patients involved the inferior pharyngeal constrictor at the post-
cricoid level of the hypopharynx. In 3 of these patients, the primary tumors were
centered or extended to the larynx or hypopharynx, and the stricture volume had
received the full prescribed tumor dose (70 Gy). In the other 4 patients, the pri-
mary tumor was centered elsewhere, and most of the tissue containing the strictures
had received lower doses. The lowest dose delivered to most of the volume of the
pharyngeal constrictors in which a stricture occurred was 50 Gy. Following these
findings, the structures whose malfunction was the possible cause of the VF ab-
normalities common to both chemo-RT regimens and that also had an evidence of
damage on CT and endoscopy, were determined to be the pharyngeal constrictors
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and glottic and supraglottic larynx. These structures were deemed to be the DARS.

Outlining DARS in planning CT data sets

The pharyngeal constrictors (fig 6.1) consist of three groups: superior, middle, and
inferior. They overlap each other and form the posterior and lateral pharyngeal
walls. These muscles arise posteriorly from the median raphe in the midline of
the posterior pharyngeal wall. The superior constrictor attaches anteriorly to the
pterygoid plates, pterygomandibular raphe, and base of the tongue (through the
glossopharyngeus muscle whose fibers blend with the fibers of the superior con-
strictor). Fibers of the middle constrictor attach anteriorly to the hyoid bone.
The inferior constrictor fibers attach anteriorly to the thyroid cartilage, and the
inferior-most fibers, consisting of the cricopharyngeus muscle, attach anteriorly to
the cricoid. No distinction was made in this study among the various levels of the
constrictors, and they were outlined as a single structure.

In addition to the circular constrictor muscles, the longitudinal muscles that orig-
inate in the palate and in the base of the skull (the styloid process and cartilageinous
torus of the pharyngotympanic tube) are, respectively, the palatopharyngeus, sty-
lopharyngeus, and salpingopharyngeus. They blend with the constrictors at various
levels and aid in the longitudinal shortening of the pharynx and in laryngeal eleva-
tion. In this study, the distal-most parts of these muscles that approach and blend
with the constrictors were outlined as a part of the pharyngeal constrictors. The
proximal parts of the longitudinal muscles did not show any evidence of structural
changes in the posttherapy CT scans, as detailed above, and were not included in
the DARS. The second DARS outlined in the CT data sets were the glottic and the
supraglottic larynx. They were outlined as a single organ for sparing and for dose
assessment purposes.

Comparisons of 3D-RT, stIMRT, and doIMRT

Targets. Comparisons of the PTV66 doses revealed that all three plans successfully
addressed the protocol requirements. The target doses in the 3D plans were more
homogeneous compared with the IMRT plans. The PTV66 minimal doses in the
stIMRT and doIMRT plans (median, 64 Gy, range, 6265 Gy) were identical (fig
6.4). The PTV66 maximal and mean doses in the stIMRT plans (median, 75 Gy
and 68 Gy, respectively) were within ± 2 Gy of the corresponding doses delivered
by the doIMRT plans. The doses to the subclinical disease targets, PTV60 and
PTV54, were also identical in both IMRT plans (median difference between the
plans in minimal, maximal, and mean doses to these targets was 0, range ± 2
Gy) and successfully addressed the protocol requirements (fig 6.4). The 3D plans
had lower minimal PTV 60 and PTV54 doses, reflecting dose deficiencies along the
off-cord/posterior neck electron beam match lines. The 3D plans also had higher
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maximal doses to the subclinical targets owing to the passage through the CTVs
of the beams boosting the GTVs.
Dysphagia/aspiration-related structures. Following the observation that the lowest
dose delivered to most of the constrictors involved in a stricture was 50 Gy, we
assigned the reduction of the volumes of the DARS receiving ≥50 Gy (V50) as
an endpoint for treatment planning and evaluation. The relative volumes of the
pharyngeal constrictors V50 in each of the treatment plans for each patient are
detailed in Table 6.2.

Compared with the 3D plans, the stIMRT plans reduced these volumes by 10%,
on average (95% confidence interval [CI] 5-14%; p < 0.001). The extent of the
reduction by stIMRT of the constrictors V50 varied widely among the patients (0-
36%). The doIMRT plans reduced these volumes further, by an additional 10%
on average (range, 0-8%, 95% CI 7-13%; p < 0.001 compared with stIMRT). The
maximal doses to the pharyngeal constrictors were similar to the PTV66 doses in
all plans, because, in all cases, the constrictors overlapped partly with the targets.

Most of the benefit from IMRT compared with 3D-RT was observed in patients
in whom the targets were asymmetrical: cases in which the GTVs were lateral,
such as tonsil or lateral base of tongue cases, or in cases in which the CTVs in
the ipsilateral involved neck were outlined more cranially than the CTVs in the
contralateral neck. Also, the outlining of the nodal CTVs such that they did not
extend to the midline in the retropharyngeal space (this was possible in neck lev-
els that were not grossly involved) facilitated sparing by IMRT of the pharyngeal
constrictors near the midline; this was not feasible with standard 3D (Fig. 6.3).
The additional sparing achieved by doIMRT resulted from tighter dose distributions
near the targets at the vicinity of the constrictors (Fig. 6.3). Tumor site or stage,
and whether the cases were from the UM or NKI, did not affect the relative sparing
of the pharyngeal constrictors by the IMRT plans.

The sparing of the glottic larynx is specified in the RTOG protocol and was
included in the goals of all the plans. In most cases, its sparing was equally feasible
(where the targets did not involve the larynx) in the 3D-RT and in both IMRT
plans. In contrast, only the IMRT plans partly spared the supraglottic larynx
(Fig. 6.3). Sparing of the supraglottic larynx was achieved only in cases in which
neither the larynx nor the vallecula were involved by the GTVs. The laryngeal
(glottic + supraglottic) V50 for each patient and treatment plan is detailed in Table
6.2. Compared with 3DRT, stIMRT reduced the laryngeal V50 by 7% on average
(range, 0-56%). This reduction was marginally statistically significant (95% CI
0-14%, p = 0.054). The doIMRT plans reduced these volumes by an additional
11%, on average (95% CI 4-17%; p = 0.002 compared with stIMRT). The reduction
by doIMRT of the laryngeal V50 compared with 3D-RT was highly statistically
significant (on average these volumes were reduced by 18%, range, 0-61%; p =
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Table 6.2: Percentages of volumes of DARS receiving ≥50 Gy in 3D-CRT, stIMRT and
doIMRT plans for each study case.

Phar. constrictors Larynx(glottic+supraglottic)

ID Site Stage 3D-CRT stIMRT doIMRT 3d-CRT stIMRT doIMRT

1 L1 T3N1 80 64 60 100 100 100

2 L T3N2b 100 88 65 100 100 100

3 L T3N2c 100 90 75 100 100 100

4 L T4N2c 100 90 80 100 100 100

5 L T3N2b 93 67 52 100 100 100

6 L T4N0 70 60 53 100 100 100

7 H2 T4N2 100 100 100 100 100 100

8 H T4N2 90 78 75 100 100 100

9 T3 T3N2b 90 90 73 100 95 60

10 T T3N2a 98 90 75 79 62 39

11 T T3N2a 91 91 82 59 18 17

12 TB4 T3N1 100 86 75 100 96 98

13 TB T3N2b 82 75 66 54 51 31

14 TB T3N1 90 90 72 75 70 62

15 TB T3N2b 78 45 42 55 29 29

16 TB T3N1 83 83 74 64 31 3

17 TB T4N2b 85 86 75 30 27 20

18 TB T2N2b 88 78 74 75 47 36

19 TB T3N0 84 79 55 35 35 7

20 TB T3N1 100 72 65 100 44 35

Mean 90 80∗ 69∗† 79 72 61∗†

SD 9 13 13 26 30 39
1 L: Larynx 2 H: Hypopharynx 3 T: Tonsil 4 TB: Tongue base

∗ Statistically significant difference from 3D-CRT(p< 0.01)
† Statistically significant difference from stIMRT(p< 0.01)

0.001). No statistically significant differences in the sparing of the DARS were found
when the optimization plans performed at the UM or NKI for the same cases were
compared. Also, in 2 patients in whom the sparing of the structures was compared
with the sparing of their respective PRVs, the relative sparing of the PRVs by each
IMRT strategy was identical to the relative sparing of the nonexpanded structures.
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Figure 6.3: Isodose distribution obtained with stIMRT (left) and dsIMRT (right).

6.3.3 Parotid glands, spinal cord, and non–specified tissue
doses.

The sparing of the parotid glands by stIMRT and doIMRT was very similar (Fig.
6.4), and the median value of the mean doses received by the parotid glands was
23 Gy (range, 10-47 Gy) and 24.5 Gy (range, 10-48 Gy), respectively (p = 0.8). As
expected, both IMRT methods significantly reduced the mean parotid gland doses
compared with 3D-RT (in which the median of the mean doses was 52 Gy, range,
48-62 Gy).

The maximal doses to the spinal cord were equal in both IMRT modes and did
not exceed 45 Gy, as specified in the protocol, in any patient. The mean dose to
the spinal cord was greater with the doIMRT compared with the stIMRT plans (on
average, mean dose was 37 and 32 Gy, respectively). Both IMRT plans had lower
spinal cord mean doses compared with the 3D–CRT plans, in which the spinal cord
mean dose was close to the maximal dose in all patients. The dosevolume histograms
of the non–specified tissues in the stIMRT and doIMRT plans were identical in each
patient. An examination of the dose distributions revealed that, in the doIMRT
plans, larger volumes of the posterior neck received low and medium doses (<50
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Figure 6.4: Dose volume histograms of larynx, constrictors, targets, spinal cord, and
parotid glands in 3D-RT, stIMRT, and doIMRT plans for patient with Stage T3N2 tonsillar
cancer.

Gy) compared with stIMRT the plans (Fig. 6.3). Beam delivery issues. Issues of
treatment complexity were addressed by comparing the parameters of one treatment
fraction delivery for 2 randomly selected patients. In the UM plans, the number of
segments in the first patient examined increased in doIMRT compared with stIMRT
by 6% (1151 vs. 1090, respectively), the monitor units increased by 3% (1481 vs.
1443, respectively), and the expected treatment time in which either the beam was
on or the leaves were moving, was the same (16 min). In the second patient, the
number of beamlets increased by 2%, the monitor units increased by 9%, and the
expected treatment time increased by 3%. Relatively larger differences in treatment
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delivery parameters were noted at the NKI, where the number of segments required
to reproduce the dose distribution after segmentation increased by 35% (from 66 in
stIMRT to 89 in doIMRT) in 1 patient and by 20% in another patient. The delivery
time at the NKI was expected to increase by 18-20% (approximately 3 min).

6.4 Discussion

The determination of the DARS in this study was based on VF abnormalities found
to be common after both gemcitabine- RT and RADPLAT. These abnormalities
were also similar to those reported by others after RADPLAT [Newman et al.,
2002, Graner et al., 2003] and other regimens of chemo-RT [Lazarus et al., 1996,
Kotz et al., 1999, Kendall et al., 2000], supporting our conclusion that they were not
protocol specific but could be generalized to other intensive chemo-RT regimens.

The VF abnormalities could be explained by dysfunction of the circular pharyn-
geal constrictors, longitudinal pharyngeal muscles, glottic and supraglottic laryn-
geal adductor muscles, suprahyoid muscles that pull the hyoid-laryngeal complex
superiorly, and the muscles that pull backward the base of tongue. Some of these
abnormalities could also be explained by stiffness of the pharyngeal walls, base of
tongue, and larynx. Of these, structural changes were detected in our study only in
the circular pharyngeal constrictors and larynx, in patients who had received high
doses of concurrent gemcitabine that were associated with dysphagia and aspiration.
These changes consisted of significant thickening, representing edema and fibrosis,
that was quantified in our study. Clinical laryngeal edema is well documented after
intensive RT [Kaanders et al., 1992], and thickening of the constrictors and larynx
has been previously reported in a qualitative manner by Mukherji et al. [Mukherij
et al., 1994]. We are not aware of any previous study that quantified the radiologic
changes in the larynx and pharyngeal constrictors after RT or chemo-RT.

The epiglottis, aryepiglottic folds, arytenoids, and false and true vocal folds form
the laryngeal sphincter that closes the larynx completely during the swallow and
prevents aspiration [Logemann et al., 1992]. The laryngeal closure reflex, mediated
through the superior laryngeal nerve, is an adductor response to swallowing and is
an important protective mechanism against aspiration. This reflex was deficient in
many of our patients, allowing food particles to enter the glottis (penetration) or
beyond the glottis to the trachea (aspiration) [Eisbruch et al., 2002b]. The second
protection line is the sensation of particles entering the larynx, through sensory
nerve endings concentrated in the laryngeal surface of the epiglottis and laryngeal
inlet [Sasaki and Isaacson, 1988]. The sensation of these parts of the larynx becomes
a vital mechanism to prevent aspiration by evoking cough and adductor response.
The lack of this mechanism in our patients, who had a high rate of silent aspiration
and clinical pneumonia, suggests a glottic and supraglottic laryngeal sensory loss.
The sensory loss and lack of laryngeal adductor response and superior mobility, in
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conjunction with the radiologic structural changes noted in our study, suggest that
sparing the whole larynx may reduce dysphagia and aspiration. In contrast, the
RTOG protocols of IMRT for oropharyngeal and nasopharyngeal cancer, as well as
the common practice at our institution and others, specify only the sparing of the
glottic larynx, to improve voice quality.

In contrast to the pharyngeal constrictors and larynx, no radiologic changes were
observed in other structures whose dysfunction could potentially cause the VF
abnormalities observed after intensive chemo-RT. The lack of observed changes in
most of the muscles listed above is consistent with the general resistance of skeletal
muscle to RT [Fajardo et al., 2001]. In contrast, patients with dysphagia after RT
to the chest and neck showed histologic evidence of fibrosis of the submucosa and
hyalinization of the smooth muscle layers of the esophagus and pharynx [Seaman
and Ackerman, 1957]. It is possible that the circular pharyngeal constrictors and
laryngeal adductors, which lie close to the submucosa, are primarily affected by the
in- flammatory processes in the mucosa and submucosa. These processes include
the accumulation of macrophages and increased local levels of pro-inflammatory
cytokines [Handschel et al., 2001, Sonis et al., 2000], producing edema and fibrosis
that may secondarily affect the underlying muscles. Thus, both dysfunction and
loss of elasticity of the pharyngeal constrictors and larynx, including its adductors,
explain many of the abnormalities noted in the posttherapy VFs.

In our study, some CT-based anatomic changes correlated with the functional
VF abnormalities. However, we do not yet have proof that the anatomic changes
were the direct cause of the functional ones. The anatomic changes in our study
were recorded 3 months after RT completion. Later CT scans were not available
for many patients, and a reliable assessment of the persistence of these changes
over longer periods could not be done. In the qualitative study of Mukherji et al.
[Mukherij et al., 1994], the posterior pharyngeal wall thickening observed 24 months
after therapy resolved in 56% of patients after 1 year, and similar resolution was
observed in the thickening of various parts of the larynx in 2033% of the patients.
Whether a resolution of the anatomic abnormalities over time is associated with
improvement in dysphagia and aspiration is not known.

We could not exclude dysfunction of the structures that were likely to cause the
VF abnormalities but did not demonstrate radiologic posttherapy changes. Dys-
function of these structures remains hypothetical. A primary effect of chemo-RT on
the innervation of the larynx and pharynx, causing loss of laryngeal sensation and
motor function and abnormal peristalsis, is possible. Fajardo et al. [Fajardo et al.,
2001] reported that after RT they most often noted morphologic preservation of the
neural ganglion cells in the esophagus and pharynx; however, altered cell function
without morphologic changes could not be ruled out. Most of the sensory, mo-
tor, and autonomic nerve supply of the pharynx is relayed through the pharyngeal
plexus, located in the connective tissue external to the constrictors, and its termi-
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nal fibers pierce the constrictors muscles and submucosa [Banister, 1995a]. Partial
sparing of the pharyngeal constrictors is, therefore, expected to confer a benefit
if primary distal motor or sensory neural deficits, in addition to primary muscle
dysfunction, take a part in causing dysphagia. Studies using specific measures of
muscle and nerve function, such as electromyography [Ertekin and Palmer, 2000,
Jafari et al., 2003], are necessary to address these issues.

The target outlining strategy may affect the relative sparing of the DARS by
IMRT compared with 3D-RT. Target delineation rules that facilitated improved
sparing by IMRT in our study included the definition of the cranial-most Level II
nodal target in the contralateral, noninvolved neck at the subdigastric nodes (in
the ipsilateral or node-bearing side of the neck, this nodal target was defined more
cranially). This strategy was found to be adequate in our experience with non-
nasopharyngeal head-and-neck cancer, in which no marginal recurrences at Level
II were observed in 133 patients [Eisbruch et al., 2004]. Additional rules include
defining the retropharyngeal nodal targets from C2 through the base of the skull,
outlining them medial to the carotid artery but sparing the midline because the
lateral retropharyngeal nodes, but not the medial ones, are involved in metastases
of head-and-neck cancer [Rouviere, 1938]. These rules, as well as the definition of
the CTVs of nodal levels IIIV such that they do not approach the midline in the
clinically noninvolved neck level [Gregoire et al., 2003b], facilitated significant spar-
ing by IMRT compared with 3D-RT of the pharyngeal constrictors and supraglottic
larynx lying outside the targets. Additional significant sparing of these structures
was achieved by do- IMRT in almost all cases, suggesting that the additional effort
in the outlying of the DARS in the CT data sets and their incorporation into the
optimization of IMRT may be beneficial and justify clinical testing.

The extent of the reduction in the V50 of the DARS in both institutions par-
ticipating in the study was similar, despite differences in optimization methods,
suggesting that similar sparing can be achieved by other institutions. The risk of
missing subclinical tumor by producing dose distributions that strive to spare the
noninvolved pharyngeal constrictors and larynx is obvious. Previous experience in
IMRT for head-and-neck cancer suggests that careful selection and delineation of
the targets results in an in-field recurrence pattern in the large majority of cases,
and there seemed to be no compromise in tumor control rates [Eisbruch et al., 2004,
Dawson et al., 2000, Chao et al., 2003, Lee et al., 2003, Levendag et al., 2004]. How-
ever, this experience is still limited. Sparing the DARS causes steeper dose falloff
near the targets in the vicinity of these structures. This would require additional
care in target delineation and dose coverage assessment. Pharyngeal motion during
RT seems to be negligible, and the motion of the tip of the epiglottis was found
to be frequent and most likely related to breathing [van Asselen et al., 2003]. An
expansion of these structures to yield their respective PRVs, taking into account
setup uncertainties and motion, is expected to result in more realistic dosimetry
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compared with the nonexpanded structures outlined on static planning CT.
In 2 patients, examined in the current study, the relative sparing of the DARS

was the same whether the planning objectives included sparing the nonexpanded
structures or the sparing of the PRVs. The expansion of the critical organs and
the targets to accommodate setup uncertainties and motion, according to recent
recommendations by the International Commission on Radiation Units and Mea-
surements Report 62 [Purdy, 2002], has not been universally accepted as the best
approach. Alternative approaches, such as incorporating setup uncertainties and
motion into the optimization process rather than defining PRVs or PTVs, have been
suggested [Li and Xing, 2000]. Their effect on the doses delivered to the structures
studied in this investigation needs to be evaluated.

