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1. History
1.1. General history of radiotherapy

On November 8th 1895 Röntgen discovered x-rays by accident (1). Already by
the end of January 1896, Grubbé in Chicago treated the first patient with 
breast cancer with X-rays (2). In the mean time, Becquerel discovered the
natural radiation of uranium (3). Marie and Pierre Curie were inspired by this
phenomenon and extracted two years later a tiny amount of radium from tons
of pitch-blende ore (4). After these discoveries, many people experimented
with X-rays and natural radiation on many types of diseases. Stenbeck and
Sjögren described the first cures by radiation of skin cancer in 1899 (5, 6). In
the beginning not much was known about the physics and biology of radiation
and radiotherapy remained an experimental therapy for many years. In the
early 1920s Regaud and Ferroux found the basis of today's fractionation sche-
dules (7, 8). They discovered that with the same total dose delivered to the
testis, the scrotal skin could be spared using a fractioned exposure compared
to a single dose of radiation, while the spermatogenesis was still destroyed.This
led to the studies of Coutard, who found evidence that laryngeal cancer could
be cured with radiation without disastrous side effects and described radiothe-
rapy principles, which apply still today  (8-10). Mainly by these results, for the
first time, radiotherapy developed as a medical discipline in Paris.

1.2. History of target definition in radiotherapy
In order to deliver radiotherapy in a meaningful way, knowledge of the locali-
zation and extension of the tumor and their surrounding critical organs is
important. How the physicians in the early years of radiotherapy defined their
target is not well described. To identify tumors by visualization or palpation,
tumors had to be close to the patients' surface. Therefore, tumors of the skin,
oral cavity, prostate, breast and gynecological tumors were treated firstly (11).
The development of target definition was strongly related to the developments
of radiology. Röntgen had already discovered the conventional radiograph. The
first radiograph was from the hand of his wife (Fig. 1) (6).
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Fig.1.
"the first X-ray picture", copyrighted by Radiology Centennial, Inc.

Only bones and lungs were well visible on radiographs. To visualize tumors in
the body, soon methods were developed to increase the soft tissue contrast.
Barium was applied to visualize the intestines, iodine-containing fluids to visual-
ize blood vessels and cerebrospinal fluid was replaced by air to visualize the
ventricles. These techniques were used to help performing the diagnosis, and
for radiotherapy to specify target volumes in relation to normal structures (5).
Although the quality of radiographs improved significantly, it was still difficult
to identify location and size of tumors in two-dimensional (2-D) projection
images. Therefore, new three-dimensional (3-D) imaging techniques were
developed. A very important contribution for modern radiotherapy was the
invention of the Computed Tomography (CT) scan. Cormack (12) published
in 1964 an experiment where an object was reconstructed from a series of
angular X-ray projections. Later, Hounsfield (13) performed similar experi-
ments, which eventually, in 1972 resulted in a clinical prototype head scanner
(EMI, Mark I). The first CT-scanners were very slow and image quality was
poor. Both have improved significantly and currently most radiotherapy
departments have their own CT scanner. For radiotherapy the CT is not only
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used to identify and localize the tumor, but also for calculating the dose deli-
vered to the patient. The grey values in a CT image are a representation of the
electron density of the patient, which is necessary for accurate dose calcula-
tion.
Other imaging techniques like ultrasound, Magnetic Resonance Imaging
(MRI), Positron Emission Tomography (PET) and Single Photon Emission
Computer Tomography (SPECT, scintigraphy) are used for diagnosis and help
radiation oncologists to specify their target. Furthermore, all these imaging
techniques (including CT) can be registered and fused with each other to
obtain more accurate tumor localization and extension as they differ in the
best imaging of several structures (14).
The International Commission on Radiation Units and Measurements (ICRU)
Report 50 (15) from 1993 and its supplement 62 (16) from 1999 defined the
nomenclature of the target volumes. The Gross Tumor Volume (GTV) is the
gross palpable or visible extent and location of the tumor. The Clinical Target
Volume (CTV) contains the GTV and any sub-clinical microscopic extensions.
The Planning Target Volume (PTV) contains the CTV and a margin around
the CTV to take geometrical uncertainties into account (15, 16). The most
important geometrical uncertainties are delineation variation, setup variation
and organ motion.

