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Summary

The work presented in this thesis explore the potential of pelvic intensity-modulated radiother-
apy (IMRT) to spare the bowel and contributes to the tools to allow for more robust RT plan-
ning for patients with prostate, bladder, rectal and gyneacological cancer. Due to its radiosen-
sitivity and proximity to the pelvic lymph node target, the bowel is often the dose-limiting
organ-at-risk (OAR) in these patients. Furthermore, this organ is difficult to handle in treat-
ment planning because of large amplitude motion and unclear correlation between the planned
dose-volume histogram (DVH) and small bowel adverse effects.

Convential RT planning is based on a computed tomography (CT) scan of the patient ac-
quired about one week prior to treatment start, while RT is administered in daily fractions
over several weeks. Since this image information differs from the exact geometrical configu-
ration realised during treatment, uncertainties in the delivered dose excist. In the pelvis, organ
motion is the major contributor to these uncertainties. Population-based treatment planning
margins are used around the target volume to make sure the prescribed dose is delivered to the
tumour despite these uncertainties. The transition from conformal to intensity-modulated RT
has emphasized the need for methods to also account for OAR motion.

In this thesis we have investigated the benefit of moving from 3D conformal RT (CRT) to
IMRT for prostate cancer patients who receive RT to the prostate, seminal vesicles and pelvic
lymph nodes. Furthermore, the influence of organ motion on both techniques was assessed in
order to picture the robustness of todays planning procedures. These studies showed that al-
though IMRT allows for reduced bowel doses compared to CRT, optimization based on the
bowel contour from a single CT scan might result in unacceptable bowel doses in some pa-
tients. These findings thus emphasized the need for methods to account for bowel motion in
planning of pelvic IMRT.

In this thesis we have therefore also suggested and evaluated two different bowel plan-
ning concepts. The first concept was an empirical estimation of a population-based planning
OAR (PRV) margin for the bowel, which was shown to be rather unspecific because of large
amplitude motion and inter-patient variation. The last part of the thesis therefore focused on
developing a patient-specific small bowel (SB) planning concept which was based on cover-
age probabilities (CPs). Patient-specific concepts rely on repeat image information which is
laborious. We therefore aimed at developing a statistical method that made the best out of
the information captured in a few repeat CTs. Compared to commonly used SB planning vol-
umes, the patient-specific SB PRVs were either similar or better in predicting for SB voxels,
and at the same time they occupied a smaller or similar volume in the patient. They thus show
promise for use in RT planning and might produce DVHs which better represent the delivered
SB dose. Furthermore, the SB CPs generated with this method could be used for pinpointing
conflicting regions of target volume and SB and for finding a compromise for dose to these
regions in robust optimization of IMRT.

To summarize, the current work provides new solutions for handling the bowel in RT
planning which is central for improving pelvic RT by fully exploiting the potential of IMRT.
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Chapter 1

Introduction

About 26 000 norwegians were diagnosed with cancer during 2008 [13]. This corresponds
to an estimated accumulated risk of about 30% of developing cancer at the age of 75 years.
Radiotherapy (RT) is used both for curative as well as palliative treatment of a large frac-
tion of cancer patients, either alone or in combination with other modalities, such as surgery,
chemotherapy, hormonal therapy, anti-angiogenetic drugs or hyperthermia. Survival from can-
cer is highly dependent on cancer site, but overall, RT together with other modalities cure about
65% of all cancer patients [13].

The aim of curative RT is to inactivate all cancer cells, and at the same time minimize
damage to surrounding healthy tissue. Nevertheless, being cured from cancer often comes
with the price of adverse side effects. During and after pelvic RT, such complications are often
related to the bowel. As much as 90% of patients treated with pelvic RT develop permanent
changes in gastrointestinal physiology [2]. In 20-40% of patients, these changes moderately
or severely affect their quality of life [2].

RT has been used in cancer treatment for more than 100 years. The ability to cure the pa-
tient while keeping the risk of side-effects on an acceptable level has changed dramatically
with technological development. Megavoltage linear accelerators (linacs) [95] developed in
the 1930ies are still essential in external-beam photon RT for their penetrating energies. The
development of computed tomography (CT) scanners in 1972 [9] made individual treatment
planning possible by providing information about internal geometry and tissue density. Also
the introduction of the multileaf collimator (MLC) [86] has contributed significantly to im-
proving the precision of external beam RT. A MLC consists of many individual leaf pairs
made from a high atomic numbered material like tungsten. It replaced customized lead blocks
to shape the radiation field by blocking the beam and thereby shielding surrounding normal
tissue.

The beam’s eye view concept [58] for visualizing the geometry of the contoured tumour
(target volume, TV) and nearby critical organs (organs at risk, OARs) as seen on the CT scan
has also played an important role in RT planning. By applying several beam directions, and
using the MLC to shape the field such that it fits to the projection of the TV as seen on the CT
scan through each beam, highly customised dose distributions are produced with 3D conformal
RT (CRT).

The introduction of modulated instead of homogeneous beams through so-called intensity-
modulated RT (IMRT) has further increased the possibilities of conforming the dose distri-
bution to the TV and to spare the OARs by redistributing the dose in the patient. Different
systems are used for delivery of IMRT [1]. With a standard linac, IMRT is delivered from
multiple beam directions by either dynamically moving the MLC leaves during irradiation or
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by delivering the radiation in several steps with different MLC configurations. The fluence dis-
tributions of the modulated beams are optimized by a computer algorithm based on objectives
given by the planning expert. These objectives directly or indirectly reflect the probabilities
of tumour control (TCP) and normal tissue complications (NTCP). Optimal use of IMRT thus
rely on specific knowledge of the correlation between the planned TV/OAR dose distribution
and TCP/NTCP.

Geometrical uncertainties are a major issue in CRT as well as for IMRT [90]. They occur
because the planning CT information about the position and shape of the TVs and OARs dif-
fers from the exact geometrical configuration during treatment. RT is delivered in fractions,
typically once per day, five times a week and over several weeks in order to maximise biolog-
ical effect to obtain more cell kill in the tumour than in the surrounding normal tissue. During
this period, typical sources of uncertainties such as differences in the position of the patient
relative to the treatment machine (setup uncertainties) and internal organ motion relative to the
patient’s bony anatomy occur. In pelvic RT, organ motion is extensive and thus the biggest
challenge of these two.

Traditionally, geometrical uncertainties in tumour position has been handled by expanding
the clinical target volume (CTV) by a margin to create the larger planning target volume (PTV)
[39]. By planning using the PTV, the CTV will certainly receive the prescribed dose despite
geometrical uncertainties, given the margin is big enough. Because the knowledge about in-
dividual uncertainties are incomplete prior to treatment, margins are usually population based
[83, 90]. In case of OARs, geometrical uncertainties were usually not considered for planning
of CRT. With the introduction of IMRT, however, the ICRU report no 62 addressed this topic
by introducing the planning OAR volume (PRV) [38]. In analogy to the PTV, the PRV should
account for geometrical uncertainties in OAR position by adding a margin around the organ.
Compared to the PTV, the PRV concept has so far received less attention.

Margin reduction by either reducing uncertainties or by treatment individualisation is an
important topic in RT research. Reduced margins around the CTV lead to smaller high-
dose volumes and consequently less normal-tissue damage which in turn can allow for dose-
escalation to the tumour within the PTV concept. This has driven major developments in
image technology to allow for image-guided RT (IGRT) by tumour localization prior to or
during treatment sessions. IGRT can optionally be used together with adaptive RT (ART) by
methods for individualizing margins based on repeat image information that becomes available
throughout the treatment course [99].

Hard margins through the PTV/PRV concepts are problematic in optimization of IMRT
because they result in overlapping regions of conflict [7]. Finding alternative methods to fully
exploit the potential of combining IMRT with IGRT and ART is therefore warranted [1]. Be-
cause these methods rely on repeat volumetric imaging data, image processing has recently
become a relevant topic for RT. It is focused on developing methods for automatic or semi-
automatic segmentation [52], deformable registration and organ motion modelling. Despite
increased availability, repeat image information is still laborious. A challenge in this context
is therefore how to extract useful information about patient-specific organ motion from few
available samples.

In summary, this Phd-project contributes to improving pelvic RT by adressing: 1)the use
of conventional IMRT compared to CRT to spare the bowel, 2)the influence of organ motion
on delivered dose and 3)methods to account for bowel motion in planning and evaluation of
pelvic RT. The latter includes methods for calculating bowel PRVs, use of repeat imaging data
for individualization of bowel PRV margins as well as an alternative method for representing
patient-specific bowel motion.



Chapter 2

Background

For RT of the pelvis in case of prostate, bladder, rectum or gynaecological cancer, the main
motivation for exchanging CRT with IMRT has been to reduce the incidence of gastrointestinal
(GI) adverse effects. This was also our main motivation when introducing IMRT at Hauke-
land University Hospital in September 2005 (Paper I). Patients with locally advanced prostate
cancer were chosen for our IMRT start-up, and consequently the current thesis is based on the
same group of patients, although the developed methods and principles are general.

Locally advanced prostate cancer patients with a risk (estimated to > 15% by [71]) of
lymph node involvment are routinely given irradiation to the proximal pelvic lymph nodes in
addition to the prostate and seminal vesicles in ours as well as other institutions. Irradiation
of pelvic lymph nodes could theoretically sterilise subclinical metastasis and thereby increase
the survival in a subgroup of patients. The costs versus benefits of whole pelvic RT has been
debated for more than two decades for a number of reasons [4, 20, 56, 70, 78, 92]: A) Selecting
the right subgroup of patiens (i.e. with advanced disease but no distant metastasis) is difficult
[20, 71]; B) Identifying which lymph nodes to irradiate is challenging and currently based
on population data which carries the risk of geographical miss [29]; C) Whole pelvic RT is
associated with increased GI adverse effect rates compared to prostate only RT because larger
volumes of small bowel were included in the field [20]; D) The pelvic doses are limited to
45-50 Gy to keep the risk of GI complications at an acceptable level and this might not be
sufficient to sterilise the cancer cells [30].

A key to improve treatment outcome of whole pelvic RT is therefore the challenge of
reducing and controlling small bowel related complications. This is challenging because: 1)
knowledge about the radiobiologic mechanisms behind GI adverse effects are limited, and 2)
the mobility of the pelvic organs is considerable, especially for the bowel, such that estimates
of both the applied dose and the dose prescription for optimization are uncertain [35, 36, 45, 62,
67, 77]. The current project has investigated the potential of pelvic IMRT to spare the bowel
as compared to CRT, but also challenges and solutions for better exploiting this potential.

2.1 Potential and challenges of intensity-modulated radiotherapy

The idea and concepts of using modulated instead of homogeneous beams evolved in the
1980s [37]. Different techniques for delivering modulated fields were developed during mid
1990ies [37]. The first IMRT treatment with a dynamically moving conventional MLC was
delivered at the Memorial Sloan-Kettering Cancer Center in New York in 1995 [49]. During
the last decade, IMRT has spread to most RT departments worldwide [93]. This rapid clinical
implementation was driven by numerous planning studies showing the potential of IMRT for
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Figure 2.1: Example of prostate pelvic dose distribution as produced with four-field CRT (left)
and seven-field IMRT (right). Dose colour wash is from 25 Gy (blue) to approximately 50 Gy
(red). Target volumes are shown in red and bowel in pink. From Paper I.

reducing toxic effects, but happened despite incomplete knowledge about the challenge of
IMRT planning, delivery and quality assurance [93]. In the following, our focus will be on
potential and challenges in IMRT planning with respect to geometrical uncertainties.

Planning of RT is based on our clinical experience. The most intuitive way of using IMRT
is thus to mimic the concept of CRT, but exploiting the technique to better conform the dose
to the PTV (Figure 2.1). Nutting and colleagues were the first to demonstrate the advantages
of pelvic IMRT [66]. In a planning study comparing pelvic IMRT and CRT, they showed a
reduction from 18% to 5% in the volume of small bowel receiving more than 45 Gy. Many
other investigators have later confirmed this potential of IMRT to spare the bowel [5, 15, 29,
32, 41, 48, 50, 53, 63, 66, 69, 74, 75, 94].