We do not know whether reducing the structure volume receiving ≥ 50 Gy, which
we chose as a goal and metric for this study, is the best clinically relevant measure.
This dosimetric goal was chosen after our observation that the lowest dose delivered
to most of the volume of a stricture was 50 Gy, lacking any other available data
regarding a dose effect in the pharynx. However, most patients with dysphagia
in our study had general malfunction of the constrictors and the larynx, rather
than localized strictures. Therefore, reducing the volumes of these structures that
receive any specified high dose may be appropriate. More importantly, we do not
yet know whether the relative sparing of the DARS achieved by doIMRT would be
sufficient to reduce significantly patients symptoms compared with those expected
after 3D-RT or stIMRT.

IMRT typically consists of a single treatment plan, such that low total doses to
a target or organ are delivered in low fraction doses, and vice versa. If the α/β
ratio of the DARS is low, characteristic of late-responding tissue, any reduction
in their total dose would result in an even greater reduction of the nominal total
dose. Thus, the biologic and clinical effects of sparing may be more than implied
by the improvement of the DVH-based parameters. However, if the late changes
in the swallowing/aspiration-related structures identified in this study were mostly
consequential to severe acute mucosal damage [Dorr and Hendry, 2001], the α/β
ratio would be greater and the advantage in the nominal total dose lower. Also,
IMRT could not reduce the maximal doses delivered to the DARS compared with
3D-RT, because these structures overlapped partly with the targets in almost all
patients. The range of the sparing of the DARS by IMRT compared with 3D-
RT, and by doIMRT compared with stIMRT, was quite wide among the study
patients. It is possible that only patients in whom doIMRT achieved the highest
degree of sparing would benefit clinically. These issues require clinical assessments
and validation. A validation study has been initiated at our institutions.

The radiation protector amifostine has recently been tested for mucosal pro-
tection and prevention of dysphagia after RT for head-and-neck, esophageal, and
lung cancer. The reported results have been mixed, suggesting a protective effect
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[Bourhis and Rosine, 2002, Antonadou et al., 2002] or its lack [Senzer, 2002]. Af-
ter a relatively low dose of amifostine, no evidence of mucosal protection, nor of
tumor protection, was seen in a randomized study [Brizel et al., 2000]. It is pos-
sible that higher doses of amifostine would achieve mucosal protection and could
reduce dysphagia and aspiration after intensive chemo-RT [Bourhis and Rosine,
2002]. However, the risks of tumor cell protection by higher doses of amifostine
have not yet been adequately addressed. The main precautions required for IMRT
and for amifostine are similar: each needs to be administered and evaluated such
that the potential risks of compromising tumor control are carefully addressed.

6.5 Conclusion

This study represents the first step in a systematic evaluation of the utility of IMRT
in reducing dysphagia and aspiration after intensive chemo-RT. We determined the
anatomic structures whose damage possibly caused the swallowing abnormalities
observed after two different intensive regimens. IMRT can reduce the volumes of
these structures receiving high doses, and incorporating the goal of sparing these
structures into the optimization cost function can achieve significant additional
benefit. Target delineation rules that maximize the relative sparing of the DARS
by IMRT were identified. Clinical validation is required to determine whether the
dosimetric benefits translate into clinical ones.
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Abstract. Purpose: To quantify the dose escalation achievable in the treatment of

nonsmall-cell lung cancer (NSCLC) by allowing dose heterogeneity in the target volume

and/or using intensity-modulated radiotherapy (IMRT).

Methods and Materials: Datasets of 10 NSCLC patients were selected for this study. Four

irradiation techniques were compared: two conformal (CRT) and two IMRT techniques,

either prescribing a homogeneous dose in the planning target volume (PTV) (CRThom

and IMRThom) or allowing dose heterogeneity (CRTinhom and IMRTinhom). The dose

heterogeneity was allowed only toward high doses, i.e., the minimum dose in the target for

CRTinhom and IMRTinhom could not be lower than for the corresponding homogeneous

plan. The dose in the PTV was escalated until either an organ at risk reached the maximum

allowed dose or the mean PTV dose reached a maximum level set at 101.25 Gy.

Results: CRThom could achieve the maximum dose of 101.25 Gy for small and convex

tumors, whereas for bigger and/or concave PTVs the achievable was significantly lower, in

one case even below 60 Gy. The CRTinhom allowed on average a 6% dose escalation with

respect to CRThom. The IMRThom achieved in all except 1 case a mean PTV dose of at

least 75 Gy. The gain in mean PTV dose of IMRThom with respect to CRThom ranged

from 7.7 to 14.8 Gy. The IMRTinhom provided an additional advantage over IMRThom

of at least 5 Gy. For all CRT plans the achievable dose was determined by the lung dose

threshold, whereas for more than half of the IMRT plans the esophagus was the dose-

limiting organ. The IMRT plans were deliverable with 10–12 segments per beam.

Conclusions: The dose in NSCLC treatments can be escalated by loosening the constraints

on maximum dose in the target volume and/or using IMRT. For large and concave tumors,

an average dose escalation of 6% and 17% was possible when dose heterogeneity and

IMRT were applied alone. When combined, the average dose increase was as high as

35%. Intensity–modulated RT delivered in a static mode can produce homogeneous dose

distributions in the target and does not lead to an increase of lung volume receiving (very)

low doses.
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7.1 Introduction

The irradiation of non-small cell lung cancer (NSCLC) patients presents clinical
and technical challenges. It has been suggested that doses as high as 84 Gy are
needed to achieve 50% probability of local progression-free survival of more than
30 months [Martel et al., 1999] and Conformal Radiation Therapy (CRT) may not
be able to reach these dose levels. Recent developments in treatment planning
and in the study of dose-response relations for the organs at risk (OARs) make
it now possible to analyse which dose levels can be achieved in lung treatments
using intensity-modulated radiotherapy (IMRT) techniques based on accurate dose
calculation algorithms [Jeraj and Keall, 1999, Laub et al., 2000, Keall et al., 2001,
Pawlicki and Ma, 2001] and recent data on radiation side effects for the healthy
lung [De Jaeger et al., 2003].

Some papers have recently been published that explore the potential role of IMRT
in the lung region (e.g. [Grills et al., 2003, Murshed et al., 2004, Liu et al., 2004]),
showing the benefit of this technique in particular with respect to OAR sparing.
In one of them, where multi-segment static IMRT was applied (’step-and-shoot’),
it was suggested that dose heterogeneity in the target is an inherent property of
IMRT of lung cancer [Grills et al., 2003]. In another paper, where dynamic MLC
sequencing was chosen, it was observed that the increased volume of lung irradiated
at 5 Gy might be a problem when IMRT is applied in the lung region [Murshed
et al., 2004]. The aims of our work were:

a)To separately assess the benefits of heterogeneous dose distribution in the tar-
get volume and of IMRT for the purpose of dose escalation. In particular, we
investigated whether dose heterogeneity achieved by loosening the constraints on
the maximum dose in the target volume is an option to further escalate the dose in
the target volume rather than a ’price to pay’ for using IMRT.

b)To analyse the properties of IMRT dose distributions in the OARs when com-
pared to conventional CRT treatments, to assess whether the metrics usually applied
to evaluate CRT dose distributions can also be safely applied to IMRT.

7.2 Material and Methods

7.2.1 Patient selection and volumes definition.

Between October 1998 and April 2003, 88 patients from our institution were enrolled
in a phase I/II dose-escalation study. In that study, five risk groups were defined
according to the relative mean lung dose (rMLD), i.e. the ratio between the mean
lung dose and the prescribed dose. The dose was delivered in fractions of 2.25
Gy and escalated in three fractions per step (6.75 Gy), starting in each group
from different dose levels. Details about the trial scheme are described elsewhere
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[Belderbos et al., 2003]. For this study, CT data and contours of ten patients
participating in the trial were selected according to the following criteria:

1. Both in the preliminary analysis of the dose escalation trial [Belderbos et al.,
2003] in a further study carried out at our institution [Seppenwoolde et al.,
2004] was noted that NSCLC tumors are located in the cranial half of the
lung for the majority of the patients. Furthermore, for tumor in this region of
the lung the misrepresentation of the anatomy due to respiration movements
is expected to be less significant than in the lower lobe [Seppenwoolde et al.,
2002b, Shimizu et al., 2000]. As a consequence, patients were selected for
which the GTV was located in the centre or in the upper half of the lung.

2. Two patients were selected for each of the first four risk groups used to stratify
the dose escalation (patient ID from 1 to 8 in Table 7.1). Although five risk
groups were identified in the trial, only three patients were entered in the
highest risk group. This group was therefore disregarded in this planning
study.

3. Two patients were selected out of the eleven receiving a dose lower than ini-
tially prescribed according to the rMLD criterion because the esophagus was
the dose-limiting organ (patients 9 and 10). According to the rMLD, patients
9 and 10 would belong to the third risk group. The limit for esophagus expo-
sure in the dose escalation trial was an effective volume (Veff) [Kutcher and
Burman, 1989] less than 30% at Dref = 80 Gy and a volume parameter (n)
equal to 0.06. Translated into the equivalent uniform dose (EUD) formalism
[Mohan et al., 1992, Niemierko, 1999], this corresponds to a maximum EUD
of 74 Gy, when calculated with a value of n of 0.06.

All patients except one had a gross target volume (GTV) smaller than 100 cm3,
a value that has been associated with a lower risk of distant metastasis [Willner
et al., 2002]. These patients would therefore be good candidates for dose escalation
in clinical practice.

The GTV was delineated by a radiation oncologist and the PTV was obtained
by an isotropic expansion of the GTV with a margin ranging between 1 and 1.5
cm, depending on the magnitude of GTV movement detected during fluoroscopy.
The organs at risk were the heart, the esophagus, the spinal cord, the lung (defined
as both lungs minus the GTV) and the non-specified tissues (the external contour
minus the PTV and the specified organs at risk). Patient characteristics in terms
of TNM stage, GTV volume, margin between GTV and PTV and PTV volume are
presented in Table 7.1.
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Table 7.1: Summary of patient characteristics showing TNM stage, GTV volume (in
cm3), whether the GTV contained only the primary tumour (T) or also lymph nodes(N),
the GTV to PTV margin (in cm) in the left-right, anterior-posterior and cranial-caudal
directions, respectively, and the PTV volume (in cm3).

Patient TNM GTV Vol. GTV-PTV margin PTV Vol.

1 T2N0M0 6(T) 1.5,1,1.5 76

2 T1N0M0 8(T) 1.5,1.5,1.5 79

3 T2N0M0 43(T) 1.5,1.5,1.5 222

4 T2N0M0 57(T) 1.5,1,1.5 181

5 T2N3M0 78(T+N) 1,1,1 227

6 T2N0M0 127(T) 1.5,1.5,1.5 493

7 T2N2M0 74(T+N) 1.5,1,1.5 363

8 T2N2M0 70(T+N) 1.5,1,1.5 374

9 T2N2M0 32(T+N) 1.5,1,1.5 176

10 T2N2M0 52(T+N) 1,1,1.5 212

7.2.2 General scheme of the study.

First, a conformal plan (CRThom) was defined, aiming at a homogeneous dose in
the PTV. The deliverable dose, defined as the mean PTV dose, was the maximum
value that did not violate any of the tolerances for the OARs (see Sec. 7.2.3 for
details) and could be as high as 101.25 Gy (45 fractions of 2.25 Gy each), the highest
dose level planned in our phase I/II trial.

Second, if CRThom missed the 101.25 Gy dose level by more than one fraction
of 2.25 Gy, a CRTinhom plan was devised, where larger dose inhomogeneity was
allowed in the PTV, while all planning objectives for the OARs were the same as
in CRThom.

Third, an IMRT plan (IMRThom) was defined for the patients where CRTinhom

could not achieve 101.25 Gy, with the same objectives in terms of PTV dose homo-
geneity and tolerances of the OARs as in the CRThom plan.

Fourth, in analogy with CRTinhom, if IMRThom missed the 101.25 Gy dose level
by more than one fraction dose, an IMRTinhom plan was devised with larger dose
heterogeneity in the PTV. In CRTinhom and IMRTinhom, the heterogeneity was
allowed by loosening the constraint on the maximum dose in the target, while the
minimum PTV dose could not be lower than the minimum dose in CRThom and
IMRThom, respectively.

Initially, the same orientation and number of beams as used for the clinical treat-
ment were chosen. Then, if neither the CRThom nor the IMRThom plan achieved
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101.25 Gy, a new plan was designed for both CRThom and IMRThom with 7 copla-
nar equally spaced beams, and the beam arrangement allowing the highest deliv-
erable dose was selected. CRTinhom and IMRTinhom were planned with the beam
arrangement achieving the highest deliverable dose in CRThom and IMRThom, re-
spectively.

7.2.3 Treatment planning objectives.

Target volume:
For CRThom and IMRThom, the plan aimed at a standard deviation (SD) of the
dose of no more than 3% of the deliverable dose. For CRTinhom and IMRTinhom,
the dose in the target volume could vary between the minimum PTV dose of
CRThom and IMRThom, respectively, and 107% of the maximum deliverable dose
(101.25 Gy), i.e. 108.3 Gy. The dose in the PTV was evaluated by the mean dose
and the minimum and maximum dose, defined as the dose in the 1st and 99th per-
centile of the volume, respectively (D99 and D1).
Organs at risk:
In order to be consistent with our clinical practice, the dose values for the lung, the
esophagus and the spinal cord were specified as NTD-corrected dose [Maciejewski
et al., 1986, Lebesque and Keus, 1991], i.e. they were corrected for fractionation
effects using the linear-quadratic formalism. An α/β value of 3 Gy was chosen for
lung and esophagus and 2 Gy for the spinal cord [Van Dyk et al., 1989]. All results
reported for these three organs in this paper are NTD-corrected.
The following dose constraints were used for the OARs:

Lung: a study was carried out at our institution producing model parameters
for an NTCP model based on dose distributions obtained with a convolution-
superposition dose calculation algorithm [De Jaeger et al., 2003]; the Lyman-
Kutcher-Burman NTCP model was fitted, producing the following parame-
ters: n = 1, m = 0.45, TD50 = 29.2 Gy. Based on the results of this study,
we limited the mean lung dose to 16 Gy, which corresponds to about 16%
probability of grade II lung complications according to the SouthWest On-
cology Group criteria [De Jaeger et al., 2003]. During evaluation, the volume
of lung receiving 5, 20 and 30 Gy (V5, V20 and V30) was calculated.

Spinal cord: the maximum dose was limited to 50 Gy. The maximum dose
was defined as D1 of the spinal cord, which, for the patients of this study,
always corresponded to an absolute volume of less than 1 cm3.

Esophagus: the maximum EUD (n=0.06) was set to 74 Gy. This is the same
constraint as used in the dose-escalation trial and, according to a preliminary
analysis, is associated with a very low complication rate [Belderbos et al.,
2003]. The mean dose and the volume of esophagus receiving at least 60 Gy
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(V60) were calculated for plan evaluation as they were recently used either in
planning studies [Grills et al., 2003, Murshed et al., 2004, Liu et al., 2004] or
as predictors of radiation toxicity [Bradley et al., 2004].

Heart: preliminary tests were performed with the DVH thresholds used
both in our Phase I/II trial and in other planning studies (e.g. [Grills et al.,
2003]), requiring that 100%, 66% and 33% of the heart volume should not
receive more than 40, 50 and 66 Gy, respectively. The tests showed that
these DVH points were very easily met and they were not effective in avoiding
unnecessary overdosage in the heart. We therefore defined for each patient
two constraints to achieve a conformal dose distribution in the region where
the PTV and the heart overlapped or were very close to each other. These
constraints were determined by trial and error and were always more strict
than the DVH-points mentioned above. The resulting dose distributions were
evaluated assessing the maximum dose in the heart (defined as D1) and the
heart volume receiving at least 40, 50 and 66 Gy (V40, V50, V66).

Non-specified tissues: in the cost function, objectives were defined for this
volume both to avoid ’hot spots’ and to achieve dose conformity, which was
evaluated through the conformity index (CI). The resulting dose distributions
were evaluated with the maximum dose and the volume receiving more than
40, 50 and 60 Gy.

7.2.4 Treatment planning

Conformal plans

The patients were treated according to a CRT plan calculated in U-Mplan, the
treatment planning system (TPS) used in the clinical practice, which has a simple
equivalent-path length algorithm to correct for tissue heterogeneities. The CRT
dose distributions were replanned in Pinnacle version 7.3b (Philips Medical Systems,
Best, The Netherlands), which has a convolution/superposition algorithm.

To obtain the best possible plans, the shapes and weights of the beams and
the wedge angles of CRThom and CRTinhom were defined with computer-based
optimisation. For each gantry angle, an initial field shape was set, with 1 cm
distance between the leaf ends of the MLC and the position of the PTV. A cost
function was defined, expressing the requirements in terms of dose in the PTV and
tolerances for the OARs presented in the previous section. Then, the optimisation
process was started, aiming at adjusting beam shape, beam weight and wedge angle.
Only one field shape (segment) per beam direction was allowed, i.e. the optimisation
could not create additional segments. The resulting field shapes can therefore be
considered as the result ideally achievable with manual CRT planning, given the
requirements defined in the cost function. The conversion from physical dose to
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NTD-corrected dose was performed after the treatment plan was completed. For
all CRT and IMRT plans, 6 MV photon beams were used. Beams and segments were
created in such a way that they are deliverable with an Elekta SLi 20 accelerator
(Elekta Oncology Systems, Crawley, UK).

IMRT plans

IMRT plans were defined in Hyperion [Alber et al., 2000], using a pencil beam
dose calculation algorithm during fluence optimisation and a Monte Carlo dose
calculation algorithm to optimise segment shape and weight after segmentation.
Hyperion has a sequencer specifically designed for Elekta linear accelerators [Bar
et al., 2001], creating treatment plans deliverable with a ’step-and-shoot’ method.
Further details about Hyperion and the Monte Carlo dose calculation algorithm
are described elsewhere [Alber and Nusslin, 1999, Laub et al., 2000, Alber and
Nusslin, 2001a, Fippel, 2004]. Fractionation effects were taken into account in the
cost function, defining our planning objectives with the relevant value of α/β.

The dose requirements specified in paragraph 7.2.3 were translated into the cost
function in the following way:

Target volume:For all techniques a mean dose objective was set to achieve
the prescribed dose. For CRThom and IMRThom, a 3% dose variance con-
straint was added to limit the dose uniformity, while for CRTinhom and
IMRTinhom two DVH points were set to ensure that D99 was not lower
than in CRThom and IMRThom, respectively, and that D1 was not higher
than 108.3 Gy.

Lung: An EUD constraint with a volume parameter equal to 1 was set to
limit the MLD to not more than 16 Gy.

Esophagus: An EUD constraint with a volume parameter of 0.06 was set
to limit the EUD to less than 74 Gy.