2. Geometrical uncertainties
2.1. General aspects of geometrical uncertainties

Geometrical uncertainties can occur in the preparatory phase and during the
execution phase of radiotherapy (i.e. before and during the course of the treat-
ment, respectively) (17). Geometrical uncertainties can be divided in sys-
tematic ones (i.e. remaining the same during the treatment course) and ran-
dom ones (i.e. varying during the treatment course). Geometrical errors occur-
ring in the preparatory phase of treatment remain the same during the treat-
ment course and are therefore systematic errors. Geometrical errors occurring
during the treatment course can be systematic and/or random (day-to-day
variation or organ motion during a single fraction) (17). It has been demonstra-
ted that systematic errors have a larger impact on dose delivered to the target
than random errors (18-20). I.e. the Tumor Control Probability (TCP) loss
with a given systematic error distribution is larger than with a similar random
error distribution (18). Therefore, to sustain a high level of geometrical accu-
racy, minimizing the systematic geometrical uncertainties is most important.
Delineation of the target takes place only in the preparatory phase. Therefore,
a delineation error is by definition a systematic error (17). Organ motion and
setup variation cause both systematic and random errors.
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2.2 Delineation
Delineation is an import step in the radiotherapy chain. Patients' clinical infor-
mation (anamnesis, physical examination, pathology and imaging) is used to
evaluate the tumor localization and extension. For many tumor sites the target
volumes (GTV, CTV, PTV) are outlined on CT. These target volumes, but also
the delineation of critical organs, are used for treatment planning.
In 1990 Hamilton et al. (21) wrote a paper about target delineation on CT.
They concluded that delineation is a complex process of decision-making and
that patient information (e.g. age, sex and performance) and the provided qual-
ity of the images introduce inter- and intra-observer variation. After 1990, an
increasing number of publications was written, concerning target delineation
using CT, demonstrating large differences between radiation oncologists in
various tumor sites (22-24). Especially with modern treatment techniques
(intensity modulated radiotherapy (IMRT), stereotactic radiotherapy and
image-guided radiotherapy) delineation of target volumes and organs at risk
becomes more critical. With these modern treatment techniques, small mar-
gins are used and steep dose gradients can be achieved. Inaccurate target de-
lineation might then result into under dosage of the tumor. Therefore, it is sug-
gested (25-27) that for sites where defining tumor boundaries on CT are dif-
ficult, other image modalities (MRI, PET, ultrasound) should be added.

2.3. Treatment setup
In the last few decades much has been improved in patients' setup accuracy.
The use of skin markers, lasers, setup protocols and portal imaging had a large
contribution reducing setup variation (28-30). Furthermore, many immobili-
zation devices are used in radiotherapy. For some tumor sites like in head and
neck, and brain tumors, it has been demonstrated that the use of immobiliza-
tion frames and masks improves the patient setup accuracy (31, 32). For other
tumor sites, like the thoracic and pelvic region, the gain of immobilization
devices remains controversial. For these regions it seems that a comfortable
position of the patient results in an equal reproducible setup accuracy (33-35).
Therefore, in our institution only supportive tools like knee and arm supports
are used for pelvic and thoracic regions, respectively.
In a modern department, the treatment setup variation is small. The random
and systematic setup variations are about 1 to 3 mm (1SD) in all directions
depending on tumor site, immobilization device and the use of (online or off-
line) electronic portal imaging device (EPID) correction protocols (18, 36, 37).

2.4. Organ motion
Organ motion can take place between fractions, but also during a single frac-
tion. The amount of organ motion depends on the location of the target area.
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A tumor in the brain probably does not move at all. A tumor in the lung can
move a few centimeters during each breathing cycle, especially when a tumor
is located near the diaphragm (38). Models to predict organ motion and pro-
tocols (39, 40) to reduce organ motion are currently being developed. Online
verification of tumor motion just before treatment can be achieved by im-
planting a radiopaque fiducial marker inside or near the tumor, which can be
visualized by an EPID (41). Online verification on the treatment machine
using cone-beam CT is a relative new approach to assess the tumor position
and motion (42, 43).