In order to achieve a good compromise between risk of normal tissue complications and
tumour control, IMRT dose distributions are often tightly tailored to the patient geometry
as imaged on the planning CT scan. One concern has been how organ motion and set-up
uncertainties influence delivery of such dose distributions. This has also been a topic for CRT
[43, 46, 54], but is even more pertinent with IMRT because tightly tailored dose distributions
tend to be less robust to geometrical uncertainties [7, 40, 98]. Yan and colleagues demonstrated
that prostate IMRT actually required larger PTV margins compared to CRT [98]. Also Löf and
colleagues pointed out that optimized dose distributions could easily loose their advantages
because of uncontrolled changes in set-up, patient geometry, or beam profiles [51]. As a
consequence of geometrical uncertainties, ’better’ in planning does not necessarily stay ’better’
in application for all patients.

Geometrical uncertainties are often classified as systematic or random. Systematic errors
occur if the geometry configuration on the CT scan used for treatment planning deviates from
the mean of the geometries realized throughout the fractionated treatment. Random errors
are variations around this mean deviation occuring with different magnitude at each treatment
fraction. Systematic and random uncertainties have a different impact on the delivered dose
distribution [83, 84]. Common PTV margin recepies are therefore derived from dosimetric
rather than geometrical criteria [83]: i.e. the CTV margin should be big enough to ensure
that the achieved treatment dose and the prescribed dose are in agreement for a large number
of patients. Provided that the margins are adequate, the PTV concept thus ensures robust
treatment plans for the CTV [7].

A competing demand is to control the risk of normal tissue complications. Consequently,
the dose distribution should also be robust for the OARs. To cope with this problem in opti-
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mization of IMRT, ICRU report no 62 introduced the planning OAR volume (PRV) in 1999
[38]. McKenzie and colleagues were the first to explore the PRV concept by seeking margin
recipes analogous to a common CTV→ PTV margin approach [57, 91]. They chose a criteria
such that the DVH of the PRV should not underestimate the high-dose volumes in the OAR
in 90% of cases. Such a dosimetric criteria led to different margin recipes depending on the
type, size and position of the OAR relative to the high-dose region. Muren and colleagues
later used an empirical approach to determine margins around the rectum to encompass differ-
ent degrees of rectum motion as seen in a series of repeat CT scans of bladder cancer patients
[60]. In contrast to McKenzie and colleagues, the approach presented by Muren was purely
geometrical. Stroom and Heijmen followed by discussing the limitations of the PRV concept
in a paper where they also investigated a similar but alternative method to McKenzie for deriv-
ing PRV margins around organs with a maximum dose constraint [85]. One limitation of the
PRV concept is that the derived margin recipes are strongly dependent on the case and defini-
tion of max dose, and it is therefore difficult to define a general recipe in analogy to the target.
Furthermore, it is challenging how to translate dose-volume constraints applied for an OAR to
the much larger PRV. Despite these limitations, Stroom and Heijmen acknowledged that PRVs
can be a useful tool in treatment planning to avoid high doses in proximity to serial OARs.

Planning of IMRT is an optimization process where knowledge- and experience- based
treatment goals of a clinician has to be communicated to the optimization algoritm. The ab-
straction of these goals through the objective function is therefore crucial [1]. The purpose of
the objective function is to control the shape of the dose-volume histogram (DVH), e.g. take
a volume from one bin, reduce the dose and put it in a lower bin. Most commersially avail-
able treatment planning systems use cut-off volumes from the cumulative DVH as objectives
(i.e. the volume receiving more than xGy, Vx). This might not be optimal because: 1) a sin-
gle DVH point does not sufficiently control the dose distribution in an organ and 2) multiple
DVH points might be overly restrictive [1]. Biological measures like tumour control probabil-
ity (TCP), normal tissue complication probability (NTCP) and equivalent uniform dose (EUD)
might be better suited because they seek to describe the effect of the whole DVH [1].

The most widely accepted NTCP model is the phenomenological Lyman-Kutcher-Burman
model [10, 44]. At the core of this model lies the ability to map an inhomogenious dose
distribution in an organ to standard conditions of partial organ volume irradiation with an
homogeneous dose, allowing for extrapolation of published dose constraints [21]. Closely
connected to this DVH reduction to an effective partial volume, is the concept of reducing the
DVH to a generalized EUD or effective dose [44, 65]. The generalized EUD relies on a tissue-
specific parameter k incorporating the volume-effect of the organ in question. It represents
the dose that causes the same radiobiological effect as the inhomogeneous dose distribution if
applied homogeneously to the entire organ.

The direct use of EUD/NTCP or cut-off volumes in optimization of IMRT has stimulated
attempts to establish dose-volume-toxicity relations, also for the bowel [22, 72, 76, 93]. No-
tably, the RT technique can influence the correlation between planned dose and incidence of
specific adverse effects, and consequently toxicity relations established with CRT cannot un-
critically be applied in IMRT optimization [80]. EUD models have been shown to be less
prone to such statistical bias caused by correlations of DVH dose bins [82].

Another challenge with establishing dose-volume-toxicity relations is the limited ability of
the planning DVH to represent the actual accumulated dose in an organ throughout the treat-
ment course [24]. Furthermore, dose-volume constraints derived from an OAR DVH cannot
directly be applied to the often much larger PRV [85]. Some investigators have therefore at-
tempted to correlate the PRV DVH to toxicity [22, 61, 76, 88]. The sensitivity and specificity
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of the PRV is crucial in this context. A PRV is sensitive if it contains a large fraction of voxels
which will be visited by the OAR in future. It is unspecific if it also contains large volumes
which will never be visited by the OAR. Unspecific PRVs are problematic in RT planning be-
cause they produce unreliable DVHs, unreliable estimates of evaluators of plan quality, and
difficulties to achieve treatment planning dose-volume constraints because of large volumes of
overlap between PRV and PTV.

Planning and delivery of IMRT offers increased degrees of freedom for shaping the dose
distribution which could be exploited beond tailoring the dose to the PTV [37]. One interesting
way of exploiting this freedom is to abandon the PTV/PRV concepts by directly incorporating
geometrical uncertainties of the CTVs and OARs in robust optimization. Robust optimiza-
tion refers to methods aiming to produce dose distributions which result in CTV and OAR
doses which are predictable within an acceptable uncertianty. This is in contrast to PTV/OAR
based optimization which are robust with respect to the CTV only, and to PTV/PRV based
optimization which result in overlapping regions of conflict between PTV and PRV.

The most basic robust optimization methods are based on coverage probabilities (CPs)
[83]. A CP matrix is defined on a voxel grid, with each voxel containing the probability of
being occupied by the TV or OAR in question. Baum and colleagues used TV and OAR
CPs as weights for the objective function to compromise the dose in conflicting TV/OAR
voxels. Witte and colleagues used a similar concept for optimizing expected TCP and NTCP
[96]. More sophisticated methods replace the common static patient model with a dynamic
patient model for optimizing the dose to moving volume elements of TVs and OARs (see e.g.
[11, 79, 89]). The latter methods are only possible with deformable patient models at hand.

To summarize, IMRT has a great potential for reducing GI toxicity, but this potential might
be jeopardised by geometrical uncertainties. Due to tightly tailored IMRT dose distributions,
the impact of geometrical uncertainties are potentially larger as compared to CRT. Therefore,
methods are required to ensure robust dose distributions both with respect to CTV and OARs.
The PRV concept has been suggested to account for OAR uncertainties in planning of IMRT.
However, it is not straight-forward how to define clinical useful PRVs. Furthermore, PRVs
do not necessarily lead to robust dose distributions because they often produce overlapping
PTV/PRV regions which are difficult to handle in IMRT optimization. Alternative methods
to PTV/PRV based optimization have been suggested. These are based on methods for organ
motion modeling.

2.2 The bowel as organ-at-risk

The bowel is a radiosensitive organ and pelvic RT therefore often leads to both acute and
chronic changes in gastrointestinal physiology [2]. While acute symptoms often start during
the second week of treatment, chronic symptoms might not become evident until years after
treatment [2]. The most common sympthoms are abdominal pain, diarrhoea, tenesmus (a
feeling of repeatedly needing to open the bowels), incontinence (leakage/soiling), excessive
flatulence and passing blood or mucus when opening the bowels [2]. Severe complications like
ulceration (a sore area that doesn’t heal), obstruction (blockage of the bowel) and perforation
(a hole in the bowel wall) are rare (below 5%) when pelvic doses are limited to 45-50 Gy over
5 weeks [47]. Experience have shown that doses above this limit can increase the risk for
obstruction from 5% to 37% and risk of chronic diarrhoea with up to 40% depending on the
volume of irradiated small bowel [47].

Complications have traditionally been scored according to the lower gastro intestinal
(GI) RTOG/EORTC acute and late radiation morbidity scoring criteria, which grade vari-
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ous radiation-induced complications from 0-4 depending on to their severity as judged by
the physician [17]. More specific criteria for acute GI complications have been publised by
CTC (common toxicity criteria) [14]. Also methods for patient-graded complications excist
through the LENT SOMA system [73].

The relationships between planned bowel DVHs and Grade � 2 GI complications are
unclear. Recent reviews by Fiorino and colleagues and the QUANTEC initiative show that
prospective studies are lacking [23, 42]. Based on results from mostly retrospective studies
[6, 31, 34, 72, 87], QUANTEC recommend DVH constraints for the cut-off volume receiv-
ing � 15 Gy (i.e. V15) when contouring specific bowel loops and V45 when the entire cavity
(i.e. the intestinal cavity, IC) in where the bowel can move is delineated (Figure 2.2) [42]. In
addition, high doses should be minimized. Fiorino and colleagues, explain the correlation be-
tween V15 and acute toxicity with what they call ’geometrical factors’ from use of conformal
techniques [23]. Tho and colleagues and Baglan and colleagues also noted that the effect of
low-dose RT was impossible to isolate from these studies because V15 was correlated to the
high-dose cut-off volumes due to limited DVH variability with conformal techniques [6, 87].
Due to these findings, Fiorino and colleagues warn against using constraints to limit V15 in
optimisation of IMRT without considering V30 −V50 [23].

There are probably many reasons why it is difficult to establish a clear correlation between
the planned bowel DVH and toxicity. Factors and diseases like previous abdominal surgery,
diabetes, hypertension, inflammatory bowel disease, HIV, connective-tissue disorders, con-
comitant chemotherapy and smoking can increase the risk of acute and late complications and
are not always corrected for when analysing the data [2]. Furthermore, the RTOG/EORTC
scoring criteria is rather unspecific because different symptoms are pooled. Even with spe-
cific sympthoms at hand, finding the exact causes of these are complex - e.g. as much as 13
different mechanisms reflecting changes of different parts of the GI tract lead to diarrhoea [2].

Another potentially important factor leading to a blurring of the correlation between the
planned bowel DVH and toxicity is the excessive mobility of the bowel, which is the topic of
the current thesis [24, 45, 47]. It is a premise of the current work that a clearer correlation
between the planned bowel DVH and toxicity can only be achieved if motion information is
included in the bowel DVH. Studying bowel motion is therefore essential for improving pelvic
RT.

Gallhager and colleagues investigated the volume, distribution and mobility of the small
bowel from orthogonal radiographs [28]. They found that patients with previous ab-

Figure 2.2: Volume rendering of the segmented bowel (solid magenta) and the intestinal cavity
(contour pink).