Spinal cord: A dose-volume constraint was set to limit D1 to not more than
50 Gy.

Heart: To avoid unnecessary heart irradiation, two dose volume objectives
were set. Although the value of these DVH points was patient specific, One
point aimed at controlling the heart volume receiving 50-60 Gy and the second
at minimizing the maximum dose.

Non specified OARs: two patient-specific DVH objectives were set to
achieve dose conformity.

Dose tolerances for the lung, esophagus and spinal cord were considered as con-
straints, i.e. they could not be violated, while the deliverable dose in the target
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volume was treated as an objective, i.e. the dose in the PTV was escalated during
the optimisation as long as the constraints for the OARs were not violated.

The solutions obtained with Hyperion were recalculated in Pinnacle, in order
to evaluate 3–D dose distributions within the same treatment planning system,
thus excluding the influence of different dose calculation algorithms, beam fit, grid
size, volume definition and DVH calculation. The impact of the recalculation was
considered not to be significant for this study. In fact, the differences in PTV
minimum and maximum dose were within 1.5% for all ten patients, while V20 and
the mean dose of the lung showed discrepancies in the order of 0.3% and 0.4 Gy,
respectively. All results presented in this paper are therefore related to Pinnacle
dose distributions.

7.3 Results

7.3.1 Dose distributions in the PTV

For patients 1 to 4, CRThom reached a mean dose in the PTV of 101.25 Gy using
the clinically applied beam arrangement. The data describing the dose distributions
for these patients are summarized in Table 7.2.

For patients 5 to 10, the achievable dose dropped significantly, ranging from 54
to 88.8 Gy. For these cases, a 7 beam arrangement was tested, but did not provide
higher doses than the beam setting clinically applied.

Table 7.2: Properties of the CRThom dose distribution for the first four patients. The
standard deviation of the PTV dose is expressed as percentage of the mean dose.

Patient 1 2 3 4
Dmean PTV(Gy) 101.2 101.2 101.2 101.2
Dmin PTV(Gy) 95.4 94.4 94.5 95
Dmax PTV(Gy) 104.1 105.3 104.7 105.9
St.Dev. 1.8 2.4 2.1 2.6
Mean Lung Dose 9.3 7.6 13.5 14.5

Patient-specific information concerning the differences between the four techni-
ques in terms of deliverable dose and minimum dose are presented in Figures 7.1a
and 7.1b, while in Table 7.3 other properties of the treatment plans are presented.
Figure 7.1a shows an example of the DVH of the PTV for CRThom, CRTinhom,
IMRThom and IMRTinhom.

The mean dose and minimum dose in the PTV of CRTinhom plans were on
average 4.5 and 1.5 Gy higher than the corresponding CRThom plan, respectively,
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Figure 7.1: Increase of mean(a) and minimum(b) dose in the PTV allowed by CRTinhom,
IMRThom and IMRTinhom with respect to CRThom for patients 5 to 10. For patients 1
to 4 CRThom achieved the maximum prescription dose, so neither CRTinhom nor IMRT
were needed. IMRTinhom was not planned for patient 6 (see main text for details).

and the standard deviation in the PTV dose for CRTinhom plans typically ranged
between 3.5% and 4.5% of the mean dose.

IMRThom was planned for patients 5 to 10, leading to a deliverable dose between
65.3 and 100.9 Gy. For all patients, 7 equally-spaced beams allowed a higher mean
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Table 7.3: Properties of CRThom, CRTinhom, IMRThom and IMRTinhom dose distri-
butions for patients 5 to 10. The organ determining the maximum deliverable dose is
indicated (E = esophagus, L=Lung), together with the NTCP of the lung calculated
using parameter values from De Jaeger et al [De Jaeger et al., 2003]

Patient 5 6 7 8 9 10
Dmean(Gy)
CRThom 68.7 88.8 63.6 54 73.5 76.6
CRTinhom 73.7 94.4 67.4 57.5 78.3 81.1
IMRThom 80.5 100.9 78.4 65.7 85.6 84.3
IMRTinhom 92.9 - 88.7 74.9 96.4 92.4
Dmin(Gy)
CRThom 65.1 81.1 59.0 50.1 66.7 71.1
CRTinhom 65.8 83.4 59.1 50.5 68.5 71.1
IMRThom 74.5 94.1 73.3 61.3 80.3 78.3
IMRTinhom 77.8 - 77.1 64.9 83.8 80.8
Dmax(Gy)
CRThom 73.3 93.3 67.0 57.1 76.7 80.7
CRTinhom 83.3 101.6 73.4 61.6 85.7 86.8
IMRThom 85.2 106.4 83.8 70.2 90.1 88.4
IMRTinhom 108.1 - 100.4 86.2 105.7 108.2
St. Dev PTV dose (% Prescr dose)
CRThom 2.7 2.8 2.9 2.7 2.6 2.9
CRTinhom 6.4 4.1 3.9 4.3 4.4 3.6
IMRThom 2.8 2.2 2.6 2.6 2.3 2.5
IMRTinhom 7.9 - 6.1 4.5 5.7 7.1
Dose limiting organ
CRThom L L L L L L
CRTinhom L L L L L L
IMRThom E L L L E E
IMRTinhom E - L L E E

PTV dose than the clinically applied beam setting.
IMRTinhom was investigated for five cases (all patients from 5 to 10 except

patient 6, when a dose of 100.9 Gy was reached with IMRThom) and provided an
increase in mean dose and minimum dose with respect to IMRThom ranging from
8 to 12 Gy and from 2.5 to 3.8 Gy, respectively. IMRTinhom plans were associated
with a standard deviation of the dose in the target ranging from 4.5 to 7.9% of the
mean dose.

The mean dose of CRTinhom, IMRThom and IMRTinhom plans was on average
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6%, 17% and 35% higher than in the corresponding CRThom plans. Comparing the
four techniques in terms of relative dose distribution, the minimum and maximum
dose in the PTV were on average 94% and 104% of the mean dose for CRThom,
89% and 109% for CRTinhom, 94% and 106% for IMRThom, 86% and 114% for
IMRTinhom.

7.3.2 Dose in the organs at risk.

The highest achievable dose in the PTV was determined by the dose constraints set
either for the lung or the esophagus. A list of the dose limiting OARs is presented
in Table 7.3. The differences in dose distributions in the OARs between CRT and
IMRT plans were evident, while the differences between plans with and without
dose homogeneity were more subtle and changed from patient to patient. As a
consequence, we present the results with regard to the OARs referring to CRT
or IMRT plans without making a distinction between CRThom and CRTinhom or
IMRThom and IMRTinhom.

Lung: For patients 1 to 4, where CRThom achieved a deliverable dose of 101.25
Gy, the MLD ranged between 8 and 14 Gy and the NTCP, calculated using the
parameter values obtained by De Jaeger et al. [De Jaeger et al., 2003], between 5%
and 13%. For all other CRT plans the lung was the dose limiting organ, therefore
an MLD of 16 Gy was reached, with a corresponding NTCP of 15.8%. In IMRT,
five out of eleven plans reached a 16 Gy MLD, while the for the remaining six plans
the MLD ranged between 15.6 and 15.8 Gy (NTCP range 15.1-15.6%).

For doses below 10 Gy, all solutions had very similar DVHs, and IMRThom

showed an average increase of V5 by 1.5% with respect to CRThom. IMRThom,
therefore, did not cause a significant increase of lung volume irradiated at very low
doses. In most cases, V20 ranged from 15% to 30% for CRT and from 15 to 25% for
IMRT. The values of V20 for the conformal plans were slightly higher than for the
corresponding IMRT plans (average difference of 2%) and the differences in MLD
between the plans were within 1 Gy. The values of MLD and V20 were linearly
correlated (R2 = 0.91), with the same relation between MLD and V20 for CRT and
IMRT dose distributions.

Fig 7.2 shows an example of the DVHs of the lung for the four techniques when
the same MLD is achieved. The dose escalation obtained by IMRT caused a larger
volume of lung receiving high doses (¿ 70 Gy) with respect to CRT. Since the MLD
is limited to 16 Gy for all plans, the dose escalation can only be accomplished by a
reduction of the lung volume receiving doses between approximately 15 and 60 Gy.

Esophagus: In five patients (patients 5 and 7 to 10) the esophagus received
a noticeable dose (EUD ≤ 50 Gy). The three parameter values used to evaluate
the dose distribution in this organ are summarized in Table 7.4. The only plans
associated with a mean dose ≥ 40 Gy and/or an EUD > 70 Gy were obtained
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Figure 7.2: DVHs for the lung for Patient 7. For this patient the lung was the dose-
limiting organ for all four techniques. Therefore, the DVHs of the lung correspond to
the same MLD of 16 Gy. The dose values shown on the x-axis in figure are corrected for
fractionation (see main text for details).

with IMRT. Neither the mean esophagus dose and the EUD nor the EUD and V60
were correlated to each other for the whole set of patients. A correlation between
these three parameters was not found in the population but only at the level of the
individual patient. It is therefore possible that our results in terms of dose in the
esophagus and achievable dose in the PTV would have been different if the dose
constraints for the esophagus had been set using another parameter, such as V60
or the mean dose, instead of the EUD with n = 0.06.

Heart: For five out of ten patients, the heart had some overlap with the PTV
or was at least very close to it; in those cases, V40 ranged between 10% and 20%,
V50 between 5% and 15%, and V66 between 0% and 8%. The differences in V40,
V50 and V66 values between CRT and the IMRT techniques were typically within
3%. For four patients IMRT dose distributions showed small heart volumes (less
than 1%) irradiated at very high doses of up to 85 Gy.

Non-specified tissues: The solutions with and without dose homogeneity in the
target were compared, i.e. CRThom vs. CRTinhom and IMRThom vs. IMRTinhom,
with respect to the dose in the non-specified tissues. In most cases, CRTinhom

showed an increase of 3 to 5% of the volume receiving more than 60 Gy with
respect to CRThom, while IMRTinhom had an increase up to 5% of the volume
irradiated between 40 and 60 Gy with respect to IMRThom. When the conformity
index (CI) was calculated taking the minimum dose in the PTV as the reference
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Table 7.4: Dose in the esophagus; the mean esophagus dose (MOD) and V60 are used
as evaluation parameter in order to compare the results with other studies (e.g.[Grills
et al., 2003], [Bradley et al., 2004]). The ’Overlap’ column shows the esophagus volume
encompassed in the PTV (as a percentage). The values in bold show the cases where the
esophagus was dose-limiting (EUD of 74 Gy with n = 0.06).

Patient Overlap(%) Technique MOD(Gy) EUD(Gy) V60(%)
5 30 CRThom 38 69 48

CRTinhom 38 70 48
IMRThom 38 74 45
IMRTinhom 37 74 44

7 8 CRThom 39 61 31
CRTinhom 36 60 12
IMRThom 40 69 30
IMRTinhom 42 73 31

8 25 CRThom 19 51 0
CRTinhom 20 50 0
IMRThom 24 68 27
IMRTinhom 26 73 30

9 12 CRThom 24 68 22
CRTinhom 24 66 22
IMRThom 27 74 21
IMRTinhom 26 74 22

10 13 CRThom 31 69 30
CRTinhom 30 70 28
IMRThom 31 74 29
IMRTinhom 33 74 32

value, IMRT plans had a CI value ranging between 1.3 and 1.5, while for CRT the
conformity index varied between 1.5 and 2.7. On average, the CI of the IMRT plan
was 29% smaller than the CI for the corresponding CRT plan. An example of the
different conformity achieved by CRT and IMRT is shown in Figure 7.3.
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(a)

(b)

Figure 7.3: CRThom (a) and IMRThom (b) dose distributions for a patient where the
lung was the dose limiting organ for both techniques. The PTV is shown in colorwash and
the isodose lines correspond to 95%, 80%, 60% and 30% of the prescribed dose for each
plan.

7.3.3 Beam shape, number of segments and Monitor Unit
ratio

Both CRThom and CRTinhom fields appeared similar in shape compared with the
manually designed fields normally applied in lung CRT, suggesting that the same
plans could have been designed by an experienced dosimetrist. CRTinhom fields
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were in general smaller than corresponding CRThom fields, but the reduction in
field size changed considerably from patient to patient. For some patients, the main
cause of the differences between CRThom and CRTinhom plans was the change in
beam weight rather than in field shape.

In IMRT, the average number of segments per beam was 10 for IMRThom and
12 for IMRTinhom. The IMRT plan typically required twice as many MUs than
the corresponding CRT plan. Only in one case, the MU ratio between IMRThom

and CRTinhom went up to 3.3.

7.4 Discussion

7.4.1 Dose distribution in the PTV.

With CRThom it was possible to deliver doses as high as 101.25 Gy in the target
volume, when the PTV was convex and/or sufficiently small. With larger and/or
concave PTVs (patients 5 to 10), the achievable dose dropped significantly, and
increasing the number of beams up to 7 did not produce an increase in achievable
dose. Loosening the requirement on maximum dose in CRTinhom showed that it
is possible to achieve a 6% dose escalation by simply adjusting beam shapes and
weights. With IMRThom eight out of ten patients could receive a dose of at least 80
Gy and a dose escalation larger than 10 Gy was achieved with respect to CRThom

in five out of six cases. This result shows that IMRT delivered with multi-segment
fields (’step-and-shoot’) allows dose escalation in the treatment of NSCLC and does
not necessarily produce heterogeneous dose distributions in the target volume, as
suggested in a recent publication [Grills et al., 2003].

For both CRT and IMRT plans it was evident that not only the GTV volume, but
also its shape and position with respect to the OAR were crucial in determining the
achievable dose. For patients 4 and 10, for instance, the GTVs were very similar in
volume, but different in shape and position: the former patient tumor had a convex-
shaped tumour entirely located in the lung, while for the latter two separate GTVs
were identified, leading to a concave PTV overlapping with the esophagus. As a
consequence, for patient 4 CRT could achieve the highest dose level (101.25 Gy),
while for patient 10 the dose was limited to 76.6 Gy.

Allowing dose heterogeneity in the target towards high doses was an effective
method to achieve further dose escalation, in particular for IMRT. With IMRTinhom

very heterogeneous dose distributions were obtained in the target, with a standard
deviation of the dose in the PTV, between 7 and 8% in two cases, and with a dif-
ference between minimum and maximum dose up to 30 Gy. The difference in mean
PTV dose between IMRThom and IMRTinhom was at least 5 Gy, and in two cases
(patients 5 and 9) this difference was higher than the difference between CRThom

and IMRThom. One must remember that, for both CRTinhom and IMRTinhom,
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the absolute values of the minimum dose were always higher than for the corre-
sponding CRThom and IMRThom plans (see Fig. 7.1b). Consequently, CRTinhom

and IMRTinhom plans have a higher tumour control probability (TCP) value than
the corresponding CRThom and IMRThom plans, regardless of the TCP model pa-
rameters used to evaluate the dose distributions. In a study by Engelsman et al.
[Engelsman et al., 2001c], it was concluded that the concept of homogeneous dose
in the target volume is not the best approach to reach the highest probability of
tumour control for lung cancer. Our study strengthens this conclusion, demon-
strating the benefit of heterogeneous dose distributions in the PTV for different
patient anatomies. Our results showed somewhat less benefit of heterogeneous dose
distributions in CRT compared to the results of Engelsman et al. The reason is
that we prescribed the same minimum PTV dose in the homogenous and heteroge-
neous plans, while in Engelsman’s study different PTVs were defined and the dose
escalation for the target volume was assessed not in the PTV but in the moving
CTV.

7.4.2 Dose in the organs at risk.

Lung: For patients 1 to 4, where CRThom achieved a deliverable dose of 101.25
Gy, the MLD ranged between 8 and 14 Gy. For the remaining six patients, the lung
was the dose-limiting organ in all CRT plans and in less than half of the IMRT
plans. IMRT had two advantages over CRT in controlling the dose in the lung:
first, by achieving a better conformity it was possible to reduce the lung volume
receiving high doses (Fig. 7.3); second, producing a steeper dose fall-off, it was
possible to limit also the lung volume irradiated at medium to low doses (see Fig.
7.2 and 7.3). Although the cost function did not explicitly control the volume
of lung irradiated at 20 Gy(V20), for each individual patient the values of MLD
and V20 were strongly correlated for the different plans; therefore, the results of
our study would not have been different when V20 was used as the predictor of
complication instead of the MLD. Moreover, the same linear relation was found
between V20 and MLD for IMRT and CRT plans; this suggests that NTCP model
for the lung was used within its range of applicability.
Esophagus: The esophagus was never the dose limiting OAR for the CRT plans,
the EUD being at most 70 Gy, suggesting that in conformal radiotherapy this
organ is not as relevant as the lung in prohibiting dose escalation. This result is in
agreement with the experience of our clinical trial, where the dose escalation was
limited for only 12.5% of the patients by the dose constraint for the esophagus.
With IMRT, the situation is different, as the tolerance of the esophagus determined
the achievable dose in more than half of the cases. Although the esophagus toxicity
has been the subject of several studies, different centres use different parameters
to evaluate the dose in this organ. Scoring the dose distributions in the esophagus
with the EUD produced very different results than using the mean dose and even
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V60 (see Table 7.4). For example, all four plans for patient 5 had a very high
value of V60, but for only two of them the maximum EUD was reached. On the
contrary, the IMRT plans for patient 9 had an EUD of 74 Gy, but the values of V60
were among the lowest. This suggests that a better knowledge of the dose-effect
relation for the esophagus is a critical factor to safely escalate the dose in lung
cancer treatment.
Heart: All values of V66 were far below the 33% volume percentage often applied
to control the dose in lung cancer treatment. PTV doses in the range of 90 Gy even
in large tumours could be achieved with no more than 2-4% of the heart volume
receiving doses above 65-70 Gy. Due to the high maximum doses in the heart, some
IMRT dose distributions are likely to be associated with a high risk of late cardiac
mortality. The commonly adopted relative seriality model was not used [Gagliardi
et al., 1996], neither to drive the optimisation nor to quantify the NTCP, because
the maximum doses achieved in our study were significantly higher than the doses
available to fit the dose-response relation for late cardiac mortality. Also, the risk of
late cardiac injury is, unfortunately, not the primary concern for most lung cancer
patients.

The increase in mean and minimum dose of CRTinhom and IMRTinhom was
obtained respecting the thresholds for lung, esophagus and spinal cord and keeping
both the heart volume irradiated at high doses and the dose conformity at the same
levels as CRThom and IMRThom plans. The price to pay for the dose escalation
was an increased volume of non-specified tissues irradiated with a dose above 40
Gy.

7.4.3 Number of beams and IMRT delivery methods.

Our results are in agreement with two previous studies [Grills et al., 2003, Liu et al.,
2004] showing that increasing the number of beams in CRT often does not help in
obtaining a better plan. In IMRT the situation was different, as the advantage of
increasing the degrees of freedom by adding beams outweighed the disadvantage of
irradiating larger volumes at low doses.