3. Unanswered geometrical uncertainty issues 
Although much is already known about the geometrical uncertainties in
radiotherapy, some questions are still unanswered. Therefore, in 2000 a project
was started aiming to evaluate and reduce the impact of geometrical uncertain-
ties (delineation and organ motion) on radiotherapy. For delineation, the
impact of different or a combination of image modalities, delineation guidelin-
es and delineation software was evaluated using advanced analyzing tools. For
organ motion, the tumor motion during the treatment course and the impact
of the patients' position were evaluated. To evaluate these issues, three tumor
regions were chosen. For the thoracic region, pelvic region and head & neck
region, lung cancer, prostate cancer and nasopharyngeal cancer were chosen,
respectively. Lung and prostate cancer are discussed in this thesis. Nasopha-
ryngeal cancer is the subject of an ongoing study.

3.1 Delineation
3.1.1 Image modalities

First, it has been demonstrated in several studies that observer variation in lung
cancer delineation is very large using CT only (44, 45). Van Steene et al. (44)
and Mah et al. (46) already demonstrated large differences in dose delivery to
tumor and organs at risk occur, due to observer variation in delineation. Until
now, FDG-PET information is mainly used for diagnostic purposes. Applying
FDG-PET can help to inform the radiation oncologist about the presence of
pathological lymph nodes and metastasis (47), which has a major impact on
treated volume (48). Caldwell et al. (49) investigated the impact of FDG-PET
matched with CT on observer variation compared to CT only. They found that
observer variation reduced significantly applying the combination of FDG-
PET with CT. In their study, just three experienced radiation oncologists de-
lineated the GTV, only a simple volume comparison was performed and no
specific regions where FDG-PET could significantly reduce the observer vari-
ation were mentioned. Furthermore, it is unknown what impact the imple-
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mentation of FDG-PET has on delineation of irregular tumor borders and
tumor - tissue interfaces, like mediastinum, chest wall, lung tissue and atelec-
tasis.
Secondly, the size and extension of the displayed tumor volumes is not very
accurate on FDG-PET images. This is caused by poor spatial resolution (4 to 6
mm), attenuation, and blurring by breathing motion and slow scanning (50).
Therefore, the image quality of FDG-PET images can be improved by attenu-
ation correction using a combination (matched) CT - FDG-PET.
Unfortunately, CT - PET scanners have still matching difficulties, because CT
and PET are not made at the same time. Furthermore, CT - PET scanners are
not widely used until now.
Thirdly, until a few years ago, planning CT scans were made without intrave-
nous contrast enhancement. There was some evidence that iodine-containing
contrast can cause beam-hardening artifacts and disturb the dose computation
(51). Recently, Ramm et al. (52) demonstrated that iodine-containing contrast
has negligible effect on the dose computation in the lung. Therefore, in many
institutions, currently contrast enhancement is used for delineation ignoring
the effect on dose computation. Due to better visualization of the blood ves-
sels with contrast, it is assumed that tumor (including lymph nodes) can be
easier (better) identified. This assumption has never been properly investiga-
ted in terms of observer variation.
Fourthly, for prostate delineation using CT, the largest observer variations are
in general seen at the apex, the prostate-bladder border and the base of the
seminal vesicles. This is due to poor visibility at these regions on CT (53, 54).
With MRI the apex can be better identified (55). Rasch et al. (53) investiga-
ted the impact of MRI prostate delineation on observer variation. A systema-
tic volume difference between CT and MRI was found with a ratio of 1.4. But,
the observer variation using MRI was similar to CT. Furthermore, they did not
evaluate the observer variation for delineations of the seminal vesicles and only
three radiation oncologists from two institutions participated. In contrast,
Villeirs et al. (56) demonstrated that integrating MRI information to the CT
delineated prostate (no fusion) reduced observer variation significantly among
three radiation oncologists. A large multi-institutional study is warranted what
impact registered CT-MRI has on observer variation of prostate and seminal
vesicles.
Fifthly, due to a smaller MRI delineated prostate volume, the dose delivered to
the rectum can be reduced compared to CT delineation (57, 58).
Unfortunately, in none of these published studies (57, 58) the dose difference
resulting from using MRI and CT delineation has been investigated in detail.
Furthermore, the impact of MRI delineation on dose delivered to the bulb of
the penis is not known, which might be related to impotence (59, 60).
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3.1.2 Delineation guidelines
Bowden et al. (61) established a delineation protocol for lung cancer which sig-
nificantly reduced observer variation. The protocol they proposed included
tumor identification by a diagnostic radiologist and simple guidelines con-
cerning level and window settings. Although their proposed protocol is gene-
rally accepted, observer variation is still large for lung cancer delineation (61).
The question remains whether a more detailed delineation protocol might
help to reduce observer variation.