8 Background

dominoperinal resection had a greater volume of less mobile small bowel positioned in the
lower pelvis explaining a higher risk for RT-induced obstruction in these patients. They also
investigated different surgical techniques and patient-positioning methods in order to displace
the small bowel from the pelvic RT treatment field and found that a combination of bladder
distention and compression of the anterior abdominal wall in prone position could displace the
small bowel without causing patient discomfort. Such patient position also reduced the inci-
dence of acute diahorrea. The latter findings have been confirmed by Mak and colleages which
found that an open table top, or a so-called belly-board, shifted the small bowel away from the
field and thereby reduced the risk of late small bowel obstruction [55].

Nuyttens and colleagues throughly investigated changes in the position of the small bowel
in a group of rectal patients by measuring distances between bony structure and the nearest
contrast enhanced small bowel loops as seen in 12 patients with 4-7 repeat CT scans each
[67]. They found a considerable standard deviation in small bowel position of 2.7 cm at 5 cm
below the sacral promontory in preoperative patients. In patients with low anterior resection
and abdominoperineal resection (APR), the standard deviations were smaller (1.4 cm and 0.2
cm, respectively). Furthermore, there was a correlation between the most inferior small bowel
position and the bladder volume (except for APR), but no correlations with the anterior and
posterior positions.

Kvinnsland and Muren later studied the impact of bowel motion on conformal bladder RT
DVHs in 10 patients with 6-8 repeat CT scans [45]. They found that in 6 out of the 10 patients,
the volume occupied by the bowel in one scan only was bigger than the volume occupied in
all CT scans. Bowel motion translated into large DVH (and NTCP) uncertainties for individ-
ual patiens, but even larger variability was found between patients. Based on these findings,
Kvinnsland and Muren accentuated that bowel dose-volume constraints for optimisation of
IMRT shoud be used with care.

Due to the mobility of the bowel and uncertainties in DVH constraints it is not straight-
forward how to include this OAR in optimization of IMRT. Optimization based on the bowel
contour from a single planning CT could potentially lead to an illusionary low dose to the
bowel. Because of large deformations and a complex motion pattern, calculating a bowel PRV
with the McKenzie or Stroom and Heijmen approaches is infeasible. A commonly used PRV
for the bowel is therefore the physical boundary in where the bowel is free to moove, i.e.
the intestinal cavity (IC) (Figure 2.2) [15, 18, 29, 50, 74]. By minimizing the dose to the IC
volume, a low and homogeneous dose is secured to the bowel itself. Although this bowel PRV
is highly sensitive in predicting for future bowel voxels, it is highly unspecific due to its size.

2.3 Organ motion modelling

In order to find alternative methods to account for bowel motion in optimization of IMRT,
various organ motion modelling methods and their applicability for the bowel are discussed in
the following. Modelling of organ motion uncertainties is one of the main focus areas in RT
research. A number of relevant recipes have been published [7, 19, 25, 26, 33, 81, 83, 97].
Some of these neglect deformations by assuming rigid body motion [19, 83]. This would
probably not be valid for the bowel where peristalsis waves displace the bowel wall with a
mean amplitude of around 7 mm occuring about 11 times per minute [27].

Hoogeman and colleagues simulated rectum deformations by stochastic sampling of a set
of shape and shape-change parameters defined on a slice-by-slice basis from the probability
distributions of these parameters as estimated in a group of reference patients [33]. However, a
slice-by-slice based approach would not be feasible for the bowel because it can move more or
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less freely within the pelvis, also in the cranio-caudal direction. Both of the above-mentioned
methods are examples of using population-statistics to estimate uncertainties in organ position
or shape. Adaptive approaches, on the other hand, seek to include patient characteristics by
measuring individual uncertainties.

Yan and colleagues have shown that the convex hull (union) of the CTV (i.e. prostate and
seminal vesicles) from a few repeat CT scans capture a large degree of organ motion and can
be used to construct a much smaller PTV than a single CTV pluss a population based margin,
while maintaining the same dosimetric criterion [98]. By including more planning CTs, the
systematic uncertainty is reduced in a simple manner. More sophistically, Yan and colleagues
also modelled individual organ shape changes from repeat CT scans by using a biomechanical
finite element model driven by user-placed fiducial landmarks on the organ surface to gener-
ate groups of intermediate organ shapes by interpolation between the surface point positions
in the measured geometries [97]. Söhn and colleagues [81] refined this approach by using
a point distribution model to reduce the large dimensionality of the geometrical information
from repeat CTs into a few statistical parameters which describe correlated displacement of
the organ surface points around the mean organ shape. Others have presented different ap-
proaches also acting on corresponding points [25, 26]. Because it is impossible to distinguish
between bowel segments in CT images and hence to define fiducial landmarks on the bowel
wall, no point-correspondence model can be made for this organ. This is the major challenge
in modelling bowel motion and is one of the main reasons why this organ is treated seperately
in the present work.

An alternative and common way to represent organ motion is by coverage probabilities
(CPs). CPs were first introduced by Stroom and colleagues [83] who used it to model the
impact of systematic uncertainties on the CTV DVH and to establish a PTV margin recipe.
Because the CP matrix is a static patient model, it doesn’t rely on point correspondence models.
Coverage probabilities were thus a natural choice for representing bowel motion in the current
work. Baum and colleagues sampled CPs by estimating the relative frequency of coverage
of an organ as outlined in multiple CT scans [7]. This approach have been demonstrated for
prostate, rectum and bladder, but is in principle also applicable for the bowel. However, when
applied to organs with large amplitude movements the approach converges very slowly to the
true CP matrix. Consequently, the CP matrix might contain holes where the optimization
algorithm is free to deposit high doses when based on a few CT scans [7].
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Chapter 3

Aims of the project

The aim of this thesis was to study the potential of conventional pelvic IMRT to spare the
bowel and to develop methods for further exploiting this potential. Specifically, we aimed at:

• Comparing IMRT to CRT in locally advanced prostate cancer patients (Paper I and II).

• Studying the influence of organ motion on the planned dose distributions in treatment of
locally advanced prostate cancer patients (Paper II).

• Defining clinical useful bowel PRVs (Paper III and IV).

• Developing a statistical method for making the best use of scarce imaging data to gen-
erate patient-specific small bowel PRVs based on coverage probabilities (Paper IV).
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Chapter 4

Materials and methods

This chapter gives an overview of the applied patient materials as well as the methods which
were used and developed to fulfil the aims of the project. Further details can be found in the
corresponding papers (Papers I-IV).

4.1 Patient materials

The methods developed in the project are relevant for all patients receiving pelvic radiotherapy.
That includes patients with prostate, bladder, rectum and gynaecological cancer where the
lymph nodes are part of the target volume. However, the studies were mainly performed on
patients with locally advanced prostate cancer who received pelvic external beam radiotherapy
at Haukeland University Hospital. These patients had two clinical target volumes (CTVs)
defined. Both CTVs consisted of the prostate and seminal vesicles, while CTV11 also included
the relevant lymph nodes. Two planning target volumes (PTVs) were constructed by adding
margins around the CTVs. A 15 mm margin was used around the prostate and seminal vesicles
except towards the rectum, where a 10 mm margin was used. For the lymph node volume, an
isotropic 10 mm margin was used.

In order to include information about organ motion, two different datasets of patients with
CT scans acquired once or twice a week during the treatment period were used. One of these
datasets consisted of the CT data of totally 20 male bladder cancer patients which had 6-
9 CT scans each. Out of these, 14 patients were treated at Haukeland University Hospital
in the period from January 2000 to October 2001 and 6 patients were treated at Edinburgh
Cancer Centre during 2003. The other dataset consisted of 3 prostate cancer patients treated
at Haukeland University Hospital during May/June 2007. The CT data of these three patients
were taken from a dataset of totally 40 patients with 10-11 CT scans each which was collected
within the present project for use in current and future studies about bowel motion.

In some of these datasets, one bowel volume consisting of both the large and small bowel
was contoured, while in the other dataset the large and small bowel were contoured seperately.
When using the term bowel we therefore refer to the volume containing both the large bowel
(LB) and the small bowel (SB).

1This ’outdated’ nomenclature was chosen for concictency with Papers I-II, despite the recent ICRU 83 rec-
ommendations [40].
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4.2 Conformal vs. intensity-modulated prostate pelvic RT

Two of the studies were planning studies where we compared CRT with intensity-modulated
prostate pelvic RT. The procedures for treatment planning and evaluation are outlined in the
following and more details can be found in Papers I-II. One CT scan of the patient was used
for treatment planning.

4.2.1 Planning of conformal and intensity-modulated prostate pelvic RT

CRT planning of prostate pelvic radiotherapy was performed according to the routine practice
at Haukeland University Hospital as until September 2005. The treatment of these patients
then consisted of two phases; first, 50 Gy was delievered in 25 fractions to the prostate, sem-
inal vesicles and relevant lymph nodes with margins (i.e. to PTV1), and second, 20 Gy was
delivered to the prostate and seminal vesicles with margins (i.e. to PTV2) in 10 fractions. Both
CRT plans consisted of four beams with gantry angles of 0◦, 90◦, 180◦and 270◦. A PTV dose
variation within 95% and 107% of the prescribed dose was aimed for, but a minimal point
dose of 90% of the prescribed dose was accepted in the posterior part of the PTV to avoid an
unacceptably high rectum dose.

IMRT planning of prostate pelvic radiotherapy was performed using the treatment planning
system available at Haukeland University Hospital (Eclipse, Varian Medical Systems, Palo
Alto, CA)). This planning system uses dose-volume objectives with priorities for both the
PTV and OARs. As for CRT these patients were still treated in two phases, but with the first
phase of treatment (up to 50 Gy) delivered with IMRT. In the initial phase after moving from
CRT to IMRT, the objectives were based on what could be obtained with CRT for the patient
in question. With IMRT, we aimed at reducing the volume of rectum, bladder and bowel
receiving more than 30, 40 and 50 Gy by 25%, 25% and 50% compared to CRT, respectively.
The IMRT plans consisted of seven coplanar beams with gantry angles of 0◦, 51◦, 103◦, 154◦,
206◦, 257◦, and 309◦. During the optimization, the highest priority was given to the minimal
dose criterion of 95% of prescribed dose to the PTV.

No attempt was made to account for OAR motion neither for the CRT plans nor for the
IMRT plans.

4.2.2 Evaluation of conformal and intensity-modulated dose distributions

To compare the treatment plans, we first reduced the 3D dose distribution to dose-volume
histograms (DVHs), both for the PTVs and the most relevant OARs (i.e. bowel, bladder, and
rectum in case of Paper I and II, as well as the penile bulb, hip joints, and hip joint muscles in
case of Paper I). For the OARs, dose cut-off volumes from 20 Gy to 70 Gy in intervals of 10
Gy were compared in Paper I. In Paper II, we only compared the dose distributions resulting
from the first phase of the treatment (i.e. up to 50 Gy).

Also the generalized equivalent uniform dose (gEUD) [65] was used (in Paper II) to com-
pare bowel, bladder and rectum doses. Normally, the gEUD is calculated relative to the volume
of the whole organ, but in case of bowel, only the part of the bowel within the lower pelvis
was contoured. We therefore extended the gEUD concept of Niemierko to calculate the gEUD
relative to an absolute reference volume (Vre f ):

gEUD = (
1

Vre f
∑

i
νiDk

i )
1
k (4.1)
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where (νi,Dk
i ) denotes the ith bin of the differential DVH, and k is associated with the volume

effect of the organ considered. For the bowel, we used a Vre f equal to 200 cm3 and a volume
effect parameter k = 4, while for the rectum and bladder, we calculated gEUD relatively to the
whole organ volume with k = 12 and 8, respectively [82]. A k = 12 practically only considers
the volume elements receiving ≥ 80% of the maximum dose (i.e. a small volume effect), while
a reduction with k = 4 would also consider the volumes receiving intermediate doses (> 50%)
but would weight these against greater dose volumes (i.e. a larger volume effect).