Murshed et al. [Murshed et al., 2004] discussed the difficulty in maintaining V5
in the lung with IMRT at the same level as in CRT, even when the aim of IMRT is
reducing the dose in the OAR and not, as in our study, to escalate the dose in the
target volume. The increase in V5 they found in 63% of the cases was attributed to
the beam delivery method (dynamic MLC), which was associated with a number of
MUs almost six times higher than required for a CRT treatment. The solution these
authors proposed was to reduce the number of beams and/or using a more efficient
sequencing method. Our results showed indeed that a ’step-and-shoot’ approach
with a limited number of optimized segments is a good alternative: with this method
it was possible to obtain a lower MU ratio between IMRT and CRT, and the lung
volume receiving (very) low doses could be controlled. One must remember that
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the difference between the irradiation patterns of this study and those obtained
by Murshed et al. [Murshed et al., 2004] are actually twofold: beside the delivery
method (static vs. dynamic MLC), our optimisation procedure included segment
shape and weight optimisation after segmentation, while in the study of Murshed
et al. the MLC sequencing was not part of the optimisation loop.

7.4.4 Limitations of the study.

The results we obtained should be evaluated taking into account two characteristic
of this study:
1)We selected tumours in the upper half of the lung, where the impact of respira-
tion motion is generally limited. Analyzing the possibilities of dose escalation for
tumours in the lower lobe would require a study on its own, due to the crucial role
of respiratory motion in that part of the lung. The free breathing CT scans used
in this study, for instance, might not be able to produce a representative model of
the anatomy in this region, where the breathing motion can reach a peak-to-peak
amplitude of 20 mm. A dose escalation treatment planning study for tumours in
the lower lobe could also produce different results in relation to the dose in the
OARs. Due to differences in anatomy and to the increased radiation sensitivity of
the caudal part of the lung [Seppenwoolde et al., 2004], one can not predict whether
the main organ at risk in IMRT would be the esophagus, as in this study, or the
lung.
2)The potential of dose escalation was assessed without taking into account the
effect of geometrical uncertainties (set-up errors, organ motion and respiration) on
the dose distribution. The impact of these errors can be of particular importance
for IMRTinhom plans; ’hot spots’ within the PTV can be displaced due to system-
atic errors, thus possibly leading to higher doses in serial OARs partly encompassed
in the PTV or in its close proximity, such as the esophagus and spinal cord. The
evaluation of the effect of geometrical uncertainties on the dose distribution will be
subject of a following study.

7.5 Conclusion

Using IMRT and allowing dose heterogeneity in the target volume makes it possible
to escalate the dose in non-small cell lung cancer treatments. Allowing dose hete-
rogeneity in a conformal plan resulted in an average increase in deliverable dose of
6%. IMRT alone achieved an average dose escalation of 20% in large and concave
tumours, and, when IMRT and dose heterogeneity were combined, the increase in
deliverable dose was as high as 35%. ’Step-and-shoot’ IMRT can produce homoge-
neous dose distributions in the PTV and can be delivered without increasing the
lung volume receiving doses of 20 Gy or less with respect to conformal treatments.
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Abstract. Purpose: quantify the effect of set-up errors and respiration motion on

Conformal Radiotherapy (CRT) and IMRT dose distributions for non-small cell lung can-

cer (NSCLC) treatment.

Methods and materials: Irradiations of 5 NSCLC patients were planned with three techni-

ques, two (CRT and IMRT1) with a homogeneous dose in the PTV and a third (IMRT2)

with dose heterogeneity. Set-up errors were simulated for GTV and OARs. For the GTV,

the respiration was also simulated with a periodical motion around a varying average.

Two configurations were studied for the breathing motion, to describe the situations of

free-breathing (FB) and respiration-correlated (RC) CT scans, each with two amplitudes

(5 and 10 mm), thus resulting in four scenarios (FB 5, FB 10, RC 5 and RC 10). 5000

treatment courses were simulated, producing probability distributions for the dosimetric

parameters.

Results: For CRT and IMRT1, RC 5, RC 10 and FB 5 were associated with a small degra-

dation of the GTV coverage. IMRT2 with FB 10 showed the largest deterioration of the

GTV dosimetric indices, reaching 7% for Dmin at the 95% probability level. Removing

the systematic error due to the periodic breathing motion was advantageous for a 10 mm

respiration amplitude. The estimated probability of radiation pneumonitis and acute com-

plication for the esophagus showed limited sensitivity to geometrical uncertainties. Dmax

in the spinal cord and the parameters predicting the risk of late esophageal toxicity were

associated to a probability up to 50% of violating the dose tolerances.

Conclusions: Simulating the effect of geometrical uncertainties on the individual patient

plan should become part of the standard pre-treatment verification procedure.
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8.1 Introduction

Radiotherapy treatment plans are typically designed on a pre-treatment static
model of the patient anatomy, defining safety margins around the area to be treated
to take set-up errors and organ motion into account. In the last years, several pub-
lications proposed a ’margin recipe’ [Stroom et al., 1999a, van Herk et al., 2000,
2002], i.e. a rigorous method to define the Planning Target Volume (PTV). A cor-
rect PTV definition is particularly critical when dose distributions with steep dose
gradients and/or high conformity are applied to anatomical sites such as the lung,
where respiration is an important component of geometrical inaccuracies.

Recent treatment planning studies showed the potential benefit of Intensity Mod-
ulated Radiation Therapy (IMRT) in the treatment of non-small cell lung cancer
(NSCLC), either to increase the deliverable dose in the PTV and/or to achieve
a better sparing of the normal tissues with respect to 3-D Conformal Radiation
Therapy (CRT) (see [Grills et al., 2003, Murshed et al., 2004, Liu et al., 2004,
Nioutsikou et al., 2004, Chapet et al., 2005] and Chapter 7). It is therefore impor-
tant to assess whether the dose increase associated with IMRT comes at the cost
of an increased sensitivity of IMRT dose distributions with respect to set-up errors
and organ motion.

The aim of our work was to evaluate the effect of geometrical uncertainties, in-
cluding breathing motion, on CRT and IMRT dose distributions used in lung cancer
treatment. Using a Monte Carlo method, several thousands of possible treatment
courses were simulated for different irradiation techniques, patient anatomies and
magnitude of the geometrical uncertainties. As a result, each of the dose distri-
butions could be evaluated not only through the (static) dose parameters of the
treatment plan (e.g. the minimum dose in the Gross Target Volume (GTV)) but
also through the probability distributions of these parameters over a population of
patients.
The results of the simulations allowed us to:
a) Assess the effect of set-up errors and respiration motion on the accumulated dose
in the moving GTV;
b) Calculate the probability distributions of the dose parameters used to predict
the risk of complications for the organs at risk (OARs) (lung, esophagus and spinal
cord).

8.2 Material and Methods

8.2.1 Patient selection and treatment planning

Five NSCLC patients previously treated at our institution were selected, having
the following characteristics:
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- The GTV was located in the upper half of the thorax, where the peak-to-peak
amplitude of the breathing motion rarely exceeds 10 mm [Erridge et al., 2003,
Seppenwoolde et al., 2002b]. For consistency reasons, in this study the PTV
was defined for all cases as a 10 mm 3-D isotropic expansion of the GTV.

- The volume to be irradiated included not only the primary tumor but also
lymph nodes, thus making IMRT particularly suitable for these patients ac-
cording to recent publications [Grills et al., 2003, Liu et al., 2004, Murshed
et al., 2004] and to a study carried out in our institution 7. The primary
tumor was in three cases in the left and in two cases in the right lung. For
all patients, the lymph nodes were in the mediastinum and in 3 slices at least
(corresponding to 1.5 cm) the distance between esophagus and lymph nodes
was less than 5 mm. A particular case was represented by patient 1, where
in all slices the distance between GTV and esophagus was less than 3 mm.

- The patients participated in a phase I/II dose escalation trial, where the
dose escalation was stratified defining five risk groups according to the rel-
ative mean lung dose [Belderbos et al., 2003]. Patients 1 to 3 of this study
represent clinical cases for which the maximum dose level achievable in the
tumor was determined by the tolerance of the healthy lung. For patients
4 and 5 the dose limiting organ was not the lung but the esophagus. Fur-
ther details about the trial design have been described elsewhere [Belderbos
et al., 2003]. CT data and delineated structures (GTV, both lungs minus
the GTV, esophagus, heart and spinal cord) were the same as used for the
clinical treatment planning procedure.

In a previous study, we assessed the potential for dose escalation in lung treatment
(see Chapter 7) by determining the maximum achievable dose in the PTV for a
given set of dose constraints in the OARs. For the current study, we used the same
treatment planning approach and applied it to three irradiation techniques:

1. A 3D conformal technique (CRT) with a homogeneous dose distribution in
the PTV (standard deviation of the dose distribution less than 3%);

2. An IMRT approach (IMRT1) with the same PTV dose homogeneity require-
ments as in the CRT technique;

3. A second IMRT technique (IMRT2) where the minimum dose (Dmin) of the
PTV volume was not lower than in IMRT1 but dose heterogeneity in the
PTV was allowed by relaxing the constraint on the maximum dose (Dmax).
The constraint that Dmin of IMRT2 should be at least as high as in IMRT1
was set to ensure that this technique delivered a higher dose in the PTV
than IMRT1, no matter what parameter was used to evaluate the final dose
distribution (e.g. Dmin, mean dose or equivalent uniform dose (EUD) [Mohan
et al., 1992, Niemierko, 1999]).
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Table 8.1: Planning objectives and α/β values for PTV and OARs. The heart was
included in the cost function only to achieve dose conformity outside the PTV. The
dose limits for the heart were therefore defined individually for each patient.

Volume of interest Technique Parameter Value α/β

PTV All techniques Mean dose To be maximized -
PTV CRT and IMRT1 Dose variance ≥ 3% -
PTV IMRT2 Dmin ≥ Dmin IMRT1 -
Lung All techniques Mean dose ≤ 16 Gy 3 Gy
Esophagus All techniques EUD (n=0.06) ≤ 74 Gy 3 Gy
Spinal cord All techniques Dmaz ≤ 50 Gy 2 Gy

Dmin and Dmax were defined as the dose in the 1st and 99th percentile, respec-
tively. For each technique, the plan aimed at achieving the highest mean dose in the
PTV still compatible with the dose tolerance constraints for the OARs. Planning
objectives for the PTV and dose tolerances for the OARs are shown in Table 8.1.

For each patient, the beam number and direction were chosen by performing
for both CRT and IMRT1 two plans, the first with the beam geometry clinically
applied, consisting in 3-5 beam directions, and the second with seven equally spaced
beams. The plan allowing the highest mean dose in the PTV was chosen for the
simulation of the effect of geometrical uncertainties. IMRT2 was planned with the
same beam arrangement achieving the highest dose in the PTV for IMRT1. Details
about tumour stage, dose achieved with each technique, conformity index [ICRU,
1999] and dose limiting OAR are summarized in Table 8.2.

On average, IMRT1 and IMRT2 were associated with a mean dose that was 9.3
Gy and 21.5 Gy higher than the dose for the corresponding CRT plan, respectively.
For all CRT plans, the plan with the clinically applied beam number and directions
achieved the highest dose. For all IMRT plans, the highest PTV doses were achieved
with seven equally spaced beams. The possible reasons of the difference in best
beam arrangement between CRT and IMRT are discussed elsewhere (Chapter 7).

The dose distributions used for this study were calculated with the convolu-
tion/superposition algorithm implemented in the Pinnacle treatment planning sys-
tem (version 7.4, Philips Medical Systems, Best, The Netherlands) [Mackie et al.,
1985, Ahnesjo, 1989]. The same dose algorithm was previously used at our in-
stitution to fit a dose-effect relation [De Jaeger et al., 2003]. For both CRT and
IMRT plans, 6 MV photon beams were used. Beams and segments were created
in such a way that they are deliverable with an Elekta SLi 20 accelerator (Elekta
Oncology Systems, Crawley, UK). The dose grid size was set to 4 mm both during
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Table 8.2: Tumor stage and volume, mean dose in the PTV, conformity index (CI) and
dose limiting organ (L=lung, E=esophagus) for all patients and irradiation techniques
considered in this study.

Patient 1 2 3 4 5

Stage T2N3M0 T2N2M0 T2N2M0 T2N2M0 T2N2M0
GTV/PTV Volume(cm3) 128/558 90/396 70/285/ 44/249 52/334
Mean dose CRT(Gy) 72.5 68.0 65.8 73.3 76.6
Dose limiting organ CRT L L L L L
CI CRT 2.3 1.7 1.8 2.1 2.1
Mean dose IMRT1(Gy) 80.5 79.8 74.6 83.3 84.2
Dose limiting organ IMRT1 E L L E L
CI IMRT1 1.2 1.5 1.2 1.3 1.3
Mean dose IMRT2 92.9 93.0 88.6 96.3 92.4
Dose limiting organ IMRT2 E L+E E E E
CI IMRT2 1.3 1.5 1.5 1.2 1.3

optimisation and for the final dose calculation.

8.2.2 Simulation of the effect of geometrical uncertainties

The effect of geometrical uncertainties was studied with Uncert, an in-house devel-
oped software program based on previous work by van Herk et al. [van Herk et al.,
2000, 2002]. Uncert analyzes the effect of geometrical uncertainties with a Monte
Carlo method which simulates a large number of possible treatment courses, pro-
ducing a patient population probability distribution of the dosimetric parameters
characterising the dose distribution.

General implementation

Random and systematic motion components were treated separately, as they have
two different effects on the dose distribution. The random error is associated with a
single treatment fraction and its overall effect over a treatment course with a large
number of fractions is to ’blur’ the dose distribution around its planned position.
The systematic error is associated to the entire treatment course and its overall
effect is displacing the dose distribution with respect to its planned position. In
order to model this situation, a large number of treatment courses (5000 in our
case) was simulated for each experiment, fraction by fraction. For each treatment
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course, one systematic error was sampled. Then, for each fraction, a random error
was sampled, which allowed to obtain the overall geometrical error and therefore
the actual dose delivered in the target and in the OARs in that specific fraction.
By accumulating the dose for all fractions, the overall dose distribution could be
obtained for one treatment course. After repeating the process 5000 times, the
patient population probability distributions of the relevant dose parameters could
be calculated. Two possible causes of geometrical errors were considered: set-up
and breathing, both described by three components in orthogonal directions (left-
right (LR), cranial-caudal (CC) and anterior posterior(AP)). Rotations were not
taken into account and we assumed the dose distribution to be invariant under
translation [Engelsman et al., 2001a, Cho et al., 2002b].

Simulation of set-up errors.

Set-up errors were simulated for both the GTV and the OARs and were modelled
as a random variable with a gaussian probability distribution. As a consequence,
they were characterized with the overall mean and the standard deviation (Σ and
σ for the systematic and random error component, respectively). The set-up errors
were calculated by sampling a value from the relevant normal distribution, for both
the systematic and the random component. The Σ and σ values were obtained
from previous work on the analysis of geometrical uncertainties in lung treatments
by Erridge et al. [Erridge et al., 2003] (Table 8.3).

Table 8.3: Parameters to describe set-up errors and changes in the average position of
the breathing motion in the left-right (LR), cranial-caudal (CC) and anterior-posterior
(AP) directions. All values are in mm.

LR CC AP

Set-up error

Overall mean 0.0 0.6 0.2
Systematic component (Σ) 1.4 1.5 1.3
Random component (σ) 2.9 3.1 2.0

Breathing motion:

change in the average position

Systematic component (Σ) 2.0 2.0 2.0
Random component (σ) 2.0 2.0 2.0
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Simulation of breathing motion

For the GTV, in addition to set-up erros also the breathing motion was simulated.
Two breathing motion components were considered:

1. A periodic motion described by the function

D(Φ) = A · (sin4 Φ − 0.3747) (8.1)

where D(Φ) is the displacement due to respiration along one axis, Φ the
respiration phase and A the peak-to-peak motion amplitude. The function
sin4 has an average value, over a 2π interval, of 0.3747∗A. In other words, a
point moving over time on a trajectory described by the function sin4 has a
(time-) average position not at zero but at 0.3747∗A. This value has therefore
to be subtracted to make the average position of the motion described by
8.1 equal to zero. A sin2m function was proposed by Lujan et al. [Lujan
et al., 1999] to describe respiration motion and a ’m’ value of 2 can be used
to describe the respiration patterns of lung cancer patients [Seppenwoolde
et al., 2002b]. A constant amplitude of the periodic breathing motion was
assumed throughout a simulated treatment course. In other words, we did
not simulate intra or inter fraction changes in the amplitude of the breathing
motion.

2. A normally distributed variable describing the fluctuation in the average po-
sition of the periodic motion from fraction to fraction.

The effect of breathing motion was studied simulating two different situations:

1. A situation representing the clinical practice in most radiotherapy centres,
where the planning CT scan is acquired in free breathing and without any
further data processing. In this procedure, the GTV volume is imaged at an
unknown phase of a respiratory cycle with an unknown average position. As
a consequence, both breathing components (periodic motion and fluctuation
of the average position) contribute to both errors (systematic and random).
In our implementation, we assumed that the same systematic error applies to
all slices, as if the whole GTV was imaged instantaneously. In other words,
we modelled a situation where the CT imaging procedure might introduce an
error in the position of the GTV, but not in its shape. This is an approxi-
mation of the real situation, where the systematic error due to the periodic
breathing motion changes in principle from slice to slice.

2. A situation where the systematic error due to the periodic motion is re-
moved from the planning CT scan. This can be achieved, for instance, using
Respiratory-Correlated CT (RCCT) data [Vedam et al., 2003, Ford et al.,
2003] to obtain a representation of the GTV in its average position. As a
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consequence, the remaining errors due to breathing are the systematic and
random error due to the fluctuation in the average position and the random
error due to the periodic motion.

For each situation, two amplitudes of the periodic motion were considered (5 and
10 mm). Therefore, for the GTV four different scenarios related to breathing were
simulated: scenario where a free breathing CT scan was used with a 5 and 10 mm
respiration amplitude (FB 5 and FB 10) and where a respiration-correlated scan
was used with a 5 and 10 mm respiration amplitude (RC 5 and RC 10).

The systematic error associated with the periodic motion was obtained by ran-
domly selecting a respiration phase Φ and using eq. 8.1 to calculate the displacement
D with respect to the average position. The random error was simulated by blurring
the dose distribution. The fluctuation in the average position of the breathing mo-
tion was characterized setting both Σ and σ to 2 mm, in all three directions (Table
8.3). Recently available Respiration-Correlated Cone-Beam CT data on lung cancer
patients confirm that this is a reasonable assumption. However, as these data are
only available for a limited number of patients, the simulations for patients 2 and 3
were also carried out by changing the values of Σ and σ from 1 to 3 mm, in order to
investigate differences in fluctuations in the respiratory baseline. Patients 2 and 3
were chosen after preliminary tests showed that these two patients represent a case
of large and small sensitivity with respect to geometrical uncertainties, respectively.
The geometrical error associated with this motion was calculated by sampling the
relevant normal distribution, for both the systematic and the random component.