3.1.3 Delineation software
To the best of our knowledge, no information is available in what way de-
lineation software contributes to delineation accuracy. For example: in what
way are delineation tools used? Or in what way can alterations in delineation
software facilitate the observers to identify the tumor?

3.1.4 Analysis tools
Unfortunately, for lung cancer, most published delineation studies simple volu-
me comparisons were used (44, 61). Some of these studies used also Beams-
Eye-View to evaluate observer variation (45). Therefore, it is not known how
to combine observer variation in delineation with other geometrical uncertain-
ties (setup variation and organ motion). To evaluate observer variation in more
detail for different anatomical regions, knowledge of observer variation has to
be in 3-D. For prostate cancer Rasch et al. (53) and Remeijer et al. (62) de-
veloped a method to evaluate observer variation in 3-D (polar-maps).
Unfortunately, this method is only suitable for near spherical tumor volumes.
Therefore, for lung and prostate including seminal vesicles (which are usually
non-spherical) a new tool is needed to compute observer variation in 3-D.
Additionally, in all published delineation studies, observer variation is based on
the end result of the delineation. To reduce observer variation, it might be
helpful to know where in the delineation process observers diverge. Using this
information, imaging, delineation protocol and delineation software might be
adopted to facilitate or uniform delineation.

3.2 Organ motion
Although heartbeat can cause small changes in tumor position (63), breathing
causes the largest tumor motion in lung cancer. Seppenwoolde et al. (38)
demonstrated that the largest tumor motion was found in the cranial-caudal
direction. The average amplitude was 12 mm (SD 6 mm) and 2 mm (SD 2
mm) for the lower and upper lobe, respectively. Currently, there are many
ongoing studies, aiming to reduce and/or predict the tumor motion.
Techniques, developed for this purpose, are tumor gating, breathhold and res-
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piratory correlated CT scanning (39). This issue is beyond the scope of this
thesis.
It has been demonstrated that the prostate position is mainly influenced by
rectal filling and in less profound way by bladder filling (64).Attempts to mini-
mize the motion of the prostate, in some institutions defecation protocols
and/or laxatives and/or intra-rectal balloons are used (63). Compared to the
bony anatomy, the motion of the prostate is mainly a rotation around the left-
right axis at the apex.Therefore, the seminal vesicles move more than the pros-
tate. The prostate and seminal vesicles motion caused by change in rectal fil-
ling is about 1O to 4O (1 SD) rotation and 1 mm to 3 mm (1 SD) translation
(65). Furthermore, it has been demonstrated that prostate volume and shape
can change during the course of treatment (66). Unfortunately, until now only
volume variation has been reported. No information in 3-D is available where
in the prostate and/or seminal vesicles the shape changes during the course of
the treatment. Furthermore, it is unknown in what way and what extent shape
variations should be corrected during image-guided radiotherapy.
In most publications, concerning organ motion in the pelvic region, the influ-
ences of internal patient factors (rectal and bladder filling) are discussed (63,
64). Bentel et al. (67) found in their study that also external pressure differen-
ces had influence on rectum position. Still, it is not clear what the impact of a
knee support and shape of the tabletop has on rectum and prostate position.

4. Aim of this thesis
The aim of this thesis is to evaluate and reduce the geometrical uncertainties
with the emphasis on target volume definition.

Specific aims
First, we wanted to evaluate the impact of imaging techniques on target volu-
me delineation. For lung cancer, the impact of a matched CT - FDG-PET
(chapters 3 and 4) and CT contrast enhancement (chapter 8) on observer vari-
ation was studied. For prostate cancer, the addition of matched CT - MRI on
observer variation was evaluated (Chapter 8). Furthermore, pelvic dose distri-
butions based on MRI and CT delineations were compared of patients with
prostate cancer (chapter 5).
Secondly, we wanted to study whether alterations in delineation software and
delineation guidelines (protocols) can improve delineation accuracy for lung
and prostate cancer (chapters 2, 4, 8).
Thirdly, we wanted to develop software to analyze complex shapes in 3-D.This
software was used for detailed analysis of observer variation in delineation of
lung and prostate cancer (chapters 2, 4, 8). This software was also used for stu-
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dying shape variation of prostate and seminal vesicles during the course of
radiotherapy (chapter 7).
Fourthly, we wanted to study the delineation process by analyzing computer -
radiation oncologist interaction during delineation of lung and prostate cancer
target volumes (chapters 2, 4 and 8).
Finally, we wanted to evaluate the impact of external adjustments (tabletop
and knee support) on pelvic organ position and dose distributions (chapter 6).
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Abstract

Purpose: To evaluate the process of target volume delineation in lung cancer
for optimization of imaging, delineation protocol and delineation software.