4.2.3 Influence of organ motion on CRT vs. IMRT

In order to investigate the influence of organ motion on CRT compared to IMRT in Paper II,
we used the dataset of 20 male patients with 6-9 CT scans each to estimate the mean treatment
bowel, bladder and rectum gEUDs and dose cut-off volumes. The dose distribution was not
recalculated on each of the treatment CT scans, because only the contoured bowel, bladder
and rectum volumes were available (and not the CT scans themselves). The gEUDs calculated
from the planning DVHs were denoted gEUDplan and the mean of the gEUDs resulting from
the CT scans acquired during treatment were denoted gEUDtreat . Correspondingly, the dose
cut-off volumes were denoted V xplan and V xtreat , where x ∈ [25, 30, 35, 40, 45, 50] Gy was
the cut-off dose. In order to investigate if IMRT was superior to CRT also when considering
OAR motion, we compared gEUDtreat and V xtreat from the CRT dose distribution with the
IMRT dose distribution. We also compared gEUDplan with gEUDtreat and V xplan with V xtreat
for both CRT and IMRT to see how robust the dose distributions were towards organ motion.

4.2.4 Statistics

All statistical tests were performed using Statistical Package for Social Sciences, version 13.0
(SPSS, Chicago, IL). All p-values were derived from two-sided tests and a p-value below 0.05
was considered statistically significant. In most cases the paired t-test was used, but in cases
where the paired differences of the test variables did not follow a normal distribution, the
Wilcoxon test was applied.

4.3 Methods to account for bowel motion for use in radiotherapy

Two different methods to account for bowel motion was developed and tested in the project.
The first method (described in Paper III) was a quantification of a population based PRV mar-
gin for the bowel, based on the recommedations from ICRU report no 62 [38]. The second
method (described in Paper IV) was an estimation of patient-specific small bowel wall (SBW)
coverage probabilities (CPs) and PRVs from a few patient-specific CT scans.

4.3.1 Quantification and evaluation of a population-based PRV margin for the bowel

To quantifiy a population-based PRV margin for the bowel we used the dataset of 20 male pa-
tients with 6-9 CT scans each. Isotropic margins of 5-30 mm in intervals of 5 mm were added
to the bowel contour of the planning CT scan by using the 3D margin tool of the Eclipse treat-
ment planning system. The bowel contours from the additional CT scans were used to create
so-called location probability maps, where each voxel was assigned an estimated probabil-
ity of containing the bowel of 12.5%-100% in intervals of 12.5% (Figure 4.1). The fraction
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of patients for which a given PRV encompassed 85%, 90% and 95% of the different loca-
tion probability volumes was derived. Also the average volume fraction of the PRVs with no
probability of containing the bowel was investigated to get a measure of the specificity of the
PRV.

4.3.2 A method to estimate patient-specific small bowel coverage probabilities and
PRVs

In paper IV we developed a statistical method to estimate patient-specific SB PRVs by exploit-
ing the information about individual SB motion captured in a number n of repeat CT scans.
The PRVs were calculated from a CP matrix by thresholding. Voxels with a CP-value above
the threshold were included in the PRV and voxels with a lower CP-value than the threshold
were excluded from the PRV. The procedure for calculating SB CPs is illustrated in Figure 4.2.

Baum and colleagues modelled CPs by recording the relative frequency of coverage [7].
Our approach is designed to converge towards the Baum approach when the number of CT
scans approaches infinity, but extended the concept by adding a soft margin to capture the
additional uncertainty in SB position with few CT scans. This should prevent the CP matrix
from containing any holes, i.e. voxels which were assigned a CP equal to zero, but still had a
risk of being occupied by the SB in future.

In order to estimate the ’soft margin’ we considered the variability in SBW position be-
tween the n CT scans of an individual patient. Peristaltic waves of the SB, occuring about
11 times per minute and displacing the SBW with an average amplitude of 7 mm represent
one of two main effects of SB motion [27]. Another main effect is large amplitude shifts of
parts of the SBW or SB due to e.g. change in content and bladder filling. We assumed that
patient-specific patterns of large amplitude motion or stability in the SBW will become evi-
dent in the accumulation of CT scans. By adding a soft margin around the SBW instances, we
further assumed that all voxels with the same distance away from the SBW as seen in one or
more CT-scans had approximately the same probability of being visited by the SBW in future.

The soft margin was estimated as a function of the closest distance to any known SBW
voxel. Therefore, patients showing a large variability in SBW position got a broader esti-
mated soft margin than patients showing less variability in SBW position. As the number of
included CT scans increased, the soft margin got tighter (Figure 4.3). If the number of CT
scans approaches infinity, the margin width would approach zero.

The CP matrix was calculated by first smearing out each of the SBWs with the soft mar-
gin and later adding up the voxels of the smeared out matrices and multiply with a volume-
preserving normalizing constant.

Figure 4.1: Example of bowel location probability map from repeat CTs as well as the planning
bowel contour B0 shown in solid white and B0+10 mm margin shown in dotted white.
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Figure 4.2: Illustration of the procedure for calculating small bowel coverage probabilities
(CPs) from n = 3 CT scans.

4.3.3 Evaluation of patient-specific SB PRVs

To test the method we applied it on three patients with different degrees of SB motion. Max-
imum five CT scans was considered clinically feasible, and consequently the PRVs generated
from 2-5 CT-scans were evaluated by their sensitivity and specificity with respect to the PRVs
from all 10-11 repeat CT-scans. The effect of different CP-threholds and its impact on sensitiv-
ity and specificity of the generated PRVs was studied. Based on the sensitivity and specificity
study, two thresholds were chosen for comparison of the current concept with conventional
methods; CP=0.005 (i.e. generous patient-specific PRVs) and CP=0.03 (i.e. tight patient-
specific PRVs) (Figure 4.4). These were compared to an intestinal cavity (IC) approach a a
population based PRV approach of 10mm and 30mm isotropic planning margins. Sensitivity
was compared by estimating the overlap between the planning volume in question and ran-
domly chosen independent SB- /SBW volumes, while specificity was measured by comparing
relative planning volumes (i.e. the volume relative to a boundary composed from the hull of
all available ICs of the patient in question).

4.3.4 Future application of small bowel PRVs and coverage probabilities

In principle, the patient-specific small bowel PRVs can be included into any treatment planning
system by writing the coordinates to a DICOM RS structure file. Because the PRV volume
differs from the SB volume, dose-volume or EUD constraints for the SB cannot be transferred



18 Materials and methods

Figure 4.3: Example of estimated soft margins around the SBW for one patient when including
n = 2−9 CT scans. If the number of CT scans approaches infinity, the margin would approach
zero.

directly to the PRV [85]. We suggest to weight the PRV DVH by a factor Vtot
SB /Vtot

PRV , reflecting
a homogeneous SB coverage probability distribution within the PRV.

The SB coverage probability matrix can alternatively be used directly in optimization as
described by Baum and colleagues [7]. In the treatment planning system Hyperion, developed
at the University of Tübingen, organ specific coverage probabilities are used as an importance
weight to each TV and OAR voxel for the objective functions during optimization. Coverage
probabilities of the SB can thus be used in combination with the Baum approach to pinpoint
conflicting regions of SB and TV and to find a compromise for dose to these regions. See Fig-
ure 4.5 for an example of using SB CPs in optimisation of prostate pelvic IMRT in Hyperion.

Furthermore, the SB CPs could be used in evaluation of IMRT by weighting the DVH. The
differential volume receiving a dose in the interval ΔD, pV (ΔD), would then be calculated as:

pV (ΔD) = v
N

∑
i,D(i)∈ΔD

̂cp(i), (4.2)

where v denotes the absolute voxel volume, N is the total number of voxels, and ̂cp(i) is the
coverage probability of voxel i.

It should be mentoned that the current work (Paper IV) focused on the development and
testing of the method rather than application. However, the areas of application described here

Figure 4.4: Example of PRVs created from 3 CT scans and overlaid on the CP matrix created
from all 11 available CTs. A generous PRV (green) was obtained by applying a CP threshold
of 0.005, while a tighter PRV (red) was obtained by applying a CP threshold of 0.03.
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Figure 4.5: Example of using SB CPs in combination with the Baum approach for optimization
of prostate pelvic IMRT in Hyperion with three input CTs.

served as an objective while developing the method and furthermore lays the fundation for
future work.
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Chapter 5

Summary of results

5.1 Paper I

The first paper was a description of our procedures for planning and verification of prostate
pelvic IMRT as well as a presentation of our first clinical experiences after moving from CRT
to IMRT for this patient group. A DVH comparison of CRT with IMRT in 15 patients showed
that moving from conformal to intensity-modulated RT considerably reduced irradiation of
bowel, bladder and rectum. At the same time, IMRT improved the target coverage. Also the
initial clinical outcome results were promising. With these results, we were in line with others
who have emphasized the superiority of the IMRT dose distribution compared to the dose
distribution produced with CRT for this group of patients. However, none of these studies
considered that the large mobility of the relevant OARs (i.e. the bowel, rectum and bladder)
could jeopardize the superior normal tissue sparing obtained with IMRT.

5.2 Paper II

In this paper we investigated the influence of OAR motion on prostate pelvic CRT and IMRT
and showed that the examined IMRT approach still allowed for reduced doses to the OARs
compared to CRT even when accounting for internal organ motion. Internal organ motion
made all dose volume parameters worse compared to the planned dose volume parameters
both for CRT and IMRT. This could potentially translate into violation of dose constraints and
showed that neither the CRT nor the IMRT dose distributions were especially robust towards
OAR motion. Notably, the gEUD was less sensitive towards bowel motion than were the
volume parameters. However, large differences between the planned and estimated treatment
gEUD were found for the bowel in some of the patients. This means that planning based on
one bowel contour can easily translate into greater delivered than planned bowel doses.

5.3 Paper III

This paper was a quantification of an empirical population-based PRV margin for the bowel.
We showed that isotropic margins of up to 30 mm were required to account for all bowel
motion in 90% of the patients. Smaller margins of 5-10 mm were shown to encompass the
major part of volumes which had a probability of bowel occupancy of � 75% in 90% of
the patients. Population-based PRV margins for the bowel were further shown to be highly
unspecific, meaning that they also included large volumes with no bowel occupancy at all.
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With a 30 mm margin, 58-84% of the PRV had no bowel occupancy in the treatment CT scans.
With these results we showed that more sophisticated methods are required to account for
bowel motion. Due to large differences between patients, individually-based methods should
be investigated.

5.4 Paper IV

In this last paper we presented a new method to estimate patient-specific small bowel PRVs
based on a few CT scans. The sensitivity and specificity depended on the number of CT
scans and the applied CP-threshold. The best trade-off between sensitivity and specificity was
obtained at a threshold of 0.03. With this threshold and three CT scans, an average sensitivity
of 94-96% and specificity of 86-97% was obtained in the three studied patients. Using a CP-
threshold greater than 0.05 resulted in a dramatic drop in sensitivity. It was shown that three or
more CT scans were required to secure a good representation of the patient-specific variability
in SBW position. As compared to conventional planning volumes, the patient-specific PRVs
were either similar or better in predicting for SB voxels, and at the same time they occupied a
smaller or similar volume in the patient.



Chapter 6

Discussion

The work presented in this thesis aimed to contribute to the tools to allow for more robust
treatment planning of pelvic RT for patients with prostate cancer, rectum cancer, bladder can-
cer and gyneacological cancer. The benefit of moving from CRT to IMRT for prostate cancer
patients who receive RT to the prostate, seminal vesicles and pelvic lymph nodes was investi-
gated and the influence of organ motion on both techniques was assessed in order to quantify
the robustness of todays planning procedures. These studies emphasized the need for meth-
ods to account for bowel motion in planning of pelvic RT. In the last part of this thesis, we
therefore presented and evaluated two different concepts to account for such motion. The first
concept was an empirical estimation of a population-based planning organ-at-risk (PRV) mar-
gin for the bowel, and the second concept was a method to estimate patient-specific SB CPs
and PRVs.