8.2.3 Volumes of interest and dosimetric parameters

The volumes of interest were sampled in the simulation through randomly selected
points (100 per cm3 for GTV, esophagus and spinal cord, 20 for the lung). The
general approach in the simulation was to consider the same dosimetric parameters
used in the cost function, to ensure consistency in the evaluation of the static and the
’dynamic’ dose distribution. Additional dosimetric parameters were also considered,
that were used in studies on dose-effect relation analysis or that are commonly used
to evaluate the dose distributions. For the GTV, the mean dose, Dmin, Dmax and
the EUD were evaluated. The EUD of the GTV was calculated with a volume
parameter n of -0.1, corresponding to an ’a’ value of -10 according to the formalism
proposed by Niemierko [Niemierko, 1999]. In the lung, the volume receiving 13, 20
and 30 Gy or more (V13, V20 and V30, respectively) was analysed, together with
the mean dose (MLD). These four parameters are commonly used to determine
the probability of radiation pneumonitis. For V13 and MLD a fit was obtained
at our institution describing the dose-effect relation with an analytical function
[De Jaeger et al., 2003, Seppenwoolde et al., 2003]. The dose in the esophagus was
evaluated using estimated probabilities of both acute and late complications. An
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analysis carried out at our institution [Belderbos et al., 2005] found that the volume
receiving 35 Gy or more (V35) is the most significant dose parameter predicting
the risk of acute complications. In that study, the Lyman-Kutcher-Burman (LKB)
NTCP model [Lyman, 1985, Kutcher and Burman, 1989] was fitted to the same
data obtaining the following parameters: n=0.69, m=0.36, TD50=47 Gy. For acute
complications, dose distributions were therefore evaluated with the volume receiving
35 Gy or more (V35) and with the NTCP. For late complications, the volume
receiving at least 60 Gy (V60) and the EUD, calculated with a volume parameter
(n) of 0.06 [Burman et al., 1991], were evaluated. V60 was found to correlate with
late esophageal toxicity [Bradley et al., 2004], while the EUD with n = 0.06 was
used to define the dose tolerance of the esophagus both in our clinical practice
[Belderbos et al., 2003] and in the cost function (see Table 8.1). For the spinal
cord, Dmax was evaluated. In order to be consistent with the dose-effect relations
for the lung and the esophagus obtained in our institution and with our clinical
practice, the dose values for the OAR were corrected for fractionation [Maciejewski
et al., 1986, Lebesque and Keus, 1991], both in treatment planning optimisation
and in the simulation of geometrical uncertainties. The following α/β values were
applied: 3 Gy for the lung, 10 Gy and 3 Gy for the esophagus (for acute and late
complications, respectively) and 2 Gy for the spinal cord.

8.2.4 Data analysis

For all dosimetric parameters under analysis of both GTV and OARs, the probabil-
ity distribution was saved and then summarized with the average value (population
average) and a value chosen to illustrate a worst case scenario. For the parameters
related to GTV coverage (Dmin, Dmean and EUD), the worst case scenario was
defined as the parameter value at 95% probability level. When a dose parameter,
e.g. Dmin, is provided at the 95% probability level, it means that for 95% of the
population the value of Dmin is at least as high as indicated. For the maximum
dose in the GTV and the dose in the OARs, the 5% probability level was chosen.
When a dose parameter, e.g. the EUD in the esophagus, is provided at the 5%
probability level, it means that for 95% of the population the EUD is at most as
high as indicated. Hereafter, we will use the subscripts static, pop, 95% and 5% to
indicate the parameter value for the static plan, the population average, the 95%
and 5% probability level, respectively. As for the GTV three dosimetric parameters
were used to evaluate the target coverage, an Average Distribution Width (ADW)
was defined, to describe with one number the spread of three dosimetric parameters
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under analysis due to geometrical uncertainties:

ADW = 100 ·
((Dmin95% − Dmin5%

Dminstatic

)
+

(Dmean95% − Dmean5%

Dmeanstatic

)
(EUD95% − EUD5%

EUDstatic

))
/3 (8.2)

Finally, to compare our results with a study recently published on the dosimetric
effect of respiratory motion in the lung [Mechalakos et al., 2004], we also assessed
the probability that Dmin, Dmean and EUD of the GTV were 10% lower than the
static value.

8.3 Results

8.3.1 Effect of uncertainties in the moving GTV

For four out of five patients, the probability distributions of the GTV dose param-
eters were very similar: as an example, the probability distributions of Dmin is
illustrated in Figure 8.1 (patient 4). The distribution associated with CRT is very
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Figure 8.1: Probability distribution of Dmin in the GTV for patient 4 for the FB 5 and
FB 10 scenario, i.e. considering set-up errors and two different respiration amplitudes for
both the random and systematic errors. The curves show the probability that Dmin is ≥
than the value on the X-axis. Dminstatic values, shown by the vertical lines, were 71.3 Gy,
79.2 Gy and 84.2 Gy for CRT, IMRT1 and IMRT2, respectively.
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steep, in particular for the 5 mm respiration amplitude, indicating a limited vari-
ability of Dmin over the population. Most set-up errors will cause Dmin to be lower
than the static value: the probability of Dmin being at least as high as the static
value are in fact about 40% and 15% for a 5 mm and 10 mm respiration amplitude,
respectively. The probability distributions for IMRT1 and IMRT2 show that there
is a probability higher than 80% that Dmin will be actually higher than planned,
even with a 10 mm respiration amplitude. At the same time, for both techniques
there is a probability of a significant underdosage: for both techiques, for instance,
there is a 2% chance that Dmin will be at least 5 Gy less than planned. IMRT1 and
IMRT2 are associated with different probabilities of a large increase in Dmin with
respect to the static value: for IMRT1, there is less than 1% probability of Dmin
being 3 Gy higher than planned, while for IMRT this probability is around 20%.
In one case (patient 2), the dose distributions showed a particularly large sensitiv-
ity with respect to geometrical errors (see Figure 8.2). The values of Dmin95% for
instance, were about 19%, 13% and 14% lower than Dminstatic for CRT, IMRT1
and IMRT2, respectively. For all patients and all dose parameters, the probability
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Figure 8.2: Probability distribution of Dmin in the GTV for patient 2 for the FB 5 and
FB 10 scenario. Dminstatic values were 63.1 Gy, 74.1 Gy and 79.5 Gy for CRT, IMRT1
and IMRT2, respectively

distributions showed that CRT plans delivered less dose in the moving GTV than
IMRT1 plans, regardless of the probability level. IMRT1 plans, in turn, delivered
less dose than IMRT2 plans.
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In general, the probability distributions of Dmean, Dmin and EUD can be qual-
itatively summarized comparing the results for different techniques and then for
different breathing scenarios (Table 8.4).
The probability that the dose parameters for the GTV decreased below 90% of

Table 8.4: Effect of geometrical uncertainties on the GTV dose parameters. For each
technique and each scenario, the parameter value was obtained by averaging over the five
patients. The values of Dmean, Dmin, EUD and Dmax (population-averaged and 95%
confidence level values) are expressed as a percentage of the static value. The Average
Distribution Width (ADW) was calculated according to Eq. 8.2.

Dmean Dmin EUD Dmax ADW

Pop. 95% CL Pop. 95% CL Pop. 95% CL Pop. 95%CL
CRT
Set-up only 99.8 99.4 100.0 99.2 99.8 99.0 99.5 99.7 1.0
FB5 99.6 99.1 99.9 98.3 99.6 99.1 99.2 99.5 1.7
FB10 99.3 98.3 98.7 94.7 99.3 98.2 99.1 99.4 3.5
RC5 99.7 99.3 100.0 99.1 99.7 99.3 99.3 99.3 1.2
RC10 99.6 99.1 99.8 98.6 99.6 99.1 99.2 99.4 1.4

IMRT1
Set-up only 100.0 99.7 100.7 99.9 100.1 99.8 99.0 99.4 1.1
FB5 99.9 99.4 100.7 99.1 100.0 99.5 98.6 98.8 1.6
FB10 99.4 98.5 99.1 94.2 99.5 98.5 98.0 98.4 4.0
RC5 99.9 99.5 100.9 99.9 100.0 98.5 98.5 98.8 1.1
RC10 99.5 99.4 100.8 99.5 99.9 99.5 98.1 98.3 1.2

IMRT2
Set-up only 99.2 98.2 101.2 99.2 99.5 98.2 97.2 97.9 3.4
FB5 98.7 97.2 101.1 98.1 99.0 97.4 96.0 96.6 4.1
FB10 97.4 95.1 99.1 93.0 97.6 94.7 94.8 95.5 6.7
RC5 98.9 97.8 101.5 99.3 99.2 98.0 96.1 96.6 3.4
RC10 98.2 97.2 101.3 99 98.7 97.4 94.9 95.5 3.3

the static value was in the large majority of the cases less than 0.5%. The only
exceptions were found for patients 2 and 3, where the probability of a 10% decrease
of Dmin reached 5% for IMRT1 and 10% for IMRT2 for the FB 10 scenario.
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Comparison between techniques.

CRT and IMRT1 showed a very similar and often limited sensitivity to geometrical
uncertainties. In all cases except one, Dmeanpop, Dminpop, and EUDpop were at
least 99% of the static value. These three dose parameters showed quite limited
variations also at the 95% probability level, all values except one being at least 98%
of the static value. IMRT2 showed a larger sensitivity to geometrical uncertain-
ties than CRT and IMRT1. In the majority of the cases, the differences between
population-averaged values and static value were larger than 1%. At the 95% prob-
ability level, the difference with the static values was mostly larger than 2% and
in four cases was larger than 4%. CRT and IMRT2 had a typical ADW between 1
and 2%, while in IMRT2 it was 3.4% at least.

Comparison between scenarios.

For all three techniques, four scenarios out of five produced very similar results.
The simulation of geometrical uncertainties on a plan based on free breathing CT
data and a 10 mm respiration amplitude (FB 10) showed much larger sensitivity
to geometrical uncertainties than the others. For CRT1 and IMRT1, for instance,
Dmin95% was at least 5% lower than the static value, while for all other scenarios
the difference with the static value was in the range of 1%. For IMRT2, Dmin95%

was 7% lower than Dminstatic, and fluctuations were found also for the population-
average value. Dminpop, for instance, was 99.1% of Dminstatic, while for all other
scenarios Dminpop was at least 101% of the static value. For CRT and IMRT1, the
ADW value was at least twice as high as in the other scenarios, while for IMRT2
it increased from 3-4% to almost 7%. The comparison between scenarios allows
also to evaluate the impact of removing the systematic error due to the periodic
breathing motion. For all techniques, the removal of this error component did not
produce noticeable effects with a 5 mm respiration amplitude. This shows that, for
this respiration amplitude, the predominant component of geometrical uncertainties
is the set-up error.
With a 10 mm respiration amplitude, removing the systEffect of differences in
fluctuation of the respiratory baseline.ematic breathing error had a significant effect
for all three irradiation techniques, that can be noticed e.g. comparing the values
of ADW and Dmin95% for FB 10 and RC 10 (Table 8.4). The relation between
Dminstatic and Dmin95% for a peak-to-peak respiration amplitude of 10 mm is
shown in Figure 8.3: when the respiratory motion affects both the systematic and
the random error component (open symbols), Dmin95% is in some cases more than
10% lower than Dminstatic. By removing the systematic error component due to
breathing (solid symbols), the deterioration of target coverage is reduced, and the
difference between Dminstatic and Dmin95% is 2.5% at most.
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Figure 8.3: Relation between Dminstatic and Dmin95% in the GTV when a respiration
amplitude of 10 mm is simulated, affecting both the systematic and the random error (FB
scenario, open symbols) or the random error only (RC scenario, solid symbols).

Effect of differences in fluctuation of the respiratory baseline.

When varying Σ and σ for respiratory baseline variations, the dosimetric parameter
showing the largest changes with respect to the static value was Dmin95% for the
FB 10 scenario. For patient 2, increasing Σ and σ, which describe the changes in the
respiratory baseline, from 1 to 2 mm and from 2 to 3 mm caused a deterioration
of Dmin95% of about 2.5% and 4.5%, respectively, regardless of the irradiation
technique. For patient 3, Dmin95% decreased by about 1% when increasing the
sigma values from 1 to 2 mm, and by about 3% when the sigma values were increased
from 2 to 3 mm.

8.3.2 Organs at risk

Lung

The dose in the lung showed for all patients and all irradiation techniques a very lim-
ited sensitivity with respect to geometrical errors, regardless of the parameter used
(V13, V20, V30 or MLD). The difference between static and population-averaged
values was always less than 1%. Also the range of values over the population proved
to be very small: when the worst 5% of the probability distribution was analyzed,
the differences with respect to the static value were 2% at most.
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Esophagus

The parameters analyzed to assess the risk of acute toxicity (V35 and the NTCP)
showed a difference between static and population-averaged values of 1% at most.
The distributions of V35 showed in most cases a narrow peak (differences between
V35pop and V355% of about 3%), while the NTCP distributions showed a larger
spread, in particular for the IMRT plans. For patient 2, for instance, the NTCP5%

was 10% higher than NTCPpop. When the parameters associated with the risk
of late complications were evaluated, the sensitivity of the dose distribution with
respect to the geometrical uncertainties was very different from patient to patient
and from technique to technique. The differences between V60pop and V60static

were typically less than 2%, but the probability distribution of V60 was particularly
broad for two CRT plans. In the first case, V60 had a 20% probability of being
higher for CRT than for IMRT1, although in the static dose distribution V60 was
lower for CRT than for IMRT1. In the second, there was a 10% probability that
volume actually receiving at least 60 Gy was either 10% lower or 6% higher than
planned. For patients 2 and 3 the IMRT plans showed significant fluctuation in
the EUD and NTCP values. The differences between EUDpop and EUDstatic were
always within 1%, but for three patients the IMRT2 plan was associated to a 5%
probability of an EUD increase of 2 Gy or more (see Figure 8.4). In two cases, the
difference between NTCPpop and NTCP5% for the IMRT2 plans was about 15%.
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Figure 8.4: Relation between EUDstatic, EUDpop and EUD5% values of the esophagus
for CRT, IMRT1 and IMRT2. Values for the population average and for the worst 5% of
the cases are shown. For two CRT plans, EUDstatic was less than 60 Gy and is therefore
not shown in the graph.
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Spinal cord

The sensitivity of Dmax in the spinal cord with respect to geometrical uncertainties
was patient-dependent rather than technique-dependent. For patients 2 and 3 all
three techniques had a Dmaxpop value lower than Dmaxstatic, up to 4% less, and a
difference between Dmaxpop and Dmax5% of less than 5%. For the remaining three
patients, Dmaxpop was up to 4% higher than Dmaxstatic and the difference between
Dmaxpop and Dmax5% was more than 10% . In Fig. 8.5 the probability distribution
of Dmax is shown for one of these patients (patient 1). In two cases, Dmax for the
CRT1 plan had a significant probability of being above the 50 Gy threshold (27%
for patient 1 and 46% for patient 4), with a Dmax5% as high as 55 Gy for the CRT
plans.
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Figure 8.5: Probability distribution of the maximum dose in the spinal cord for CRT,
IMRT1 and IMRT2 for patient 1. The vertical lines show the value of the static plan
(Dmaxstatic).

8.4 Discussion

8.4.1 GTV

The effect of geometrical uncertainties was evaluated for three lung cancer irradi-
ation techniques. The different dose distributions resulting from the three tech-
niques allowed us to better evaluate the effect of geometrical uncertainties. CRT
and IMRT1 dose distributions are similar within the PTV and different outside the
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planning target volume, IMRT1 being associated with more conformal dose distri-
butions and/or steeper dose gradients than CRT. The probability distributions of
GTV dose parameters for these two techniques are very similar, i.e. the increased
conformity of IMRT1 did not lead to a noticeable deterioration of the target cover-
age with respect to CRT. This means that the whole GTV was within the PTV for
the vast majority of the displacements. In other words, the PTV margin was ade-
quate to compensate for the set-up errors, organ motion and respiration amplitudes
analyzed in this study, beside for the FB 10 scenario. One should in fact notice
that, for both CRT and IMRT1, a 10 mm respiration amplitude affecting both the
systematic and the random error was associated with a 5 to 6% decrease of Dmin
for 5% of the population, suggesting that the applied margin was not sufficient. By
comparing our results with a ’margin recipe’ [van Herk et al., 2000] derived from
an idealized dose distribution, two observations can be made:

1. According to the ’recipe’, the margin needed to compensate for the effect of
set-up errors and changes in the respiratory baseline is 9, 9 and 7 mm in the
AP, CC and LR direction, respectively. It is therefore expected that when
adding the systematic error resulting from the periodic breathing motion,
a 10 mm margin does not guarantee sufficient target coverage, which was
indeed found for the FB 10 scenario.

2. When set-up errors and changes in the respiratory baseline are taken into
account, the additional margin to compensate for a random breathing mo-
tion up to 10 mm is relatively small (see the results for the RC scenario). Of
course, this is a qualitative observation based on the small dataset consid-
ered in our study; however, it underlines the need of correctly weighting the
importance of the two components of breathing motion when techniques for
reducing the impact of breathing are compared. For the patients included
in our study, for instance, respiration correlated CT and/or CT-based set-up
procedures based on the alignment of soft tissues would be more beneficial
than gating techniques. This would be even more evident if the fluctuations
in the respiratory baseline have a sigma of 3mm or more.

The comparison between the results of IMRT1 and IMRT2 shows the impact of
geometrical uncertainties on treatment plans with different dose distribution within
the target volume. Because the two IMRT techniques have a similar dose conformity
(see CI values in Table 8.2), one can conclude that the significant spread of GTV
dosimetric parameters observed for IMRT2 (see Fig. 8.2 and Table 8.4) is mainly
due to the GTV moving inside the PTV boundaries, where an heterogeneous dose
distribution resulted from the optimisation process. The results of IMRT1 indicate
that the degradation of the dosimetric GTV parameters in IMRT2 is not due to
the fact that this technique is ’unsafe’. The fluctuations in the dose parameters
rather show that the static dose distribution of IMRT2 is not representative for
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the actual dose distribution in the moving GTV. Recently, a paper by Mechalakos
et al. [Mechalakos et al., 2004] from the Memorial Sloan-Kettering Cancer Cen-
ter (MSKCC) analyzed the dosimetric effect of respiratory motion on the GTV
in radiotherapy of the lung. The patient selection, simulation approach and the
parameters used to simulate and evaluate the effect of geometrical uncertainties
are, however, not the same as in our study. Moreover, the results of the group
from the MSKCC are averaged over a number of patients where different GTV to
PTV margins and different techniques were applied. Nevertheless, our study can
be compared to the situation of ’normal breathing’ analyzed by this group. For
that scenario, the results for Dmean, V95 and TCP obtained by Mechalakos et
al. are similar to our results concerning the FB 10 scenario for Dmean, Dmin and
EUD, respectively. In the study by Mechalakos et al. the probability of a large
discrepancy (> 10%) between the static and the population-averaged parameter
value was larger than in ours. This discrepancy is probably due not to different
characteristics of the dose distributions but, as stated by Mechalakos et al, because
in two cases a 2D instead of a 3D GTV-to-PTV expansion algorithm was chosen,
thus creating inadequate margins for large and non-ellipsoidal tumors. For other
aspects, e.g. the benefit of removing the systematic error due to breathing, the two
studies are complementary. In the study by Mechalakos et al. it was shown that the
removal of this component significantly reduces the deterioration in GTV coverage
for respiration amplitudes larger than 15 mm. In our study, we showed the benefit
also for respiration amplitudes of 10 mm.