Materials and methods: Eleven radiation oncologists (observers) from five
different institutions delineated the Gross Tumor Volume (GTV) including
positive lymph nodes of 22 lung cancer patients (stage I - IIIB) on CT only. All
radiation oncologist - computer interactions were recorded with a tool called
'Big Brother'. For each radiation oncologist and patient the following issues
were analyzed: delineation time, number of delineated points and corrections,
zoom levels, level and window (L/W) settings, CT slice changes, use of side
windows (coronal and sagittal) and software button use.

Results: The mean delineation time per GTV was 16 min (SD 10 min). The
mean delineation time for lymph node positive patients was on average 3 min
larger (p = 0.02) than for lymph node negative patients.
Many corrections (55%) were due to L/W change (e.g. delineating in mediasti-
num L/W and then correcting in lung L/W). For the lymph node region, a rela-
tively large number of corrections was found (3.7 corr/cm2), indicating that it
was difficult to delineate lymph nodes. For the tumor - atelectasis region, a
relative small number of corrections was found (1.0 corr/cm2), indicating that
including or excluding atelectasis into the GTV was a clinical decision.
Inappropriate use of L/W settings was frequently found (e.g. 46% of all de-
lineated points in the tumor - lung region were delineated in mediastinum
L/W settings).
Despite a large observer variation in cranial and caudal direction of 0.72 cm 
(1 SD), the coronal and sagittal side windows were not used in 45% and 60%
of the cases, respectively. For the more difficult cases, observer variation was 
smaller when the coronal and sagittal side windows were used.

Conclusions: With the 'Big Brother' tool a method was developed to trace
the delineation process. The differences between observers concerning the de-
lineation style were large. This study led to recommendations on how to
improve delineation accuracy by adapting the delineation protocol (guidelines
for L/W use) and delineation software (double window with lung and media-
stinum L/W settings at the same time, enforced use of coronal and sagittal
views) and including FDG-PET information (lymph nodes and atelectasis).

Keywords: Lung cancer, target volume delineation, observer variation, Big
Brother.
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Introduction
Observer variation is a known issue in medicine. To the best of our know-
ledge, the first report, concerning observer variation, was written in 1957 by
Gandevia et al. [8]. In that publication, observer variation was discussed con-
cerning tomographic diagnosis of tuberculous cavitation.
In 1977, Kramer [16] wrote one of the first publications about observer vari-
ation in radiotherapy. In this study, considerable differences between institu-
tions were found in the pretreatment evaluation and in the dose schedules pre-
scribed. Few publications in the eighties [18,22] and many in the nineties
[1,7,11,12,17,27,29] described observer variation in the whole radiotherapy
chain.
The International Commission on Radiation Units and Measurements (ICRU)
Report 50 of 1993 [13] and its supplement Report 62 of 1999 [14] defined
the nomenclature for target volumes (Gross Tumor Volume (GTV), Clinical
Target Volume (CTV) and Planning Target Volume (PTV)). However, for
many tumor sites, large differences between observers in target volume deli-
neation were demonstrated [23,28,32].
For lung cancer, GTV delineation on CT is very sensitive to observer variation
[4,9,25,31]. Especially identification of pathological lymph nodes and atelec-
tasis seems to be difficult. Van de Steene et al. [31] looked at factors causing
the large observer variation. These factors were problems of methodology, lack
of differentiation between normal structures and tumor, and lack of anatomi-
cal knowledge of the radiation oncologists. Unfortunately, no quantitative data
is available on these issues.
Few efforts have been made to reduce the observer variation in lung cancer for
radiotherapy [4,5]. Bowden et al. [4] demonstrated that an improved delinea-
tion protocol could reduce the observer variation. The protocol they proposed
included tumor identification by a diagnostic radiologist and a guideline that
visible tumor should be first delineated in mediastinum level and window set-
tings and secondly corrected in lung level and window settings at the
lung/tumor interface. The average variations of the measured GTV volumes
were 20% and 13% for the series without and with the proposed delineation
protocol, respectively [4]. Caldwell et al. [5] demonstrated that applying
FDG-PET reduced the observer variation between three radiation oncologists
significantly. The average ratio between maximum and minimum delineated
volume was reduced from 2.3 to 1.6 when the FDG-PET was added. Only a
volume comparison was performed and no specific regions where FDG-PET
could reduce the observer variation were mentioned [5].
The studies concerning observer variation in target volume delineation in lung
cancer (and other tumor sides) were based on the final delineation of radiation
oncologists. No data is available on the delineation process of the radiation
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oncologists, i.e. the pathway from the start until the end of the delineation. For
example: Do radiation oncologists spend an equal amount of time in delinea-
ting the target volume? Are there different delineation styles? What tools are
used to delineate? What regions in the target volume are difficult to delineate
or where do observers hesitate? 
The purpose of our multi-institutional study is two-fold. First, to evaluate the
GTV delineation process on CT performed by each individual radiation onco-
logist using a tool called 'Big Brother'. These results are combined with a full
3-dimensional analysis of the delineation accuracy. Secondly, to identify where
in the delineation process improvements can be made, with respect to imaging,
delineation protocol and software.