Our work, in line with others [5, 15, 29, 32, 41, 48, 50, 53, 63, 66, 69, 74, 75, 94], has shown
that the use of IMRT for prostate pelvic RT better conforms the dose to the PTV and therefore
reduces the doses to the major OARs (bowel, bladder and rectum) while at the same time
improving target coverage. Nutting and colleagues were the first to investigate the potential
benefit of using IMRT in stead of CRT to treat the pelvic lymph nodes. They reported a
reduction from 18% to 5% of the bowel receiving more than 45 Gy (V45) when replacing CRT
with IMRT [66]. However, IMRT redistributes the dose in the patients such that a reduction
in the bowel V45 has to be repaid by greater volumes receiving lower doses. It is therefore
difficult to conclude about the clinical benefit of moving from CRT to IMRT for these patients
based on single CT planning studies.

Knowledge about the correlation between bowel dose-volume parameters and the risk of
GI adverse effects, especially diarrhea, is unclear. Although many studies have recognized
adverse effects from irradiation of the bowel, only a few studies have reported a correlation
with dose-volume data [6, 16, 22, 31, 34, 42, 68, 72, 87]. Furthermore, these findings were
ambigious with some studies reporting V45 to be the predictive cut-off volume and others
reporting lower dose cut-off volumes, especially V15, to give the best correlation with acute
diarrhea. Divergent definitions of the bowel (i.e. bowel, SB or LB loops vs. IC) and use of
absolute vs. relative DVHs also make comparisons between these studies difficult. It should
be noted that consideration of absolute volumes are more relevant than relative volumes for
the bowel because only parts of the organ is delineated. The recent review by QUANTEC
recommended different DVH constraints depending on the definition of bowel (i.e. V15 in case
of bowel loops and V45 in case of IC). Although OAR DVHs and PRV DVHs are expected to be
different [85], it is difficult to understand how QUANTEC could conclude on fundamentally
different bowel vs. IC constraints bearing in mind the possibility of correlation between low
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and high dose bins with CRT DVHs [6, 23, 80, 82, 87]. A recent study by Perna and colleagues
of postoperative pelvic IMRT further question the QUANTEC-conclusion of the importance
of V15 [68]. They found V45 to be the predictive cut-off volume even when investigating the
correlation between acute toxicity and the DVH of bowel loops. No correlation was found for
V15.

During optimization we used dose-volume objectives at 30, 40 and 50 Gy aiming at
controlling the intermediate and high bowel doses. Our calculations of generalized EUD
was based mainly on the findings by Roeske and colleagues on Grade 2 acute diarrhoea
(k = 3.2± 1.1 and threshold volume of 195 cm3) [72]. We used a volume-parameter k = 4
and a reference volume of 200 cm3, which considered the bowel volumes receiving intermedi-
ate and high doses (i.e. V25 −V50, with more weight on high doses). Our results thus rely on
the assupmtion of V45 being of higher importance than V15.

Although SB motion has been pointed out as one of the reasons to why a limited correla-
tion has been found between dose volume parameters for the SB and adverse GI complications
[23, 24, 45, 47], little has been done to investigate the influence of bowel motion on the deliv-
ered dose distribution and to account for bowel motion in RT planning [45, 67, 77]. Nuyttens
and colleagues reported considerable variation in SB position during RT in patients with rec-
tal cancer treated with preoperative and postoperative RT [67]. Muren and colleages found
large variations in bowel volume between patients, especially in the lower pelvis (below the
promontory) [62]. Kvinnsland and Muren later investigated the impact of pelvic organ motion
on DVHs in ten bladder cancer patients treated with CRT and found that bowel motion cause
large uncertainties in the DVHs for the individual patients [45].

In the present work, we have shown that despite the uncertainties in the bowel DVH due
to organ motion, prostate pelvic IMRT optimized using one bowel contour still allows for
reduction in bowel gEUD compared to CRT. This has also been confirmed by clinical studies
showing reduced GI complications when moving from CRT to IMRT (see the recent review
by Veldeman [93]). The advantage of IMRT over CRT was mainly due to a reduction in the
total volume receiving ≥ 45Gy with IMRT. Bowel motion thus resulted in a significantly larger
treatment V45 than planned with CRT. With IMRT, the biggest differences between planning
and treatment were seen for lower dose cut-off volumes. In terms of gEUD, IMRT did not turn
out to be less robust than CRT. Notably, the gEUDs were less sensitive to organ motion than
the cut-off volumes. Because these are also less sensitive to correlation between DVH dose
bins [80, 82], they should be prefferred over cut-off volumes in optimization and evaluation.

In this study (Paper II), organ motion was included by averaging gEUDs. Hoogeman and
colleagues have shown that this is a good way of estimating rectal wall EUDs [33]. Also Baum
and colleagues used average EUDs for estimating the effect of organ motion [7]. Methods for
accumulation of dose have become more available over the last years and should be preferred
over averaged EUDs when available and applicable [64, 97].

Although the influence of organ motion was different for CRT and IMRT, it made dose
metrics worse. In some patients this translated into much higher bowel doses than planned for,
and treatment planning based on single CT PTV/OARs is therefore not optimal. Sanguineti
and colleagues also found increased bowel V45 during treatment in 8 out of 9 patients when
optimizing whole pelvic prostate IMRT based on the bowel as seen on a single planning CT
[77]. This shows that alternative methods accounting for bowel motion are needed. Sanguineti
and colleagues further compared three strategies to delineate the bowel for use in optimization
of prostate pelvic IMRT: one bowel contour, one bowel contour + a 10 mm isotropic margin
and the IC volume [77]. The isotropic 10 mm margin was based on our study, where it was
shown to be sufficient to cover 90% of the volume occupied by the bowel in more than half of
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the CT scans in 90% of the patients (Paper III). Sanguineti and colleagues found bowel+10mm
to be the most sensitive PRV among these, but also the one with the largest volume. These
findings were probably influenced by the fact that the PRV was not restricted to within the IC.
When applied in optimization, both the bowel+10mm and IC volumes produced dose distribu-
tions resulting in a lower bowel V45 at treatment as compared to optimization on a single bowel
volume [77]. Interestingly, the patient-specific variation in V45 between repeat CT scans were
similar for all three approaches.

The development of a method for generating patient-specific small bowel PRVs in the
present work (Paper IV) was motivated by eliminating the large variability in bowel motion be-
tween patients [45, 62, 67, 77, 98]. When compared to population based PRVs (i.e. SB+10mm,
IC and SB+30mm), the patient-specific PRVs were either similar or better in predicting for SB
and SBW voxels, and at the same time they occupied a smaller or similar volume in the pa-
tient. Importantly, they were also more robust in the meaning of being less dependent on the
motion pattern of the patient in question. However, patient-specific PRVs are more resource-
intensive because they require more than one CT scan as well as the SB and IC contours from
these CTs. In cases where target coverage is easily obtained with the IC approach, using the
patient-specific SB PRV approach instead might not be worth the additional workload. Nev-
ertheless, using the patient-specific SB PRV instead of the IC volume increases the degrees of
freedom for the optimizer which is essential in situations where for instance a dose escalation
to the pelvic lymph nodes is warranted [8, 59].

Both PRV concepts investigated in the current project (Paper III and IV) are based purely
on geometrical considerations. When ICRU suggested the use of margins around OARs, the
PRV was defined in analogy to the PTV, but without any given dosimetric criteria [38]. Stroom
and Heijmen pointed out the difficulty of defining a general PRV recipe based on a maximum
dose constraint [85], while McKenzie suggested different recepies depending on the char-
acteristics of the dose distribution [57]. IMRT dose distributions are even more difficult to
characterize compared to CRT. In contrast to McKenzie and colleagues and Stroom and Heij-
men, Muren and colleagues suggested to quantify rectum PRV margins based on organ motion
as seen in repeat CT scans [60]. The advantage of the latter approach is that it included data
on deformation, the disadvantage is that these findings are difficult to generalize. Both Stroom
and Heijmen and Muren and colleagues discussed the problem of transferring dose-volume
constraints applied for an OAR to the usually much bigger PRV [60, 85]. Muren and col-
leagues later studied the association between their rectal PRV DVHs and acute and late GI
side effects [61, 88]. For the bowel, several studies have tried to correlate the IC DVH to GI
side effects [22, 76]. Because our patient-specific SB PRVs are smaller than the IC volume
and at the same time has a comparable sensitivity in predicting future SB voxels, it is likely
that patient-specific SB PRV DVHs would better represent the delivered bowel dose than the
IC DVH.

All DVHs used for RT planning are surrogates of the real accumulated dose delivered to
an OAR during the course of radiotherapy, and constraints used for optimization are defined
based on our clinical experiences with these surrogates. Therefore, one could argue that as
long as the same surrogate DVH is used for planning and evaluation, it should not matter
whether this surrogate is derived from a PRV, the organ volume from the snap-shot of a CT or
other representations of this organ such as the organ hull from more than one planning CT or
the IC volume in case of the bowel. On the other hand, the amount of bowel within the lower
pelvis may be of importance, and this information is lost when replacing the bowel volume
with a PRV. A simple approach to retain this information is to weight the absolute PRV DVH
by a factor Vtot

B /Vtot
PRV . By doing this, patients with a large amount of bowel within the PRV
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would be differentiated from patients with less bowel.
Another drawback of PRVs is that they are ’binary’-approaches in the way that a voxel is

either defined as belonging to the PRV (value 1) or not (value 0). This poses a problem in
optimization of IMRT, where one has to compromise the dose to regions where the TV and
OAR overlap. Adding a margin around both the TVs and the OARs naturally leads to larger
regions-of-conflict for the optimizer. Baum and colleagues suggested using CPs rather than
static 0/1-volumes as a tool to handle such regions-of-conflict [7] . An alternative to using
PRVs is therefore to directly use the CP matrix in robust optimization of IMRT. Also with CP-
based optimization there is a question of how to transfer known dose-volume constraints. The
most intuitive way of doing it would be to weight the contribution of each voxel with the CP. If
the CP matrix reflected systematic uncertainties the CP weighted DVH would then represent
the delivered dose in an organ [83], but when reflecting random motion the usefulness of a CP
weighted DVH is questionable.

This deficiency of CPs occur because dose is evaluated in dose space of the static patient
model, ignoring how different parts of the organ move in relation to one another [81]. Igno-
rance of correlated motion (both within an organ and between organs) with the static patient
model, further constrains the possibilities for dealing with conflicting TV and OAR regions
because the probability clouds might have common regions. Sobotta and colleagues recently
published a robust optimization method based upon statistical theory (R.O.B.U.S.T) which
solves this problem by optimization of distributions of treatment outcome incorporating corre-
lation in geometrical shifts [79]. As this method is based upon point-correspondence models
which are extremely hard to establish for the SB, CP based optimization most likely remain
the best solution for this OAR. However, with recent development in deformable registration
(e.g. [12]), it might be possible to establish such models of the sigmoidum and large bowel
despite large amplitude motion.
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Conclusions

This PhD project has shown that use of conventional IMRT for pelvic RT in prostate can-
cer patients better spares the bowel compared to CRT, while at the same time improving target
coverage. The advantage of IMRT over CRT was maintained under influence of bowel motion.
However, bowel motion made dose metrics worse both for IMRT and CRT and optimization
based on a single bowel contour was not optimal for all patients. Therefore, methods account-
ing for bowel motion are needed to better exploit the potential of IMRT to spare the bowel.

Two planning organ-at-risk (PRV) concepts for the bowel were developed and evaluated
in this PhD. The first concept was an empirical estimation of a population-based bowel PRV.
Due to large inter-patient variation, this method produced PRVs which were very large when
accounting for all bowel motion in a large fraction of patients. Alternatively, a tighter mar-
gin could be used to produce a smaller and thus a more specific PRV, but at the expence of a
poorer sensitivity in predicting for future bowel voxels. The second concept was a patient-
specific small bowel PRV based on a statistical method for estimating coverage probabil-
ity (CP) maps from repeat CT scans. By removing intra-patient variability, more specific
PRVs could be obtained without compromising sensitivity. The specificity/sensitivity of these
patient-specific PRVs was tunable by the CP threshold. Importantly, they were more robust
towards patient-specific small bowel motion patterns. Patient-specific small bowel PRVs thus
provide a promising tool for use in PTV/PRV based IMRT optimization.