8.4.2 Organs at risk

The dose parameters used to evaluate the likelihood of radiation side effects in
the lung and of acute toxicity in the esophagus were very stable with respect to
geometrical uncertainties. The population-averaged values were very similar to
the static values, and the probability distributions were very narrowly peaked. As
a consequence, the static dose parameters are a very good surrogate of the dose
actually received both by a population and by a single patient, even being an
outlier with respect to geometrical uncertainties.

For the dose parameters describing the probability of late complications in the
esophagus and of radiation side effects in the spinal cord, the effects of geometrical
uncertainties were patient and technique specific. In some cases, the probability
distribution of the dose parameters was very broad, showing a serious risk of over-
dosage for these organs. For the esophagus, CRT dose distributions showed in
some cases significant fluctuations in V60, while the difference between EUDstatic

and EUDpop was very limited. The sensitivity of V60 with respect to geometrical
uncertainties can be explained taking into account two factors:1) For all patients
there is some degree of overlap between PTV and esophagus and 2) The mean
PTV doses of CRT are between 65 and 75 Gy, so 60 Gy are reached just outside
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the PTV, in a region where a sharp dose fall off is expected. As a consequence,
the large fluctuations in V60 for CRT are likely to be due to movements in and
out the high dose region of the esophagus volume in close proximity of the PTV.
In IMRT, the EUD showed relatively large fluctuations in several plans. This is a
result of the fact that for most IMRT plans of our study the esophagus was the
dose limiting organ (see Table 8.2): the plan optimisation process tried to achieve
the maximum degree of modulation in the region where PTV and esophagus were
very close or overlapping, to ensure at the same time target coverage and organ at
risk sparing. A high degree of modulation is often used to try to create a very steep
dose gradient, and therefore a dose distribution very sensitive to geometrical errors.

In the spinal cord, Dmaxstatic was in all cases well below the threshold value of
50 Gy, but for two patients the probability of violating this threshold with CRT was
above 20%. Fluctuations in Dmax were seen also for IMRT, but the probability of
violating the 50 Gy threshold was always less than 1%.

Given the results for the esophagus and the spinal cord, one might consider
to define a planning organ at risk volume (PRV) [ICRU, 1999] to minimise the
risk of overdosage. We therefore ran a test, defining a PRV for the esophagus
for patient 2, replanning IMRT2 and re-running UNCERT. The PRV was created
according to the rules proposed by McKenzie et al. [McKenzie et al., 2002] (margin
= 2.5Σ), resulting in a margin of 4.5, 5 and 4 mm in the LR, CC and AP direction,
respectively. The differences between the plan with and without PRV are shown in
Figure 8.6. Using the PRV, the risk for the esophagus EUD to be larger than 74
Gy dropped from about 50% to less than 10%, but at the expense of a significant
reduction of Dmin in the GTV (5.5 Gy at the 95% confidence level). The issue
whether or not this is a clinically acceptable trade-off is beyond the scope of this
paper and will not be addressed here. What is important to emphasize is that the
choice of a PRV is associated with a cost and that the decision to apply a PRV for
serial organs might be both patient and technique dependent.

8.4.3 Applicability of our results in other institutions

Our study was based on data about set-up uncertainties obtained at our institu-
tion, where a correction protocol is implemented. These data are consistent with
recent estimates based on Cone-Beam CT data, thus confirming that in our clini-
cal practice the standard deviation of the systematic set-up error for lung patients
is less than 2 mm. Without a correction protocol, the systematic set-up errors
would increase, thus increasing the difference between planned and delivered dose.
A review about the set-up accuracy achieved in clinical practice [Hurkmans et al.,
2001b] concluded that a standard deviation of 3.5 mm is realistic if a correction
protocol is not implemented. As an example of the effect on dose distributions of a
larger set-up uncertainty, we re-ran our simulations on the GTV for patient 1 and
the FB 5 scenario, using a 3.5 mm value for both Σ and σ. For all techniques, a
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Figure 8.6: Probability distributions of minimum dose in the GTV and of the EUD of
the esophagus for patient 2 with (cross) and without (solid line) and planning organ at
risk volume (PRV) definition. In both plans, EUDstatic of the esophagus was 74 Gy, and
Dminstatic was 87.7 and 84 Gy for the plan with and without PRV, respectively.

deterioration of the GTV coverage was found, more pronounced for IMRT than for
CRT. Dmin95% dropped for CRT by 1 Gy with respect to the simulations obtained
with our estimates of set-up errors, while for IMRT the drop was about 3 Gy.

8.5 Conclusion

Given the magnitude of set-up errors and organ motion analyzed in this study,
a 10 mm GTV-PTV margin is adequate for both CRT and IMRT radiotherapy
of NSCLC with a respiration amplitude of less than 10 mm and for the patient
anatomies studied here. Removing the breathing component of the systematic error
will make this margin also adequate for a 10 mm respiration amplitude. Because
of geometrical uncertainties, the delivered maximum dose of the spinal cord (for
both CRT and IMRT) and the EUD for the esophagus (for IMRT only) might be
up to 5-10% higher than planned. Further studies should be aimed at identifying
in which cases the use of a planning organ at risk volume (PRV) for these organs is
needed. Given the patient and technique-dependent sensitivity of dose distributions
with respect to set-up errors and respiration, simulating the effect of geometrical
uncertainties on the individual patient plan should become part of the standard
pre-treatment verification procedure.



9 Discussion and future directions

9.1 Summary of the results

The results of the studies presented in the previous chapters can be summarized as
follows:

1. In IMRT, the accuracy of the dose calculation outside the segment affects
both the optimization process and the final dose distribution, also when the
degree of modulation and the number of segments are not extremely high.
Even for relatively simple IMRT techniques, the fulfilment of accuracy re-
quirements for dose calculations valid for CRT is not adequate. The choice
of plan objectives in the cost function has to be carried out with knowledge
of the effects of dose calculation accuracy on the optimisation outcome.

2. In planning optimization for prostate cancer, automatic segment definition
allows, for an equivalent target coverage, a slightly improved sparing of the
rectal wall at high doses compared to the technique based on manual segment
definition.

3. EUD-based optimisation is an effective method to control the dose distribu-
tion in the rectal wall over the whole dose range and to explore the possi-
ble results of treatment planning optimisation for prostate cancer by simply
changing the volume parameter (n). For most techniques used in our study,
the solutions associated with n values up to 0.25 produced similar dose dis-
tributions in the rectal wall for doses above 45 Gy, that complied with the
dose-toxicity thresholds that are generally applied. The choice of a specific
value of n in the optimisation requires an analysis of its effect not only on
the dose distribution for the rectal wall, but also on other aspects such as
the dose to the non-involved normal tissues and the value of all the planning
objectives included in the cost function with their relative weights.

4. When ’forward’ and ’inverse’ planning are compared for the treament of tu-
mors in the head and neck region, inverse planning allows a significant im-
provement in parotid sparing, maintaining a target coverage that is at least
as good as in forward planning.
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5. Intensity modulated radiotherapy can be used to reduce the irradiation of
anatomical structures whose damage causes dysphagia and aspiration, with-
out causing a deterioration of the target coverage. This might be particularly
advantageous for patients treated with concomitant chemo-radio regimens.

6. IMRT, with or without dose heterogeneity in the target volume, allows to
deliver up to 25 Gy more than CRT to the PTV, and its advantages are
particularly evident for large and/or concave-shaped tumors.

7. A 10 mm PTV margin is sufficient to guarantee that CRT and IMRT dose dis-
tributions do not result in target underdosage, when applied to lung tumors
with a respiratory motion of 5 mm (peak-to-peak). The use of respiration–
correlated CT imaging makes a 10 mm margin sufficient also for a respiratory
motion of 10 mm.

Some of these results are now analyzed in more detail to elucidate their implication
for future developments of IMRT treatment planning.

9.2 Dose calculation in inverse planning

Ensuring accuracy in dose calculation has been one of the main concerns of ra-
diotherapy physicists since the introduction of computer-based treatment planning
for 3D–CRT. In the past ten years, in particular, ’pencil beam’ dose calculation
models were replaced by convolution algorithms (e.g. see [Ahnesjo, 1989]) in a few
commercially available TPSs for 3D–CRT, thus allowing an improvement of the
dose calculation accuracy achievable in daily radiotherapy practice. The differences
between convolution and pencil beam dose calculation algorithms are particularly
evident when the dose has to be calculated in the proximity of tissue heterogeneities,
e.g. at the interface between lung and unit density tissue. In this situation, where
there is no electron equilibrium, convolution algorithms proved to be closer to mea-
sured data than pencil beam models (e.g. [Engelsman et al., 2001b, Carrasco et al.,
2004]), and the potential clinical impact of the differences between pencil beam
and convolution algorithms was demonstrated [De Jaeger et al., 2003]. In the fu-
ture, convolution algorithms might be replaced by Monte Carlo-based algorithms,
that proved to be even superior in a number of situations (e.g. [Wang et al., 2001,
Martens et al., 2002, Paelinck et al., 2005]).

One issue regarding dose calculation in IMRT is how to design guidelines for the
commissioning of the dose calculation algorithm. The beam models considered in
the study in Chapter 2 complied with the accuracy requirements for dose calcula-
tion for CRT proposed by recent recommendations [Fraass et al., 1998, Venselaar
et al., 2001, IAEA International Atomic Energy Agency, 2004]. Nevertheless, large
discrepancies between measurements and calculation were found, thus suggesting
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that in IMRT more strict demands for dose calculation accuracy are required than
in CRT. Moreover, given the large range of complexity achievable with IMRT treat-
ment plans (e.g. in terms of segment number and shape), it is very difficult to set
unique requirements on dose calculation that are both achievable and safe enough
for each single segment. This is the reason why recommendations for dose calcula-
tion accuracy in IMRT (e.g. [Ezzell et al., 2003, Palta et al., 2003]) are proposing
accuracy thresholds on the overall dose distribution. The positive aspect of this ap-
proach is that it focuses on the quantity that really matters from the clinical point
of view, i.e. the total dose distribution delivered to a patient. The shortcomings
of this method, however, are that first it does not allow to detect the cause of a
discrepancy between measurement and calculation and second, it implies that for
all patients treated with IMRT an individual pre-treatment verification is needed.
These shortcomings might be associated with an increase of the time and resources
needed for single-patient quality assurance. For the near future, the adoption of
EPID-based treatment verification (and in vivo dosimetry) seems to be a promising
solution for an efficient experimental check of IMRT dose calculation.

A second method to minimize the effect of dosimetrical uncertainties in IMRT
treatment planning consists of analyzing and improving the weak points of the
inverse planning procedure with respect to dosimetrical accuracy. The issues related
to dose calculation in IMRT have been analyzed in a systematic way in a study by
Jeraj et al. [Jeraj et al., 2002] where two types of dosimetrical errors typical of
IMRT were identified. The first type, which is also the easiest to verify, is the so-
called systematic error, and it is the result of inaccuracies in the calculation of the
final (deliverable) dose distribution. A second type of error, perhaps less intuitive
and more difficult to deal with, is the convergence error, which is the result of
inaccuracies during the optimisation process.

In Chapter 2 the presence of both systematic and convergence errors was demon-
strated by comparing two TPSs with a different beam model in the low gradient
and low dose region (i.e. outside the geometrical edges of the beam). Discrepancies
of possible clinical interest were found between the two TPSs even for relatively
simple IMRT techniques, where the treatment consisted of less than twenty seg-
ments. The comparison was carried out for anatomical sites where the influence
of tissue heterogeneity was minimal, thus showing that in IMRT dose calculation
inaccuracies can also arise for situations in which no inhomogeneity corrections are
involved. Furthermore, by analyzing both prostate and H&N treatment plans, we
verified that the same difference in beam models between the two TPSs could lead
to a systematic error only (such in the case of prostate) or to both a systematic and
a convergence error. This result emphasizes the strong link between dose calcula-
tion and cost function in inverse treatment planning; the systematic error is indeed
caused by inaccuracies in dose calculation, but its impact varies according to the
cost function applied in the optimisation process. This also means that, when pos-
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sible, a way to reduce the convergence error is to define a cost function that does
not amplify the effect of the inaccuracies in dose calculation. When there are errors
in the modelling of beam ’tails’, for instance, one should set most objectives of the
cost function in the high dose region, where the impact of this inaccuracy is smaller.
If, say, the volume of parotid gland receiving 30 Gy or higher (V30) is as good as
the mean dose as a predictor of complication probability [Eisbruch et al., 1999b],
the convergence error is likely to be reduced by choosing V30 rather than the mean
dose as an objective. A more radical way of minimizing the convergence error is
the development of new optimisation approaches that are less prone to this kind of
uncertainty.

9.2.1 New optimisation strategies

The main reason for the convergence error is that IMRT optimisation is much more
computationally-intensive than CRT. In 3–D CRT the dose calculation is generally
performed only a few times for a limited number of beam shapes, while in IMRT
the number of bixels is typically two to three orders of magnitudes higher than
the number of beams in 3D–CRT. In addition, the dose is being calculated several
times during the optimisation process. As a consequence, approximations are often
implemented in the dose calculation to reach a reasonable planning time. The beam
profiles, for instance, have typically quite short ’tails’, to optimize CPU and RAM
resources, and very simple algorithms, e.g. equivalent pathlength (EPL), are used
to correct for tissue heterogeneities.
Part of the sensitivity of IMRT on accurate dose calculation is probably inevitable,
being due to the complexity of the irradiation patterns needed to obtain high confor-
mity and steep dose gradients. Nevertheless, the impact of dosimetric inaccuracies
in IMRT can be reduced by handling in a proper way the interplay between inverse
planning, leaf sequencing and dose calculation. The different methods to integrate
these three components in IMRT optimisation can be summarized in the following
way (which represents a modification of the scheme proposed by Ezzel et al. [Ezzell
et al., 2003]) :

a) The optimisation process is divided in three separate steps: first, the in-
tensities of idealized beamlets are optimized (’fluence optimisation’) using a
simple dose calculation algorithm, second deliverable segments are created,
third a final dose calculation is performed based on the deliverable segments.

b) A method as in a), but with the possibility of optimizing segment weights
after the final dose calculation for the deliverable plan.

c) A method as in a), using an accurate dose calculation algorithm into all or
some of the iterations during fluence optimisation.
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d) Segment weight and shape are defined and/or adjusted within the optimisa-
tion loop, based on full dose calculation.

Most TPSs currently on the market implement the approach described at point
a, which is not the best from the point of view of dose calculation. The fluence
optimisation, in fact, has to deal with several hundreds beamlets, if not thousands,
thus making an accurate dose calculation for each beamlet practically impossible.
The mechanical and dosimetrical properties of the MLC are taken into account only
after the end of the optimisation process. The risk of this approach to end up in a
convergence error is therefore relatively high.

By moving to approach b, it is possible to recover part of the degradation in the
quality of dose distribution due to the change from an idealized dose distribution
to a deliverable one. Large errors due to the use of very simplified dose calculation
algorithms during fluence optimisation are difficult to correct, but it is often possible
to recover small differences between theoretical fluence and deliverable plan, e.g.
due to MLC dosimetric and mechanical characteristics.

Approach c aims at a better compromise between speed and calculation accuracy
during fluence optimisation. It is usually implemented using a simple and fast dose
algorithm (e.g. pencil beam) for a few initial iterations to reach a first approxima-
tion of the optimal solution. The dose distribution is then recalculated with a more
accurate algorithm (e.g. convolution), that reshapes the solution space in proximity
of the optimal solution. The remaining iterations are finally executed, by apply-
ing small dose corrections on top of the dose grid calculated with the convolution
algorithm.

Approach d, finally, was proposed already some years ago (e.g. [De Gersem et al.,
2001a, Shepard et al., 2002, 2003]) but only recently gained popularity and is now
implemented in at least two commercial TPSs. There is now a number of algo-
rithms sharing the concept of adjusting the actual beam portals rather than the
theoretical fluence at some point in the optimisation cycle. In some of them, like
the Anatomy Based Segmentation Tool (ABST), initial segments are created based
on the anatomy, while others, such as Direct Aperture Optimisation (DAO) and
Direct Machine Parameter Optimization (DMPO), rely on fluence optimisation to
create a starting set of segments. From the point of view of dose calculation, these
approaches are very interesting because by decreasing the number of (elementary)
beams to be optimized, the use of an accurate (but slower) dose calculation algo-
rithm becomes feasibile. For instance, if the optimisation of 3000 beamlets of a
head and neck plan is converted in the optimisation of 80-100 segments, the use of
an algorithm like Monte Carlo becomes realistic. This approach is pursued by Hy-
perion [Alber et al., 2000], and showed its advantages in the study on IMRT of lung
cancer (Chapter 7). In fact, preliminary tests on another TPS (Pinnacle), that at
that time had implemented only approach a, showed the limitations of this method
when very conformal dose distribution should be obtained in the lung region. After
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further development, both method b and d are now implemented in Pinnacle, thus
allowing to obtain satisfactory IMRT treatment plans for lung treatment.

At the moment, it seems that the need of an optimisation method that allows to
reduce the impact of the convergence error and to optimize the irradiation patterns
is not among the priorities of most IMRT users. However, the benefit of more
sophisticated optimisation strategies will emerge as soon as IMRT will be used in
situations where the limits of simplified dose calculation algorithms are very evident,
such as in lung, or when a high treatment delivery efficiency (MU/cGy ratio) will be
required. It is therefore very likely that optimisation schemes such as DAO become
a standard tool of IMRT software packages.

9.3 Cost function

The cost function plays a central role in IMRT optimisation, as it describes in
mathematical terms the desired properties of the final dose distribution and it
provides the only metric available for the optimisation routine to evaluate which
plan is best among the possible alternatives. A well-defined cost function has to
shape the solution space by balancing two opposing requirements:

1. It should be specific enough, i.e. it should set what is acceptable in the
final dose distribution, and, even more important, what is not acceptable.
The more degrees of freedom (e.g. beamlets and beam directions) in the
optimisation, the higher the risk of ’under-specifying’ the problem. A typical
example is IMRT inverse planning with several non-coplanar beams: in such a
situation, it is often necessary to consider (i.e. to delineate and include in the
cost function) many more volumes of interest than in CRT. Without doing
that, beams passing through non–specified organs at risk might end up with
a very high weight, leading to an unnecessary irradiation of healthy tissues,
just because the cost function provides no penalty for such a behaviour. Side
effects unusual for 3D–CRT such as lip desquamation and hair loss in the
posterior/occipital area have been reported for patients treated with IMRT
in the head and neck region [Zhen et al., 2002], that emphasize the need not
only of a careful evaluation of the final dose distribution by the clinician and
the medical physicist, but also of a thorough definition of all organs at risk
in the cost function. Another specific issue of potential clinical interest in
IMRT is the integral dose, that can be controlled only by setting appropriate
objectives in the cost function.