Materials and Methods
Patients and CT scans

Twenty-two patients with localized non-small cell lung cancer (Stage I - IIIB)
were selected. The mean age was 72 years (range 55 - 85). Three patients were
classified as clinical Stage IA, 5 as Stage IB, 1 as Stage IIA, 5 as Stage IIB, 5 as
Stage IIIA and 3 as Stage IIIB (TNM classification 2002 [26]). A CT scan was
made for treatment planning. The patients were scanned in supine position on
a flat tabletop with the arms raised above their head in a forearm support. The
patients were instructed to breathe normally. The slice thickness and spacing
were 5 mm and the matrix size was 512 x 512 pixels. No contrast enhance-
ment was used.

Delineation tools
For this study, delineation software was developed (Figs. 1a - b) which con-
tained the delineation tools usually provided by most commercial treatment-
planning systems. The main window showed the CT slices for delineation. The
two side windows showed a coronal and sagittal reconstruction of the CT and
the projected delineation. The soft'ware was distributed among the radiation
oncologists of the participating institutions on identical 1 GHz computers with
calibrated 19-inch monitors. All radiation oncologists received a private access
code to create, edit and view their own set of contours and they were not able
to see the work of each other.

Observers and GTV delineation 
Eleven radiation oncologists (observers) from five different institutions in The
Netherlands delineated the GTV, including positive (pathological) lymph
nodes, on the planning CT. All radiation oncologists were experienced and
considered experts in lung cancer treatment.
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A hardcopy of the diagnostic CT scan with contrast enhancement (including
the diagnostic radiologists' report) and all clinical findings were provided for
all patients.
The delineation protocol was adapted from a phase I/II 3-D conformal
radiotherapy dose escalation trial in non-small cell lung cancer [3]. The GTV
included the primary tumor and pathologic lymph nodes (defined as lymph
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Fig. 1a - Illustration of the delineation software showing the CT scan of patient 6 and a de-
lineation of one of the radiation oncologists (1, yellow line with red dots). The main window
(2) was used for delineation. The two small side windows are the coronal (3A) and sagittal
(3B) reconstructions of the CT where the delineated contours are projected (yellow dots). The
blue crosses represent the identical location in all windows.

Fig. 1b - The buttons on the left (4A) are image viewing buttons (first row; left to right): dis-
able, slice, zoom, level/window (3 options), fit image, CT slice overview (B1), image menu,
contour projection (B2), 3-D link (B3), undo / redo (B4); (second row) slicing of main (2
options) and side windows (4 options). The buttons on the right (4B): delineation buttons
(5 options), undo / redo (B4), contour overview (B5) and submit patient.



nodes with a short axis ≥ 1 cm or a cluster of lymph nodes) plus abnormal 
findings detected on bronchoscopy and/or mediastinoscopy. The primary
tumor had to be delineated using lung L/W settings (i.e. level -450 Hounsfield
Units (HU), window 750 HU) and the pathologic lymph nodes using media-
stinum L/W settings (i.e. level 70 HU, window 300 HU). Presets of these L/W
settings were included in the software, but were allowed to be adjusted.