Finally, the method developed in this PhD project further has laid the fundation for CP-
based robust optimization of pelvic IMRT with the small bowel as OAR.
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Chapter 8

Future perspectives

A natural first step beyond this Phd project will be to investigate the use of patient-specific
small bowel PRVs and CPs in robust optimization of pelvic IMRT. We hypothesise that these
concepts allow for more robust treatment planning compared to the IC approach. In an IMRT
planning study we will therefore compare 1) the PTV + IC approach, 2) the PTV + patient-
specific PRV approach and 3) the CPTV + CPSBW approach. The coverage probability matrix
for the target volume (CPTV ) and for the other relevant OARs could for instance be obtained
from the method presented by Baum and colleagues [7].

Evaluation of the estimated CP-values in Paper IV is difficult without knowing the true CP
matrix. For the SB this information is difficult to obtain. An interesting project would therefore
be to evaluate the CP method in an organ where correlated motion of adjacent surface points
excist. Söhn and colleagues has developed a principal component based method which can be
used to generate reliable CPs for the rectum [81]. These could be compared with CPs estimated
with our method. Although the rectum have similarities with the SB, assuming that all voxels
with the same distance from the wall have approximately the same CP value is probably less
valid for the rectum because it is fixed at one end. It would also be interesting to compare
CP-weighted DVHs/EUDs with accumulated DVHs/EUDs.

The methods developed in Paper IV in the current project require the SB contours from
a number of CT scans as input. Currently, these are manually outlined by an expert, which
is quite resource-intensive. Methods for automatic or semi-automatic segmentation of the SB
would therefore be of great assistance in clinical use of this method. In paralell with this PhD
project, a method for semi-automatic segmentation of the large bowel has been developed in
a connected PhD project [52]. It would be interesting to develop this method further to also
include semi-automatic segmentation of the small bowel.

In order to fully exploit the potential of pelvic IMRT it is crucial to establish reliable es-
timates of evaluators of plan quality. With the tools developed in the current work, we are
able to better pinpoint conflicting areas of SB and TV, but finding a compromise of dose to
these regions remain challenging because of an unclear dose-volume relationship. Another
main focus area of future work will therefore be to correlate patient-specific SB PRV DVHs
and CP-weighted DVHs to incidence of GI adverse effects. With the low GI adverse effects
rates seen with IMRT such a study would have to include a large number of patients [63].
Even in a large study, the correlation could be jeopardized by imprecicion of grading, unclear
cause-effect relation of specific sympthoms (especially for diarrhea), variability in small bowel
radiosensitivity between patients, and limitations of surrogate DVHs to representing the real
accumulated SB DVH. Despite these challenges, we believe that the SB planning concepts
developed in Paper IV of the current project can safely be used clinically and a clinical im-



30 Future perspectives

plementation of these methods both for locally advanced prostate cancer patients, but also for
bladder cancer patients and patients with gyneacological cancer, would therefore be a main
focus of future work.



Bibliography

[1] AHNESJÖ, A., HÅRDEMARK, B., ISACSSON, U., AND MONTELIUS, A. The IMRT
information process-mastering the degrees of freedom in external beam therapy. Phys
Med Biol 51, 13 (July 2006), R381–402. 1, 2.1

[2] ANDREYEV, J. Gastrointestinal symptoms after pelvic radiotherapy: a new understand-
ing to improve management of symptomatic patients. Lancet Oncol 8, 11 (Nov. 2007),
1007–17. 1, 2.2, 2.2

[3] ARNOLD, D., AND FOWLER, K. Nefarious numbers. NOTICES OF THE AMS 58, 3
(2011). 1

[4] ASBELL, S. O., KRALL, J. M., PILEPICH, M. V., BAERWALD, H., SAUSE, W. T.,
HANKS, G. E., AND PEREZ, C. A. Elective pelvic irradiation in stage A2, B carcinoma
of the prostate: analysis of RTOG 77-06. Int J Radiat Oncol Biol Phys 15, 6 (Dec. 1988),
1307–16. 2

[5] ASHMAN, J. B., ZELEFSKY, M. J., HUNT, M. S., LEIBEL, S. A., AND FUKS,
Z. Whole pelvic radiotherapy for prostate cancer using 3D conformal and intensity-
modulated radiotherapy. Int J Radiat Oncol Biol Phys 63, 3 (Nov. 2005), 765–71. 2.1,
6

[6] BAGLAN, K. L., FRAZIER, R. C., YAN, D., HUANG, R. R., MARTINEZ, A. A., AND

ROBERTSON, J. M. The dose-volume relationship of acute small bowel toxicity from
concurrent 5-FU-based chemotherapy and radiation therapy for rectal cancer. Int J Radiat
Oncol Biol Phys 52, 1 (Jan. 2002), 176–83. 2.2, 6

[7] BAUM, C., ALBER, M., BIRKNER, M., AND NÜSSLIN, F. Robust treatment planning
for intensity modulated radiotherapy of prostate cancer based on coverage probabilities.
Radiother Oncol 78, 1 (Jan. 2006), 27–35. 1, 2.1, 2.3, 4.3.2, 4.3.4, 6, 8

[8] BAYLEY, A., ROSEWALL, T., CRAIG, T., BRISTOW, R., CHUNG, P., GOSPODAROW-
ICZ, M., MÉNARD, C., MILOSEVIC, M., WARDE, P., AND CATTON, C. Clinical appli-
cation of high-dose, image-guided intensity-modulated radiotherapy in high-risk prostate
cancer. Int J Radiat Oncol Biol Phys 77, 2 (June 2010), 477–83. 6

[9] BECKMANN, E. CT scanning the early days. The British Journal of Radiology 79 (2006),
5–8. 1

[10] BENTZEN, S. M., CONSTINE, L. S., DEASY, J. O., EISBRUCH, A., JACKSON, A.,
MARKS, L. B., TEN HAKEN, R. K., AND YORKE, E. D. Quantitative analyses of
normal tissue effects in the clinic (QUANTEC): an introduction to the scientific issues.
Int J Radiat Oncol Biol Phys 76, 3 Suppl (Mar. 2010), S3–9. 2.1



32 BIBLIOGRAPHY

[11] BIRKNER, M., YAN, D., ALBER, M., LIANG, J., AND NÜSSLIN, F. Adapting inverse
planning to patient and organ geometrical variation: algorithm and implementation. Med
Phys 30, 10 (Oct. 2003), 2822–31. 2.1

[12] BONDAR, L., HOOGEMAN, M. S., VÁSQUEZ OSORIO, E. M., AND HEIJMEN, B.
J. M. A symmetric nonrigid registration method to handle large organ deformations in
cervical cancer patients. Med Phys 37, 7 (July 2010), 3760–72. 6

[13] CANCER REGISTRY OF NORWAY. Cancer in Norway 2008 - Cancer incidence, mortal-
ity, survival and prevalence in Norway. Oslo: Cancer Registry of Norway, 2009. 1

[14] CANCER THERAPY EVALUATION PROGRAM. Common toxicity criteria, version 2.0.
CTC (April 30 1999). 2.2

[15] CAVEY, M. L., BAYOUTH, J. E., COLMAN, M., ENDRES, E. J., AND SANGUINETI,
G. IMRT to escalate the dose to the prostate while treating the pelvic nodes. Strahlenther
Onkol 181, 7 (July 2005), 431–41. 2.1, 2.2, 6

[16] CHEN, M.-F., TSENG, C.-J., TSENG, C.-C., YU, C.-Y., WU, C.-T., AND CHEN,
W.-C. Adjuvant concurrent chemoradiotherapy with intensity-modulated pelvic radio-
therapy after surgery for high-risk, early stage cervical cancer patients. Cancer J 14, 3
(2008), 200–6. 6

[17] COX, J. D., STETZ, J., AND PAJAK, T. F. Toxicity criteria of the radiation therapy
oncology group (RTOG) and the european organization for research and treatment of
cancer (EORTC). Int J Radiat Oncol Biol Phys 31, 5 (Mar. 1995), 1341–6. 2.2

[18] COZZARINI, C., FIORINO, C., DI MUZIO, N., ALONGI, F., BROGGI, S., CATTANEO,
M., MONTORSI, F., RIGATTI, P., CALANDRINO, R., AND FAZIO, F. Significant re-
duction of acute toxicity following pelvic irradiation with helical tomotherapy in patients
with localized prostate cancer. Radiother Oncol 84, 2 (Aug. 2007), 164–70. 2.2

[19] CRAIG, T., BATTISTA, J., MOISEENKO, V., AND VAN DYK, J. Considerations for the
implementation of target volume protocols in radiation therapy. Int J Radiat Oncol Biol
Phys 49, 1 (Jan. 2001), 241–50. 2.3

[20] DIRIX, P., HAUSTERMANS, K., JUNIUS, S., WITHERS, R., OYEN, R., AND VAN

POPPEL, H. The role of whole pelvic radiotherapy in locally advanced prostate cancer.
Radiother Oncol 79, 1 (Apr. 2006), 1–14. 2

[21] EMAMI, B., LYMAN, J., BROWN, A., COIA, L., GOITEIN, M., MUNZENRIDER, J. E.,
SHANK, B., SOLIN, L. J., AND WESSON, M. Tolerance of normal tissue to therapeutic
irradiation. Int J Radiat Oncol Biol Phys 21, 1 (May 1991), 109–22. 2.1

[22] FIORINO, C., ALONGI, F., PERNA, L., BROGGI, S., CATTANEO, G. M., COZZARINI,
C., DI MUZIO, N., FAZIO, F., AND CALANDRINO, R. Dose-volume relationships for
acute bowel toxicity in patients treated with pelvic nodal irradiation for prostate cancer.
Int J Radiat Oncol Biol Phys (May 2009). 2.1, 6

[23] FIORINO, C., VALDAGNI, R., RANCATI, T., AND SANGUINETI, G. Dose-volume
effects for normal tissues in external radiotherapy: Pelvis. Radiother Oncol 93, 2 (2009),
153–167. 2.2, 6



BIBLIOGRAPHY 33

[24] FOKDAL, L., HONORE, H., HØYER, M., AND VON DER MAASE, H. Dose-volume
histograms associated to long-term colorectal functions in patients receiving pelvic ra-
diotherapy. Radiother Oncol 74, 2 (Feb. 2005), 203–10. 2.1, 2.2, 6

[25] FONTENLA, E., PELIZZARI, C. A., ROESKE, J. C., AND CHEN, G. T. Numerical
analysis of a model of organ motion using serial imaging measurements from prostate
radiotherapy. Phys Med Biol 46, 9 (Sept. 2001), 2337–58. 2.3

[26] FONTENLA, E., PELIZZARI, C. A., ROESKE, J. C., AND CHEN, G. T. Using serial
imaging data to model variabilities in organ position and shape during radiotherapy. Phys
Med Biol 46, 9 (Sept. 2001), 2317–36. 2.3

[27] FRÖHLICH, J. M., PATAK, M. A., VON WEYMARN, C., JULI, C. F., ZOLLIKOFER,
C. L., AND WENTZ, K.-U. Small bowel motility assessment with magnetic resonance
imaging. J Magn Reson Imaging 21, 4 (Apr. 2005), 370–5. 2.3, 4.3.2

[28] GALLAGHER, M. J., BRERETON, H. D., ROSTOCK, R. A., ZERO, J. M., ZEKOSKI,
D. A., POYSS, L. F., RICHTER, M. P., AND KLIGERMAN, M. M. A prospective study
of treatment techniques to minimize the volume of pelvic small bowel with reduction of
acute and late effects associated with pelvic irradiation. Int J Radiat Oncol Biol Phys 12,
9 (Sept. 1986), 1565–73. 2.2