2. It should be general enough, i.e. it should allow to really benefit from the de-
grees of freedom available in IMRT. Experienced CRT users might be tempted
to judge IMRT dose distributions with the same criteria used for CRT, and
therefore to force the optimisation towards dose distributions they are used



9.3 Cost function 153

to in conventional planning. This is a safe approach but if brought to its
extremes it may reduce the benefit of IMRT.

In the following discussion, the formalism proposed by Kessler et al. [Kessler
et al., 1998] will be adopted. In such a formalism, for a cost function defined in the
dose space the cost C is usually defined as

C =
m∑

k=1

wkck (9.1)

where c (’costlet’) is the elementary unit of the cost function, m is the total number
of costlets, and wk is a weight factor associated to the k-th costlet. A costlet is the
combination of a ’parameter’, i.e. an entity used to measure a property of the dose
distribution (such as a DVH point), and a ’modifier’, i.e. a mathematical function
applied to the parameter to end up with a numerical value of the costlet (e.g. a
linear or a power–law function).

9.3.1 EUD-based cost functions and biological optimisation

The use of cost functions based only on DVH points has various limitations, as
discussed in Chapter 4, in particular for organs at risk with a volume effect in
its dose–response relation. As a consequence, in the last years there has been a
growing interest in assessing the potential of new tools to define a cost function,
such as the EUD (see Chapter 4 and e.g. [Wu et al., 2002, 2003b]). Now that
the potential benefit of EUD-based optimisation has been demonstrated, it is likely
to be implemented soon in commercially available TPSs. Furthermore, the so-
called ’generalized EUD’ formulation proposed by Niemierko [Niemierko, 1999] is
consistent with the LKB formalism (refs) used in most clinical studies on dose-effect
relations for organs at risk. This means that it will be possible to set the parameters
of EUD-based optimisation according to the available data on the effect of radiation
on healthy tissues. Finally, by using a sigmoidal modifier with an EUD parameter
for an organ at risk, one can define an NTCP objective in the cost function. The
future availability of these tools to define a cost function lead to the often-asked
question: Is the radiotherapy community ready for biological optimisation ?.

The first thing to notice about this question is that it is slightly vague, if not
misleading. Any optimisation is de facto ’biological’: setting a DVH point requiring,
for instance, that the volume of rectal wall irradiated to 70 Gy or more should be
limited to 30%, is a way to incorporate in the cost function the data on dose-volume
thresholds for serious late effects [Boersma et al., 1998]. This is per se neither more
nor less ’biological’ than setting an EUD objective.

In addition, the link between EUD-based and biological optimisation is not in-
evitable. The EUD, in fact, can be used as a mathematical tool that allows the



154 Discussion

user to efficiently explore different dose distributions with very few changes in the
cost function. It can therefore be used as a pure optimisation tool, using the values
of EUD0 and n (see Chapter 4) that best ’steer’ the optimisation in the desired
direction. In the routine clinical practice at our institution, for instance, IMRT
plans for prostate treatment are optimized using two EUD objectives for the rectal
wall, setting n = 0.08 for the first objective and n = 1 for the second. The first
value of n is equal to the value proposed by Emami et al [Emami et al., 1991] and
close to the value of 0.06 proposed by Rancati et al. [Rancati et al., 2004]. The
EUD objective with n = 1, however, is not the result of a radiobiological study,
but rather a useful way to control the rectum wall irradiation over the whole dose
range. This approach leads to treatment plans that comply with the DVH thresh-
olds found in the study by Boersma et al. [Boersma et al., 1998] even if these DVH
thresholds are not part of the cost function. In addition to that, it allows to reduce
the rectal wall irradiation for doses below 65 Gy, that could not be achieved using
the aforementioned DVH points. This is just an example of how EUD can be used
with or without an explicit ’biological’ meaning, and how these two approaches can
coexist even in the same cost function.

Moreover, the question whether biological optimisation is useful or not is prob-
ably not that crucial as long as IMRT is applied with the same dose prescription
as CRT and with the same planning goals, i.e. getting a homogeneous dose in
the PTV and a good dose conformity. In such a case, IMRT can achieve these
goals better and/or more easily than CRT, but either using DVH points or EUD
would not make a big difference. A different situation arises when IMRT is used to
deliver treatments with a different type of dose prescription, e.g. to achieve dose
escalation, and/or if different properties of the dose distribution are allowed (e.g.
dose heterogeneity in the target volume). In that case, the question whether it is
possible to design IMRT plans based on the current knowledge of radiobiological
models becomes very important. TCP and NTCP models provide equations to es-
timate the probability of tumor control (or radiation side effects) for any given dose
distribution in a tumor or OAR volume. The appeal of TCP and NTCP models
in IMRT optimisation is intuitive, as one might easily design a cost function aimed
at TCP escalation while keeping the NTCP at the same level of CRT. Such a cost
function is likely to have a solution space much larger than in the case where the
usual DVH points are expressed, thus allowing to achieve a higher tumor control
probability. The real problem of biological optimisation is however: can we trust
the current data on dose-effect relations ? In particular, to what extent are the
relations between dosimetric parameters and tissue response a description of the
actual biological response rather than an artifact due to the property of the dose
distribution ?

Reviewing the current knowledge on TCP and NTCP models is beyond the scope
of this work. Nevertheless, some comments can be given and examples can be drawn
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from the work presented in this thesis. A typical example of a result that might
be related more to the irradiation technique than to the radiobiological property
of a tissue is the equivalence of the volume of lung receiving 13 Gy (V13) or more
and the mean lung dose (MLD) in predicting the risk of radiation pneumonitis
[Seppenwoolde et al., 2003]. Another question arising from the data on radiation
toxicity of the lung is the range of validity of the mean lung dose as a predictor of
complications. This model can not hold for extremely high maximum dose values,
but so far there are no data suggesting at what dose level it fails.

For IMRT optimisation of the head and neck region (see Chapter 5 and 6), the
planning objectives for the salivary gland were based on the work of Eisbruch and
colleagues [Eisbruch et al., 1999b, 2001a]. The NTCP parameter values for the
parotid gland obtained by this group are, however, quite different from those cal-
culated by Roesink et al [Roesink et al., 2001] for similar irradiation techniques
and with the same method to assess the damage to the parotid glands. The esti-
mated values of TD50 are 28.4 Gy and 39 Gy, while the values of m are 0.18 and
0.45, in the studies of Eisbruch and Roesink, respectively. The confidence inter-
val of the model parameters are relatively large, so overall the two fits might not
be as different as they appear at a first glance (see Fig. 9.1). However, NTCP
optimization is usually performed without taking into account the uncertainty in
model parameters, so using the data from one author or from the other would have
a practical consequence. At our institute, for instance, a planning objective on the
mean parotid dose is typically set at 26 Gy, based on the Eisbruch data. This value
is often difficult to achieve, and in most cases only the contralateral parotid could
be spared. Using the data by Roesink, the same probability of complication could
be reached with parotid doses of about 30 Gy, which is an easier value to achieve.
This is just an example of how apparently similar clinical experience might lead to
different NTCP model parameters and, as a consequence, to different constraints
in the cost function.

All these aspects have to be taken into account when TCP or NTCP models are
used for dose escalation with IMRT. In the study on IMRT of lung cancer (Chapter
7), for instance, we verified that the IMRT dose distribution showed essentially the
same relation between V20 and MLD found in CRT, suggesting that from this point
of view the NTCP model was not used beyond its range of validity. At the same
time, IMRT dose distributions caused a small volume of lung to be irradiated to
doses higher than 90 Gy, a value beyond the dose range considered in the analysis
on dose–effect relations. In the same study, the esophagus was the dose limiting
organ for most IMRT plans, and a poor correlation was found between different
metrics used to evaluate the risk of esophageal toxicity. This suggests that the dose
distributions produced by IMRT in the esophagus are quite different from those
produced by CRT, and that at this moment it is unsure which dose parameter best
predicts the risk of complication in the case of IMRT.
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Figure 9.1: Comparison between NTCP values for the parotid gland estimated by Roesink
et al and Eisbruch et al. On the X-axis the mean dose value is reported, as for both studies
the volume parameter n was equal to 1.

The situation is even more complicated when TCP models are considered. In
effect, the main advantage of a TCP model is to provide a metric to compare
heterogeneous dose distributions, i.e. to evaluate how an underdosage in a region
of the target volume can be compensated by an overdosage elsewhere. As the
’dogma’ of CRT has been to irradiate the whole PTV with a dose as homogeneous
as possible, there is a lack of clinical data to fit a TCP model able to predict the
effect of dose heterogeneity (as discussed, for instance, by [Levegrun et al., 2000,
2001]).

The problems related to the application of CRT-based TCP and NTCP data to
the IMRT realm should not be taken as a reason for sticking to the old technique
indefinitely. First of all, there will always be a mismatch between the data on
radiobiological models and the last technique available, and a process of ’learning
by doing’ is to a certain extent inevitable. Next, a change in the parameter(s)
of a biological model does not necessarily result in a dramatic change of the dose
distribution obtained with biological optimisation. In one paper presented in this
thesis (Chapter 4), we obtained different IMRT dose distributions by changing the
volume parameter n of the rectal wall in the EUD-based cost function. The results
showed that, for the same PTV coverage, any value of n below 0.25 would produce
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very similar dose distributions in the rectal wall for doses above 45 Gy. This means
that using a value of n of 0.12 according to the publication of Emami [Emami
et al., 1991] or a value of 0.06 according to a recent study on a large number of
patients [Rancati et al., 2004] would essentially lead to the same dose distribution.
Of course, one should bear in mind that this result applies to the specific geometry
of prostate and rectum and it is not a general property of IMRT optimization.

9.3.2 Future developments of cost functions

There are two main lines of development aimed at providing better tools in the cost
function. First, several studies have been published in the last years introducing
increasingly complex cost functions, for instance by adding functional information
[Chao et al., 2001a, Xing et al., 2002, Alber et al., 2003, Das et al., 2004, Miften
et al., 2004] and/or including clinical decisions in the optimisation process [Yang
and Xing, 2004, Tsien et al., 2003]. Functional data obtained with SPECT, PET
and functional MRI are increasingly available in radiotherapy, and the spatial dose
resolution achievable with IMRT allows their use to design a more effective dose
distribution. It is therefore very likely that the integration between dose-weighted
and functional-weighted objectives in the cost function will become a standard tool
in the next years. At the moment, the main limitation to a widespread use of
functional data in IMRT optimisation is the need of a better understanding on
how functional data can be used in a quantitative way. If we take the case of
radiotherapy of lung cancer, PET is now used mainly for staging purposes, i.e. to
decide whether a lymph node should be treated, and as an aid to define the GTV,
i.e. discriminating between tumor and atelectasis. If FDG-PET data have to be
used in a cost function to focus the radiation on the volume with a higher density
of tumor cells, one should define a quantitative relation between PET signal and
tumor activity as well as between tumor activity and required dose. The same
problem applies to the use of PET to detect other functional information, such
as hypoxia measurements. If quantitative relations are missing between functional
activity, PET signal and required dose, the benefit of including functional data in
the cost function is largely lost.

The second line of development of cost function aims at providing the user with
better tools to choose the best dose distribution. In theory, no additional tools
are needed, because the cost function should in principle include all the desired
properties of the final dose distribution, and its minimization should be sufficient
to ensure that the best plan is found. In practice, a cost function describes an
acceptable tradeoff between target coverage and OAR sparing, which may not nec-
essarily be the best or the only one that can be achieved for each individual patient.
In other words, the impossibility to arrive at a perfect irradiation technique that
gives zero dose outside the tumor, and the lack of knowledge about the best com-
promise between the different aims of a treatment, make IMRT optimisation still a
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procedure that requires some degree of trial and error. This is particularly true if
the number of requirements on the characteristics of the dose distribution becomes
large.

In the study on IMRT to reduce the risk of dysphagia and aspiration (Chap-
ter 6), for instance, the number of planning objectives was between fifteen and
twenty. In addition, the study was aimed at evaluating whether IMRT could spare
some anatomical structures that were not considered before. As a consequence, a
method to easily explore alternative dose distributions without running a number
of optimisations would have been very useful.

One way to gain insight in the optimisation results is using tools such as the
sensitivity analysis [Alber et al., 2002]. This is a method that, without changing
the optimisation procedure, provides information on those treatment objectives that
are most conflicting, and as a consequence driving the optimisation process. This
facilitates the judgment concerning the acceptability and the real optimality of the
final dose distribution. One might see, for instance, that a stricter constraint can
be set for a given OAR without affecting the target coverage, or that for a small
increase in dose in the normal tissues a significantly higher dose could be delivered
in the target volume. Even with these tools, however, one has to redefine the cost
function and rerun the optimisation to obtain a new deliverable plan.

A more radical approach is the one pursued with Pareto (or multicriteria) opti-
mization. With this method, the optimization is not aimed at defining one single
dose distribution, but at producing several different solutions compatible with a
series of ’hard constraints’. The user can then ’navigate’ among the alternative
dose distributions and select the best one. The application of Pareto optimisation
to inverse planning has been tested so far only as a research tool [Thieke et al.,
2003, Lahanas et al., 2003, Meyer et al., 2004, Rosen et al., 2005] and its clinical
applicability and effectiveness still has to be proven.

9.4 Management of geometrical uncertainties.

A major issue in the clinical implementation of IMRT is to ensure that the geometri-
cal uncertainties are properly taken into account in the planning procedure. During
the CRT era, the concepts of GTV, CTV and PTV gained a wide acceptance, and
became the standard in modern radiotherapy. Even though the name and the gen-
eral concept of PTV are taken for granted, the use of rigorously defined margins
to account for set-up errors and organ motion has not become common practice
yet. Only in the last years some studies were published suggesting methodologies
for margin definition and providing indications on how to implement them in prac-
tice [Stroom et al., 1999a, van Herk et al., 2000, 2002, McKenzie et al., 2003, van
Herk, 2004]. These methodologies are now quite well known and a more systematic
approach to PTV definition will hopefully be implemented in most radiotherapy
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centers in the coming years.
While the usefulness of the PTV concept is generally accepted, the use of safety
margins for organs at risk is not that common. A concept analogous to the PTV
was proposed for the organs at risk (Planning organ at Risk Volume, PRV) [ICRU,
1999] and a ’margin recipe’ for the OARs has actually been proposed [McKenzie
et al., 2002], but the whole concept of PRV remains controversial. At the mo-
ment, the PRV is mainly defined for serial organs, such as the spinal cord, where
its application is more straightforward. The application of the PRV concept to an
OAR presenting a volume effect in the dose–response relation is actually far from
straightforward and still a matter of discussion.

9.4.1 Future developments

It is likely that the management of geometrical uncertainties in inverse planning
will evolve in the coming years in two main directions.

The first consists in planning the dose distribution using the PTV, but evaluating
and reporting it with the approach presented in Chapter 8. In other words, the
simulation of the effect of geometrical uncertainties on the dose distribution might
become in the future part of the pre-treatment quality assurance process. The dose
could then be reported not in the static volumes (e.g. minimum dose in the PTV
or maximum dose in the PRV of the spinal cord) but in terms of probability for the
moving anatomy (e.g. minimum dose in the moving GTV and maximum dose in the
spinal cord at the 95% probability level). In Chapter 8 some advantages of such an
approach were shown. When an inhomogeneous dose distribution is applied in the
PTV, the difference between dose parameters describing the 3D dose distribution
in the (static) PTV and the moving GTV can be significant. Furthermore, the
probability of violating the dose thresholds for the organs at risk for esophagus
and spinal cord proved to be in some cases technique-dependent and in other cases
patient-dependent. The probability distributions of dose parameters such as V60
for the esophagus or Dmax for the spinal cord suggested that defining a PRV was
useful only in some cases. There is in fact no benefit in defining the PRV when
the dose in an OAR is quite insensitive with respect to geometrical uncertainties.
On the contrary, defining a PRV in such a situation might lead to an unncessary
target underdosage. By simulating the effect of geometrical uncertainties one can
therefore verify the appropriateness of the margin for an individual patient and to
apply corrections when necessary.

A second development, which is likely to prevail in the medium to long term,
is a radical change in the treatment planning procedure. In fact, one can think of
dropping the concepts of PTV and PRV and to explicitly fold the information on
geometrical uncertainties into the optimisation problem. The manual procedure of
CRT treatment planning and the limited flexibility of this technique is such that
the geometrical uncertainties can be handled only in a simple way. To this respect,
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the PTV was a good compromise between effectiveness and usability in the daily
practice. Defining a PTV and prescribing a homogeneous dose in the whole volume
is a safe way to ensure that the GTV will receive the intended dose. This approach,
however, does not guarantee that the best tradeoff between target irradiation and
OAR sparing will be reached. The degrees of freedom of IMRT and the inverse
planning procedure allow a more sophisticated strategy where geometrical uncer-
tainties become part of the cost function. The main difficulty of this approach lies
in the computational intensity of the task. A ’brute force’ method would require
running a simulation such as the one presented in Chapter 8 at each iteration,
which is clearly unfeasible. Research groups working on this subject are therefore
evaluating compromises between efficiency and accuracy.

In our institution, an approach has been chosen based on the work of van Herk
et al. that favors methodological accuracy to computational efficiency. In other
centers, approaches such as the coverage probability were developed [Stroom et al.,
1999a], which has the main advantage of being computationally very efficient. This
method, however, has the disadvantage that the coverage probability map describes
the probability of presence of the GTV/CTV in a particular point in space but not
how this probability is distributed through the single GTV/CTV voxels. It is inter-
esting to notice that, despite the methodological differences, the method proposed
by Van Herk et al. and the coverage probability ended up with basically the same
’margine recipe’. As a consequence, the question whether these two approaches
will lead to significantly different results when implemented in the inverse planning
procedure remains open.

Finally, it is worth noticing that, when a suitable method has been developed
to incorporate uncertainties into the cost function, it might be applied to several
aspect of the radiotherapy process, and not only to the geometrical uncertainties.
Such a method, for instance, could be applied to include in the optimisation cycle
the uncertainties of the radiobiological parameters used to define the treatment
objectives.

9.5 Integration of IMRT with other technical
advances in radiotherapy.

IMRT is a major improvement of radiotherapy techniques that occurred in the past
years, but it is not the only one. Other technical improvements have been devel-
oped, and three of them will be shortly discussed here to exemplify the (possible)
integration between IMRT and other aspects of radiotherapy.