[29] GANSWINDT, U., PAULSEN, F., CORVIN, S., HUNDT, I., ALBER, M., FREY, B.,
STENZL, A., BARES, R., BAMBERG, M., AND BELKA, C. Optimized coverage of high-
risk adjuvant lymph node areas in prostate cancer using a sentinel node-based, intensity-
modulated radiation therapy technique. Int J Radiat Oncol Biol Phys 67, 2 (Feb. 2007),
347–55. 2, 2.1, 2.2, 6

[30] GUERRERO URBANO, T., KHOO, V., STAFFURTH, J., NORMAN, A., BUFFA, F.,
JACKSON, A., ADAMS, E., HANSEN, V., CLARK, C., MILES, E., MCNAIR, H., NUT-
TING, C., PARKER, C., EELES, R., HUDDART, R., HORWICH, A., AND DEARNALEY,
D. P. Intensity-modulated radiotherapy allows escalation of the radiation dose to the
pelvic lymph nodes in patients with locally advanced prostate cancer: preliminary results
of a phase I dose escalation study. Clin Oncol (R Coll Radiol) 22, 3 (Apr. 2010), 236–44.
2

[31] GUNNLAUGSSON, A., KJELLÉN, E., NILSSON, P., BENDAHL, P.-O., WILLNER, J.,
AND JOHNSSON, A. Dose-volume relationships between enteritis and irradiated bowel
volumes during 5-fluorouracil and oxaliplatin based chemoradiotherapy in locally ad-
vanced rectal cancer. Acta Oncol 46, 7 (2007), 937–44. 2.2, 6

[32] HONG, T. S., TOMÉ, W. A., JARADAT, H., RAISBECK, B. M., AND RITTER, M. A.
Pelvic nodal dose escalation with prostate hypofractionation using conformal avoidance
defined (h-cad) intensity modulated radiation therapy. Acta Oncol 45, 6 (2006), 717–27.
2.1, 6

[33] HOOGEMAN, M. S., VAN HERK, M., YAN, D., BOERSMA, L. J., KOPER, P. C. M.,
AND LEBESQUE, J. V. A model to simulate day-to-day variations in rectum shape. Int J
Radiat Oncol Biol Phys 54, 2 (Oct. 2002), 615–25. 2.3, 6



34 BIBLIOGRAPHY

[34] HUANG, E.-Y., SUNG, C.-C., KO, S.-F., WANG, C.-J., AND YANG, K. D. The dif-
ferent volume effects of small-bowel toxicity during pelvic irradiation between gyneco-
logic patients with and without abdominal surgery: a prospective study with computed
tomography-based dosimetry. Int J Radiat Oncol Biol Phys 69, 3 (Nov. 2007), 732–9.
2.2, 6

[35] HYSING, L. B., KVINNSLAND, Y., LORD, H., AND MUREN, L. P. Planning organ
at risk volume margins for organ motion of the intestine. Radiother Oncol 80, 3 (Sept.
2006), 349–54. 2

[36] HYSING, L. B., SKORPEN, T. N., ALBER, M., FJELLSBØ, L. B., HELLE, S. I., AND

MUREN, L. P. Influence of organ motion on conformal vs. intensity-modulated pelvic
radiotherapy for prostate cancer. Int J Radiat Oncol Biol Phys 71, 5 (Aug. 2008), 1496–
503. 2

[37] IMRT COLLABORATING WORKING GROUP. Intensity-modulated radiotherapy: cur-
rent status and issues of interest. Int J Radiat Oncol Biol Phys 51 (2001), 880–914. 2.1,
2.1

[38] INTERNATIONAL COMISSION OF RADIATION UNITS AND MEASUREMENTS. Pre-
scribing, recording and reporting photon beam therapy (suppl. to ICRU Report 50),
vol. ICRU Report 62. ibid, 1999. 1, 2.1, 4.3, 6

[39] INTERNATIONAL COMMISSION ON RADIATION UNITS AND MEASUREMENTS. Pre-
scribing, recording and reporting photon beam therapy, vol. ICRU report no. 50. ICRU,
Washington, DC, 1993. 1

[40] INTERNATIONAL COMMISSION ON RADIATION UNITS AND MEASUREMENTS. Pre-
scribing, recording and reporting photon beam intensity-modulated radiation therapy
(IMRT), vol. ICRU Report 83. Journal of ICRU, 2010. 2.1, 1

[41] JANI, A. B., SU, A., AND MILANO, M. T. Intensity-modulated versus conventional
pelvic radiotherapy for prostate cancer: analysis of acute toxicity. Urology 67, 1 (Jan.
2006), 147–51. 2.1, 6

[42] KAVANAGH, B. D., PAN, C. C., DAWSON, L. A., DAS, S. K., LI, X. A., TEN HAKEN,
R. K., AND MIFTEN, M. Radiation dose-volume effects in the stomach and small bowel.
Int J Radiat Oncol Biol Phys 76, 3 Suppl (Mar. 2010), S101–7. 2.2, 6

[43] KILLORAN, J. H., KOOY, H. M., GLADSTONE, D. J., WELTE, F. J., AND BEARD,
C. J. A numerical simulation of organ motion and daily setup uncertainties: implications
for radiation therapy. Int J Radiat Oncol Biol Phys 37, 1 (Jan. 1997), 213–21. 2.1

[44] KUTCHER, G. J. Quantitative plan evaluation: TCP/NTCP models. Front Radiat Ther
Oncol 29 (1996), 67–80. 2.1

[45] KVINNSLAND, Y., AND MUREN, L. P. The impact of organ motion on intestine doses
and complication probabilities in radiotherapy of bladder cancer. Radiother Oncol 76, 1
(July 2005), 43–7. 2, 2.2, 6

[46] LEBESQUE, J. V., BRUCE, A. M., KROES, A. P., TOUW, A., SHOUMAN, R. T., AND

VAN HERK, M. Variation in volumes, dose-volume histograms, and estimated normal



BIBLIOGRAPHY 35

tissue complication probabilities of rectum and bladder during conformal radiotherapy
of T3 prostate cancer. Int J Radiat Oncol Biol Phys 33, 5 (Dec. 1995), 1109–19. 2.1

[47] LETSCHERT, J. G. The prevention of radiation-induced small bowel complications. Eur
J Cancer 31A, 7-8 (1995), 1361–5. 2.2, 2.2, 6

[48] LI, X. A., WANG, J. Z., JURSINIC, P. A., LAWTON, C. A., AND WANG, D. Dosimetric
advantages of IMRT simultaneous integrated boost for high-risk prostate cancer. Int J
Radiat Oncol Biol Phys 61, 4 (Mar. 2005), 1251–7. 2.1, 6

[49] LING, C. C., BURMAN, C., CHUI, C. S., KUTCHER, G. J., LEIBEL, S. A., LOSASSO,
T., MOHAN, R., BORTFELD, T., REINSTEIN, L., SPIROU, S., WANG, X. H., WU, Q.,
ZELEFSKY, M., AND FUKS, Z. Conformal radiation treatment of prostate cancer using
inversely-planned intensity-modulated photon beams produced with dynamic multileaf
collimation. Int J Radiat Oncol Biol Phys 35, 4 (July 1996), 721–30. 2.1

[50] LIU, Y.-M., SHIAU, C.-Y., LEE, M.-L., HUANG, P.-I., HSIEH, C.-M., CHEN, P.-
H., LIN, Y.-H., WANG, L.-W., AND YEN, S.-H. The role and strategy of IMRT in
radiotherapy of pelvic tumors: Dose escalation and critical organ sparing in prostate
cancer. Int J Radiat Oncol Biol Phys 67, 4 (Mar. 2007), 1113–23. 2.1, 2.2, 6

[51] LÖF, J., LIND, B. K., AND BRAHME, A. An adaptive control algorithm for optimization
of intensity modulated radiotherapy considering uncertainties in beam profiles, patient
set-up and internal organ motion. Phys Med Biol 43, 6 (June 1998), 1605–28. 2.1

[52] LOSNEGÅRD, A., HYSING, L. B., MUREN, L. P., HODNELAND, E., AND LUNDER-
VOLD, A. Semi-automated segmentation of the sigmoid and descending colon for radio-
therapy planning using the fast marching method. Phys Med Biol 55, 18 (Sept. 2010),
5569–84. 1, 8

[53] LUXTON, G., HANCOCK, S. L., AND BOYER, A. L. Dosimetry and radiobiologic
model comparison of IMRT and 3D conformal radiotherapy in treatment of carcinoma
of the prostate. Int J Radiat Oncol Biol Phys 59, 1 (May 2004), 267–84. 2.1, 6

[54] MAGERAS, G. S., KUTCHER, G. J., LEIBEL, S. A., ZELEFSKY, M. J., MELIAN, E.,
MOHAN, R., AND FUKS, Z. A method of incorporating organ motion uncertainties into
three-dimensional conformal treatment plans. Int J Radiat Oncol Biol Phys 35, 2 (May
1996), 333–42. 2.1

[55] MAK, A. C., RICH, T. A., SCHULTHEISS, T. E., KAVANAGH, B., OTA, D. M., AND

ROMSDAHL, M. M. Late complications of postoperative radiation therapy for cancer of
the rectum and rectosigmoid. Int J Radiat Oncol Biol Phys 28, 3 (Feb. 1994), 597–603.
2.2

[56] MCGOWAN, D. G. The value of extended field radiation therapy in carcinoma of the
prostate. Int J Radiat Oncol Biol Phys 7, 10 (Oct. 1981), 1333–9. 2

[57] MCKENZIE, A., VAN HERK, M., AND MIJNHEER, B. Margins for geometric uncer-
tainty around organs at risk in radiotherapy. Radiother Oncol 62, 3 (Mar. 2002), 299–307.
2.1, 6



36 BIBLIOGRAPHY

[58] MCSHAN, D. L., SILVERMAN, A., LANZA, D. M., REINSTEIN, L. E., AND GLICKS-
MAN, A. S. A computerized three-dimensional treatment planning system utilizing in-
teractive colour graphics. Br J Radiol 52, 618 (June 1979), 478–81. 1

[59] MEIJER, H. J. M., DEBATS, O. A., KUNZE-BUSCH, M., VAN KOLLENBURG, P.,
LEER, J. W., ALFRED WITJES, J., KAANDERS, J. H. A. M., BARENTSZ, J. O., AND

TH VAN LIN, E. N. J. Magnetic resonance lymphography-guided selective high-dose
lymph node irradiation in prostate cancer. Int J Radiat Oncol Biol Phys (Nov. 2010). 6

[60] MUREN, L. P., EKEROLD, R., KVINNSLAND, Y., KARLSDOTTIR, A., AND DAHL, O.
On the use of margins for geometrical uncertainties around the rectum in radiotherapy
planning. Radiother Oncol 70, 1 (Jan. 2004), 11–9. 2.1, 6

[61] MUREN, L. P., KARLSDOTTIR, A., KVINNSLAND, Y., WENTZEL-LARSEN, T., AND

DAHL, O. Testing the new ICRU 62 ’planning organ at risk volume’ concept for the
rectum. Radiother Oncol 75, 3 (June 2005), 293–302. 2.1, 6

[62] MUREN, L. P., SMAALAND, R., AND DAHL, O. Organ motion, set-up variation and
treatment margins in radical radiotherapy of urinary bladder cancer. Radiother Oncol 69,
3 (Dec. 2003), 291–304. 2, 6

[63] MUREN, L. P., WASBØ, E., HELLE, S. I., HYSING, L. B., KARLSDOTTIR, A., OD-
LAND, O. H., VALEN, H., EKEROLD, R., AND JOHANNESSEN, D. C. Intensity-
modulated radiotherapy of pelvic lymph nodes in locally advanced prostate cancer: plan-
ning procedures and early experiences. Int J Radiat Oncol Biol Phys 71, 4 (July 2008),
1034–41. 2.1, 6, 8