IGRT. The increased role and availability of imaging data seen in medicine
over the last decade had an influence also on radiotherapy. The acronym
IGRT, which stands for Image-Guided RadioTherapy, is rapidly becoming
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popular and it indicates a number of strategies to control and/or adapt the
treatment of the individual patient using images acquired throughout the
treament course. Patient position verification with 2–D portal images, to
this respect, can be considered as the predecessor of IGRT, that it is now
largely based on 3–D CT data. One of the first examples of IGRT based on
CT data is Adaptive RadioTherapy (ART) [Yan et al., 1997]. In ART, repeat
CT scans are acquired in the first few days of treatment, in order to accu-
mulate information about the organ motion for a specific patient and correct
the treatment plan accordingly. This allows a customization of margins for
geometrical errors for each patient, allowing in principle patient-specific dose
escalation.
IMRT and IGRT developed over the last years almost along parallel lines,
without too many interactions. It is now useful that the possibilities of inte-
gration between these two techniques are systematically investigated and then
implemented in clinical practice. Actually, the integration between IMRT and
off-line IGRT techniques such as ART has already started in few centres. In
our institution, for example, an off-line ART-IMRT techniques for prostate
treatment has recently been implemented in the clinical practice. The inte-
gration between IMRT and on-line IGRT techniques based e.g. on on-board
imaging devices such as cone-beam CT is more complex. At the moment it is
not clear what is the best compromise between the need of a small time inter-
val between imaging and treatment and the time needed for IMRT treatment
planning. The possibility of selecting the ’plan of the day’ from a database
of precalculated IMRT plans might represent the solution of such a problem,
but this is currently not more than an hypothesis.

Tomotherapy. Although in IMRT the focus has been in providing more
flexibility in determining the fluence produced whithin a beam, one must re-
member that in the past years the mechanical degrees of freedom allowed by
linac–based irradiation have been explored. The use of non co-planar beams
became relatively common, at least in the treatment of head and neck le-
sions, and more recently the concept of Intensity Modulated Arc Therapy
(IMAT) was developed, where non-uniform intensity profiles are applied. To-
motherapy can be shortly described as the integration of a (therapeutic and
imaging) megavoltage beam into the geometry of a CT scanner. Tomother-
apy has been designed right from the beginning as a device that combines
IMRT and IGRT. Although some studies show that helical tomotherapy pro-
duces better dose distributions than linac-based IMRT (e.g. [Kron et al.,
2004, van Vulpen et al., 2005]), the clinical experience with tomotherapy is
just at the beginning. It is therefore too early to state how much the (ex-
pected) technical benefits of tomotherapy translate into better clinical results
with respect to linac-based IMRT, and to what extent the advantages of this
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new technique are overshadowed by its shortcomings, such as the increase
of tissues irradiated at low doses, or the current unavailability of gated or
respiration-correlated tomotherapy for moving tumors.

Hadrontherapy. Using photon beams, the intensity modulation can occur
only in the two directions orthogonal to the beam direction. In fact, the
physics of interaction between photons and matter is such that it is impossible
to modulate the intensity along the direction of the beam in a practically
useful way. If such a modulation is required, charged particles like protons
(or ions in general) should be used, whose penetration depth can be accurately
controlled. The proof of principle of hadrontherapy, i.e. the use of charged
particles heavier than electrons to treat cancer patients, dates back to several
decades ago. This technique, however, is still applied in a very small number
of centers and to quite a small subset of patients for which the benefit of
protons with respect to photons is absolutely evident.
The bottleneck for a widespread application of hadrontherapy (mostly deliv-
ered with protons, and in a few cases with carbon ions) has been so far the
complexity and the cost of the technology required to produce a device suit-
able for therapeutic application. In photontherapy, for instance, it is taken for
granted that a machine with a rotating gantry is available, and implementing
IMRT does not require the work of a dedicated physics lab. In comparison,
several proton centers are still using fixed beams rather than moving gantries,
and Intensity Modulated ProtonTherapy (IMPT), i.e. IMRT with protons,
has been clinically applied only in one center so far (the Paul Scherrer Insti-
tute, near Zurich) [Baumert et al., 2004, Lomax et al., 2004b,a]. It is true
that the superior quality of proton dose distributions is such that fewer beams
than in photontherapy are usually needed, and that a proton plan without
IMPT might still be preferable to a photon IMRT plan; still, one should
acknowledge that several tools and techniques that are common in photon
therapy are not (yet) common in protontherapy, mostly for technological and
economical reasons.
Furthermore, the need for advanced protontherapy delivery techniques has
been emphasized in a recent paper by Hall [Hall, 2006], where the dose due to
neutron production was compared between treatments delivered with IMRT,
proton with scattered beams and protons with scanning beams. The results
showed that, while the neutron production for scanning beams is significantly
lower than for IMRT, in some proton scattering beam configurations the neu-
tron dose is significantly higher than in IMRT, thus raising concerns about
the risk of secondary cancer.
The article by Hall raised some interest in the radiotherapy community,
and some controversies as well, as it appeared in a moment when scattered
beams are still the de facto technological standard, some new proton facil-
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ities just started treating patients and several protontherapy projects are
ongoing around the world. It is likely that the next 10-15 years will be cru-
cial for protontherapy, that will either prove itself as a technique applicable
with good results a)on a significant fraction of the cancer patients population
b)in clinically-oriented settings c)at a high but reasonable cost, or it will be
discarded as a technique that promised a lot but delivered little.

9.6 Conclusion

In this thesis three general aspects of IMRT treatment planning were analyzed
(accuracy in dose calculation, cost function determination and management of ge-
ometrical uncertainties) and IMRT techniques were designed for three anatomical
sites (head and neck, prostate and lung). This work has been carried out in a period
of four years, when several developments took place in the field of IMRT treatment
planning. Some of these developments, such as the use of more accurate dose calcu-
lation in inverse planning, of new optimisation strategies and of more sophisticated
tools in the cost function, were tested and showed their benefits in the planning
studies presented here. The results obtained showed that these tools are interesting
not only for theoretical purposes, but they allowed to design new irradiation techni-
ques that are or will soon be clinically implemented. IMRT treatment planning still
presents several challenges, some mainly from the technical point of view (e.g. in-
cluding the management of geometrical uncertainties in the optimisation problem),
others requiring a significant clinical input (e.g. to perform ’biological optimisation’
using functional imaging and TCP/NTCP-based cost function). These issues will
therefore be the main subjects of interest for the research in the field of inverse
planning in the coming years.
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Summary

In this thesis, seven studies are presented where IMRT irradiation techniques are
designed and analyzed for three anatomical regions (prostate, head and neck and
lung). Both general problems and site specific issues in IMRT inverse planning are
presented and discussed. The material is organized as follows:

1. General problems

- The need for accurate beam modeling outside the geometrical edges of a
beam segment.
Concerning treatment planning, IMRT is different from conventional
techniques with respect to both the irradiation patterns (i.e. shape
and number of segments) and the way they are defined (i.e. through a
computer-based process rather than in a manual way). During IMRT
treatments, both the target volume and the organ at risk can, for a
specific segment, be in the high dose region, in the penumbra or outside
the geometric edges of the segment itself. From the point of view of
dose calculation, such an approach requires that the algorithm is able
to properly handle these different situations to evaluate the 3–D dose
distribution in a correct way.
Chapter 2 addresses the need for accurate beam modeling outside the
geometrical edges of beam segments by comparing two TPSs with dif-
ferent beam models and assessing the impact of these differences on the
design of various types of IMRT treatment plans.

2. Prostate tumors.

- Comparison between forward and inverse treatment planning in step-
and-shoot IMRT of prostate cancer.
Two approaches of treatment planning are generally applied for IMRT.
The first method (forward planning) is an extension of conventional
treatment planning: first, the segment shapes are defined manually.
Next, the weights of the segments are optimised using a computer op-
timisation algorithm to achieve the desired dose distribution.
The second method (inverse planning) usually starts optimising the in-
tensity profiles from each beam direction by minimising an objective
function. The optimised (theoretical) intensity is then discretized and
MLC segments (or dynamic MLC motion description) are generated,
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to create a deliverable plan. Forward planning gives the planner the
possibility of controlling segment number and shape and can therefore
result in relatively simple treatment plans that are robust with respect
to inaccuracies in dose calculation and treatment delivery. Inverse plan-
ning, on the other hand, allows to exploit the full potential of IMRT but
requires a well defined cost function in order to produce acceptable dose
distributions. In Chapter 3, forward and inverse planning are compared
in the case of prostate tumors.

- The sensitivity of treatment plan optimisation with respect to the cost
function parameters.
Computer optimisation of treatment plans requires a well-defined ob-
jective cost function, whose quality is determined by three factors: first,
the accuracy of the clinical data on which it relies, second, the validity
of the functions translating the clinical knowledge into a mathematical
expression, third, the suitability of these functions for a computer based
optimisation process. The use of radiobiological parameters in the cost
function, such as equivalent uniform dose (EUD), Tumor Control Prob-
ability (TCP) and Normal Tissue Complication Probability (NTCP)
was analysed in a number of studies. These parameters allowed to
’steer’ the plan optimisation process more efficiently than DVH points
currently used in the cost function definition.
In Chapter 4, the use of EUD for the optimisation of prostate cancer
treatment is analyzed, by studying the sensitivity of treatment plan
optimisation results with respect to the parameters used in the EUD
model.

3. Head and neck tumors

- Comparing manual vs. automatic segment definition in the treatment
planning for head and neck.
In analogy to the work presented in Chapter 3, in Chapter 5 two differ-
ent approaches for the design of parotid–sparing IMRT treatment plans
are compared.

- IMRT to reduce dysphagia and aspiration after chemoradiotherapy for
head-and-neck cancer.
With IMRT it is possible to fulfil much more complex planning pre-
scriptions than in 3D–CRT. This is particularly interesting in the case
of tumors in the head and neck region, where different dose levels in the
target volumes are often prescribed and where the number of organs at
risk is often quite high. Historically, IMRT has been developed for the
head and neck tumors to achieve a better sparing of the salivary glands,
thus reducing the risk of xerostomia. Parotid damage, however, is not
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the only cause of deterioration in quality of life for patients treated with
aggressive chemoradiation regimens. In the study presented in Chapter
6, a planning approach is tested where target volumes are irradiated
with a simultaneous integrated boost (SIB) technique and organs at
risk whose damage might cause dysphagia and aspiration are defined
and included in the cost function.

4. Lung tumors

- Assessing the potential of IMRT for dose escalation in lung cancer.
Recent developments in treatment planning and in the study of dose-
response relations for organs at risk make it possible to analyse the
achievable dose levels in lung cancer treatment for IMRT techniques
based on accurate dose calculation algorithms [Ahnesjo, 1989, Ahnesjo
and Aspradakis, 1999, Engelsman et al., 2001b]. Also, more accurate
data on radiation side effects for the healthy lung became recently avail-
able [De Jaeger et al., 2003].
In Chapter 7 the possibility of escalating the dose for the treatment of
non-small cell lung cancer was assessed for 3–D CRT and IMRT with
and without accepting dose heterogeneity in the target volume.

- Impact of geometrical uncertainties on CRT and IMRT dose distribu-
tions.
Geometrical uncertainties (set-up error, organ motion and respiration
movements) are typically taken into account in the treatment planning
procedure by applying safety margins around the GTV and designing
the dose distribution for the PTV. The very conformal dose distribu-
tions applied in IMRT might represent a challenge for the PTV def-
inition, as the improved dose conformity might cause serious target
underdosage if the PTV margin is not adequate. Moreover, the steep
dose gradients applied in IMRT might be associated with an increased
risk of overdosage of organs at risk partially encompassed in the PTV
or in its close proximity.
In Chapter 8 the effect of geometrical uncertainties was analysed for
3D–CRT and IMRT dose distributions applied for lung cancer treat-
ment.





Samenvatting

In dit proefschrift worden zeven studies gepresenteerd waarin IMRT bestraling-
stechnieken worden ontwikkeld en geanalyseerd voor drie anatomische gebieden
(prostaat, hoofd-hals en longen). Zowel algemene problemen als plaatsspecifieke
kwesties van belang bij het invers plannen van IMRT worden gepresenteerd en
bediscussieerd. Het proefschrift is als volgt opgebouwd:

1. Algemene problemen

- De behoefte aan nauwkeurige bundelmodellering buiten de geometrische be-
grenzingen van een bundelsegment.
Wat betreft ’treatment planning’ verschilt IMRT van CRT zowel wat be-
treft de bestralingspatronen (d.w.z. vorm en aantal bundelsegmenten) als
de manier waarop deze worden gegenereerd (d.w.z. via een computerges-
tuurd proces en niet handmatig). Gedurende IMRT behandelingen kunnen
zowel doelgebied als risico-orgaan in het hoge dosis gebied, in de halfschaduw
of buiten de geometrische begrenzingen van een bundelsegment liggen. Een
dergelijke benadering vereist dat het algoritme in staat moet zijn deze ver-
schillende situaties op de juiste wijze te hanteren om de resulterende 3D
dosisverdelingen op een betrouwbare manier te kunnen evalueren. Hoofd-
stuk 2 laat de noodzaak zien van een nauwkeurige modellering buiten de
geometrische grenzen van de bundelsegmenten door het vergelijken van twee
treatment planning systemen met verschillende bundelmodellen, en het vast-
stellen van het effect van deze verschillen op het genereren van verschillende
soorten IMRT plannen.

2. Prostaat tumoren.

- Vergelijking tussen voorwaarts en invers plannen van ’step-and-shoot’ IMRT
van prostaatkanker.
Twee benaderingen op het gebied van ’treatment planning’ worden meestal
gebruikt voor IMRT. De eerste methode (voorwaarts plannen) is een uitbrei-
ding van conventionele ’treatment planning’: eerst worden de segmentvormen
handmatig bepaald. Vervolgens worden de bundelgewichten geoptimaliseerd
gebruikmakend van een computeroptimalisatie algoritme om de vereiste do-
sisverdeling te verkrijgen. De tweede methode (invers plannen) start meestal
met het optimaliseren van de intensiteitprofielen vanuit elke bundelrichting
door het minimaliseren van een kostfunctie. De geoptimaliseerde intensiteit
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wordt dan gediscretiseerd om MLC segmenten (of een dynamisch MLC be-
wegingsvoorschrift) te genereren voor het verkrijgen van een technisch uitvo-
erbaar plan. Voorwaarts plannen geeft de planner de mogelijkheid om aan-
tal en vorm van de segmenten te bëınvloeden en kan daarom resulteren in
relatief eenvoudige behandelplannen die robuust zijn met betrekking tot on-
nauwkeurigheden in dosisberekening en dosisafgifte. Invers plannen echter
stelt de planner in staat het volledige potentieel aan IMRT mogelijkheden te
benutten maar vereist een goed gedefinieerde kostfunctie om aanvaardbare
dosisverdelingen te verkrijgen. In Hoofdstuk 3 worden voorwaarts en invers
plannen met elkaar vergeleken voor de behandeling van prostaatkanker.

- De gevoeligheid van de optimalisatie van een behandelplan met betrekking tot
de kostfunctie parameters
Computeroptimalisatie van behandelplannen vereist een goed gedefinieerde
kostfunctie waarvan de kwaliteit wordt bepaald door drie factoren: allereerst
de nauwkeurigheid van de klinische data waarop deze berust, ten tweede de
geldigheid van de functies die deze klinische kennis vertalen in mathematische
formules, en ten derde de geschiktheid van deze functies voor een comput-
ergestuurd optimalisatieproces. Het gebruik van radiobiologische parameters
in de kostfunctie, zoals de ’Equivalent Uniform Dose’ (EUD), ’Tumor Control
Probability’ (TCP) en ’Normal Tissue Complication Probability’ (NTCP)
werd onderzocht in een aantal studies. Deze parameters stelden ons in staat
om het optimalisatieproces op een meer efficiënte manier te sturen dan ge-
bruikmakend van DVH punten die op dit moment meestal gebruikt worden
in de kostfunctie. In Hoofdstuk 4 wordt het gebruik van de EUD voor het
optimaliseren van de behandeling van prostaatkanker geanalyseerd door het
bestuderen van de gevoeligheid van de optimalisatieresultaten voor de pa-
rameters gebruikt in het EUD model.

3. Hoofd-hals tumoren

- Vergelijking van handmatige en automatische segmentbepaling gedurende treat-
ment planning van hoofd-hals tumoren
In analogie met het werk gepresenteerd in Hoofdstuk 3 worden in Hoofdstuk
5 twee verschillende benaderingen voor het ontwerpen van parotis-sparende
IMRT behandelplannen vergeleken.

- IMRT om dysfagie en aspiratie te reduceren na chemo-radiotherapie van
hoofd-hals kanker.
Met IMRT is het mogelijk te voldoen aan complexere planningvoorschrif-
ten dan in 3D-CRT. Dit is vooral van belang bij tumoren in het hoofd-
hals gebied waar vaak verschillende dosisniveaus in het doelgebied worden
voorgeschreven en waar het aantal risico-organen meestal vrij groot is. His-
torisch gezien heeft IMRT zich vooral ontwikkeld bij de behandeling van
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hoofd-hals tumoren om een verbeterde sparing van de bijoorspeekselklieren
te verkrijgen, om daarmee de kans op xerostomie te verkleinen. Schade aan
de parotis is echter niet de enige vorm van vermindering van kwaliteit van
leven voor patiënten behandeld met agressieve chemo-radiotherapie schema’s.
In de studie gepresenteerd in Hoofdstuk 6 wordt een opzet voor het maken
van een bestralingsplan getest waarbij doelgebieden worden bestraald met
een ’simultaneous integrated boost’ (SIB) techniek en risico-organen worden
gedefinieerd die bij beschadiging dysfagie en aspiratie kunnen veroorzaken en
in de kostfunctie worden meegenomen.

4. Long tumoren

- Vaststelling van de potentiële mogelijkheden van IMRT voor dosisescalatie bij
de behandeling van longkanker.
Recente ontwikkelingen op het gebied van ’treatment planning’ en bij de
studie van dosis-effect relaties van risico-organen maken het mogelijk de
bereikte dosisniveaus bij longkankerbehandelingen met IMRT technieken te
analyseren gebruikmakend van nauwkeurige dosisberekeningsalgoritmes. Ook
zijn recent nauwkeurige data voor de bijwerkingen bij bestralingen van gezond
longweefsel beschikbaar gekomen. In Hoofdstuk 7 wordt de mogelijkheid voor
dosisescalatie bij de behandeling van niet-kleincellig longcarcinoom onder-
zocht voor 3D-CRT en IMRT, met en zonder de aanwezigheid van dosisinho-
mogeniteiten in het doelgebied.

- Effect van geometrische onzekerheden op conformatie therapie en IMRT do-
sisverdelingen.
Met geometrische onzekerheden (instellingsfouten, orgaan- en ademhalings-
bewegingen) wordt meestal rekening gehouden tijdens het ’treatment plan-
ning’ proces door het toepassen van veiligheidsmarges rondom het GTV, en
het genereren van de gewenste dosisverdeling in het aldus gevormde PTV. De
uiterst conformele dosisverdelingen bij IMRT zijn een uitdaging wat betreft
PTV definitie omdat de verbeterde dosisconformaliteit ernstige onderdoser-
ing kan veroorzaken indien de PTV marge niet juist gekozen is. Bovendien
introduceren de steile dosisgradiënten die toegepast worden bij IMRT een ver-
hoogde kans op overdosering van risico-organen die gedeeltelijk in het PTV, of
in de directe nabijheid van het PTV, aanwezig zijn. In Hoofdstuk 8 wordt het
effect van geometrische onzekerheden op 3D-CRT en IMRT dosisverdelingen
geanalyseerd zoals toegepast bij de behandeling van longkanker.
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