[64] MUTANGA, T. F., DE BOER, H. C. J., VAN DER WIELEN, G. J., HOOGEMAN, M. S.,
INCROCCI, L., AND HEIJMEN, B. J. M. Margin evaluation in the presence of deforma-
tion, rotation, and translation in prostate and entire seminal vesicle irradiation with daily
marker-based setup corrections. Int J Radiat Oncol Biol Phys (Oct. 2010). 6

[65] NIEMIERKO, A. A generalized concept of equivalent uniform dose (EUD). Med Phys
26, 6 (June 1999), 1100. 2.1, 4.2.2

[66] NUTTING, C. M., CONVERY, D. J., COSGROVE, V. P., ROWBOTTOM, C., PADHANI,
A. R., WEBB, S., AND DEARNALEY, D. P. Reduction of small and large bowel irra-
diation using an optimized intensity-modulated pelvic radiotherapy technique in patients
with prostate cancer. Int J Radiat Oncol Biol Phys 48, 3 (Oct. 2000), 649–56. 2.1, 6

[67] NUYTTENS, J. J., ROBERTSON, J. M., YAN, D., AND MARTINEZ, A. The position
and volume of the small bowel during adjuvant radiation therapy for rectal cancer. Int J
Radiat Oncol Biol Phys 51, 5 (Dec. 2001), 1271–80. 2, 2.2, 6

[68] PERNA, L., ALONGI, F., FIORINO, C., BROGGI, S., CATTANEO GIOVANNI, M., COZ-
ZARINI, C., DI MUZIO, N., AND CALANDRINO, R. Predictors of acute bowel toxicity
in patients treated with imrt whole pelvis irradiation after prostatectomy. Radiother On-
col 97, 1 (Oct. 2010), 71–5. 6

[69] PRICE, G. J., AND MOORE, C. J. A method to calculate coverage probability from
uncertainties in radiotherapy via a statistical shape model. Phys Med Biol 52, 7 (Apr.
2007), 1947–65. 2.1, 6



BIBLIOGRAPHY 37

[70] ROACH, M., DESILVIO, M., LAWTON, C., UHL, V., MACHTAY, M., SEIDER, M. J.,
ROTMAN, M., JONES, C., ASBELL, S. O., VALICENTI, R. K., HAN, S., THOMAS,
C. R., SHIPLEY, W. S., AND RADIATION THERAPY ONCOLOGY GROUP 9413. Phase
iii trial comparing whole-pelvic versus prostate-only radiotherapy and neoadjuvant ver-
sus adjuvant combined androgen suppression: Radiation therapy oncology group 9413.
J Clin Oncol 21, 10 (May 2003), 1904–11. 2

[71] ROACH, M., MARQUEZ, C., YUO, H. S., NARAYAN, P., COLEMAN, L., NSEYO,
U. O., NAVVAB, Z., AND CARROLL, P. R. Predicting the risk of lymph node involve-
ment using the pre-treatment prostate specific antigen and gleason score in men with
clinically localized prostate cancer. Int J Radiat Oncol Biol Phys 28, 1 (Jan. 1994), 33–7.
2

[72] ROESKE, J. C., BONTA, D., MELL, L. K., LUJAN, A. E., AND MUNDT, A. J. A dosi-
metric analysis of acute gastrointestinal toxicity in women receiving intensity-modulated
whole-pelvic radiation therapy. Radiother Oncol 69, 2 (Nov. 2003), 201–7. 2.1, 2.2, 6

[73] RUBIN, P., CONSTINE, L. S., FAJARDO, L. F., PHILLIPS, T. L., AND WASSERMAN,
T. H. EORTC late effects working group. overview of late effects normal tissues (LENT)
scoring system. Radiother Oncol 35, 1 (Apr. 1995), 9–10. 2.2

[74] SANGUINETI, G., CAVEY, M. L., ENDRES, E. J., BRANDON, G. G., AND BAYOUTH,
J. E. Is IMRT needed to spare the rectum when pelvic lymph nodes are part of the initial
treatment volume for prostate cancer? Int J Radiat Oncol Biol Phys 64, 1 (Jan. 2006),
151–60. 2.1, 2.2, 6

[75] SANGUINETI, G., CAVEY, M. L., ENDRES, E. J., FRANZONE, P., BARRA, S.,
PARKER, B. C., MARCENARO, M., COLMAN, M., AGOSTINELLI, S., FOPPIANO,
F., AND VITALE, V. Does treatment of the pelvic nodes with IMRT increase late rectal
toxicity over conformal prostate-only radiotherapy to 76 Gy? Strahlenther Onkol 182, 9
(Sept. 2006), 543–9. 2.1, 6

[76] SANGUINETI, G., ENDRES, E. J., SORMANI, M. P., AND PARKER, B. C. Dosimetric
predictors of diarrhea during radiotherapy for prostate cancer. Strahlenther Onkol 185, 6
(June 2009), 390–6. 2.1, 6

[77] SANGUINETI, G., LITTLE, M., ENDRES, E. J., SORMANI, M. P., AND PARKER, B. C.
Comparison of three strategies to delineate the bowel for whole pelvis IMRT of prostate
cancer. Radiother Oncol 88, 1 (July 2008), 95–101. 2, 6

[78] SEAWARD, S. A., WEINBERG, V., LEWIS, P., LEIGH, B., PHILLIPS, T. L., AND

ROACH, M. Identification of a high-risk clinically localized prostate cancer subgroup
receiving maximum benefit from whole-pelvic irradiation. Cancer J Sci Am 4, 6 (1998),
370–7. 2

[79] SOBOTTA, B., SÖHN, M., AND ALBER, M. Robust optimization based upon statistical
theory. Med Phys 37, 8 (Aug. 2010), 4019–28. 2.1, 6

[80] SÖHN, M., ALBER, M., AND YAN, D. Principal component analysis-based pattern
analysis of dose-volume histograms and influence on rectal toxicity. Int J Radiat Oncol
Biol Phys 69, 1 (Sept. 2007), 230–9. 2.1, 6



38 BIBLIOGRAPHY

[81] SÖHN, M., BIRKNER, M., YAN, D., AND ALBER, M. Modelling individual geomet-
ric variation based on dominant eigenmodes of organ deformation: implementation and
evaluation. Phys Med Biol 50, 24 (Dec. 2005), 5893–908. 2.3, 6, 8

[82] SÖHN, M., YAN, D., LIANG, J., MELDOLESI, E., VARGAS, C., AND ALBER, M.
Incidence of late rectal bleeding in high-dose conformal radiotherapy of prostate cancer
using equivalent uniform dose-based and dose-volume-based normal tissue complication
probability models. Int J Radiat Oncol Biol Phys 67, 4 (Mar. 2007), 1066–73. 2.1, 4.2.2,
6

[83] STROOM, J. C., DE BOER, H. C., HUIZENGA, H., AND VISSER, A. G. Inclusion
of geometrical uncertainties in radiotherapy treatment planning by means of coverage
probability. Int J Radiat Oncol Biol Phys 43, 4 (Mar. 1999), 905–19. 1, 2.1, 2.3, 6

[84] STROOM, J. C., AND HEIJMEN, B. J. M. Geometrical uncertainties, radiotherapy plan-
ning margins, and the ICRU-62 report. Radiother Oncol 64, 1 (July 2002), 75–83. 2.1

[85] STROOM, J. C., AND HEIJMEN, B. J. M. Limitations of the planning organ at risk
volume (PRV) concept. Int J Radiat Oncol Biol Phys 66, 1 (Sept. 2006), 279–86. 2.1,
4.3.4, 6

[86] TAKAHASHI, S. Conformation radiotherapy. rotation techniques as applied to radiog-
raphy and radiotherapy of cancer. Acta Radiol Diagn (Stockh) (1965), Suppl 242:1+.
1

[87] THO, L. M., GLEGG, M., PATERSON, J., YAP, C., MACLEOD, A., MCCABE, M.,
AND MCDONALD, A. C. Acute small bowel toxicity and preoperative chemoradio-
therapy for rectal cancer: investigating dose-volume relationships and role for inverse
planning. Int J Radiat Oncol Biol Phys 66, 2 (Oct. 2006), 505–13. 2.2, 6

[88] THOR, M., VÆTH, M., KARLSDOTTIR, À., AND MUREN, L. P. Rectum motion and
morbidity prediction: Improving correlation between late morbidity and DVH parameters
through use of rectum planning organ at risk volumes. Acta Oncol 49, 7 (Oct. 2010),
1061–8. 2.1, 6

[89] UNKELBACH, J., AND OELFKE, U. Incorporating organ movements in IMRT treatment
planning for prostate cancer: minimizing uncertainties in the inverse planning process.
Med Phys 32, 8 (Aug. 2005), 2471–83. 2.1

[90] VAN HERK, M. Errors and margins in radiotherapy. Semin Radiat Oncol 14, 1 (Jan.
2004), 52–64. 1

[91] VAN HERK, M., REMEIJER, P., RASCH, C., AND LEBESQUE, J. V. The probability
of correct target dosage: dose-population histograms for deriving treatment margins in
radiotherapy. Int J Radiat Oncol Biol Phys 47, 4 (July 2000), 1121–35. 2.1

[92] VARGAS, C. E., GALALAE, R., DEMANES, J., HARSOLIA, A., MELDOLESI, E.,
NÜRNBERG, N., SCHOUR, L., AND MARTINEZ, A. Lack of benefit of pelvic radia-
tion in prostate cancer patients with a high risk of positive pelvic lymph nodes treated
with high-dose radiation. Int J Radiat Oncol Biol Phys 63, 5 (Dec. 2005), 1474–82. 2



[93] VELDEMAN, L., MADANI, I., HULSTAERT, F., DE MEERLEER, G., MAREEL, M.,
AND DE NEVE, W. Evidence behind use of intensity-modulated radiotherapy: a system-
atic review of comparative clinical studies. Lancet Oncol 9, 4 (Apr. 2008), 367–75. 2.1,
2.1, 6

[94] WANG-CHESEBRO, A., XIA, P., COLEMAN, J., AKAZAWA, C., AND ROACH, M.
Intensity-modulated radiotherapy improves lymph node coverage and dose to critical
structures compared with three-dimensional conformal radiation therapy in clinically lo-
calized prostate cancer. Int J Radiat Oncol Biol Phys 66, 3 (Nov. 2006), 654–62. 2.1,
6

[95] WIDERØ, R. Ueber ein neues prinzip zur herstellung hoher spannungen. Archiv Fuer
Elektrotechnik, XXI, 4 (December 1928), 390–391. 1

[96] WITTE, M. G., VAN DER GEER, J., SCHNEIDER, C., LEBESQUE, J. V., ALBER, M.,
AND VAN HERK, M. IMRT optimization including random and systematic geometric
errors based on the expectation of TCP and NTCP. Med Phys 34, 9 (Sept. 2007), 3544–
55. 2.1

[97] YAN, D., JAFFRAY, D. A., AND WONG, J. W. A model to accumulate fractionated dose
in a deforming organ. Int J Radiat Oncol Biol Phys 44, 3 (June 1999), 665–75. 2.3, 6

[98] YAN, D., LOCKMAN, D., BRABBINS, D., TYBURSKI, L., AND MARTINEZ, A. An
off-line strategy for constructing a patient-specific planning target volume in adaptive
treatment process for prostate cancer. Int J Radiat Oncol Biol Phys 48, 1 (Aug. 2000),
289–302. 2.1, 2.3, 6

[99] YAN, D., WONG, J., VICINI, F., MICHALSKI, J., PAN, C., FRAZIER, A., HORWITZ,
E., AND MARTINEZ, A. Adaptive modification of treatment planning to minimize the
deleterious effects of treatment setup errors. Int J Radiat Oncol Biol Phys 38, 1 (Apr.
1997), 197–206. 1