'Big Brother' analysis
To follow the delineation process of each radiation oncologist, software called
'Big Brother' was developed. All radiation oncologist - computer interactions
were recorded with this software.
In the analysis, first, for each patient and radiation oncologist combination, the
delineation process was replayed as a movie for visual inspection. Secondly, sta-
tistical analysis was performed. The statistical analysis concerned several items
such as delineation time, number of delineated points and corrections, zoom
levels, L/W settings, CT slice changes and use of coronal and sagittal side win-
dows.
The delineation time was measured from the moment that the planning CT
was displayed on the monitor until the radiation oncologist submitted the final
contouring. Pauses of 5 minutes or longer were excluded from the delineation
time.
The number of delineated points was counted. For example, the contour dis-
played in the main window of Fig. 1a contains 14 delineation points. Moving,
deleting or erasing an initially delineated point was defined as a correction.
Both delineation points and corrections were separated into those that were
made in lung L/W settings (level ≤ -300 HU) and those that were made in
mediastinum L/W settings (level > -300 HU). Furthermore, the corrections
were identified which were due to the L/W settings change. For example, if a
delineation point was made in the mediastinum L/W settings and this point
was then moved to another place in the lung L/W settings, the correction was
defined as a L/W correction (Fig. 2).
The observers were able to change the zoom factor of the planning CT.
For all delineation windows, the number of CT slice changes was recorded. For
example, if a radiation oncologist switched from CT slice number 10 to slice
number 11, this was computed as one slice change.
Finally, the number of times every software button (Fig. 1b) was pressed was
recorded.

Contour analysis
A median surface of the delineated GTVs of all observers was computed in 
3-D [6]. The median surface represents the 50% coverage of the GTVs, mea-
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ning that each voxel inside the median surface is designated by at least 50% of
the radiation oncologists as a part of the GTV. Subsequently, for each point
describing the median surface (about 280 points per square centimeter), the
perpendicular distance was measured to each individual delineated GTV. The
variation in distance to a single point was expressed in a local standard devia-
tion (local SD), which was a measure of a local observer variation (Fig. 3). The
variation in distance to all points describing the median surface was expressed
in an overall standard deviation (overall SD), which is a measure of overall
observer variation. For each patient - radiation oncologist combination, the
mean distance and the variation in distance were also measured (for multi-
variable analysis).
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Fig. 2 - CT image (detail) of patient 21 in lung level and window settings. The red contour
is from radiation oncologist 4, without any correction. The yellow contour is from radiation
oncologist 8 with 5 corrections due to level and window change (from mediastinum to lung
level and window setting). The yellow arrows represent the start and the final position of the
corrections.



Furthermore, the median surface was separated into anatomical regions (lung,
mediastinum, chest wall, lymph nodes and atelectasis) and interpretation
regions (agreement, disagreement (i.e. ≥9 and <9 of the eleven observers de-
lineated the same structure, respectively) and top-bottom) (Fig. 3). For some
structures, which were almost entirely identified as an agreement region, <9
observers delineated the first or the last slice. In this case, the median surface
was labeled as a top-bottom region.
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Fig. 3a Fig. 3b

Fig. 3c Fig. 3d

Fig. 3 -  Patient 16, (a) axial CT slice with all delineations of the eleven radiation oncolo-
gists. The black arrow represents the view direction of the three 3-D CTs (b-d). The left and
the right side of the 3-D CT images (b-d) represent the coronal and sagittal CT reconstruc-
tions, respectively (R = right side of patient, A = anterior side of the patient). 3-D projections
of (b) the local standard deviation projected on the median surface (from dark blue (SD 
< 0.1 cm) to red (SD > 1.5 cm)), (c) the anatomical regions (light green = tumor - lung
region, light blue = tumor - mediastinum region, dark blue = tumor - atelectasis region) and
(d) the interpretation regions (brown = agreement region, green/blue = disagreement region,
orange = top-bottom region).



Multivariable analysis
A multivariable regression analysis (linear mixed model analysis of covariance
[10]) was used to determine predicting factors for mean distance and variation
in distance per patient - radiation oncologist combination. The evaluated pre-
dicting factors were delineation time, slice changes (main and side windows),
delineated points, delineated points in lung and mediastinum L/W settings and
their ratio, corrections (with and without corrections due to L/W change) and
zoom factor.

Corrections and regions
The corrections were projected on the median surface in 3-D by calculating
the shortest distance from the correction to the median surface. By doing so,
corrections could be labeled with the anatomical and interpretation regions of
the median surface.

L/W settings and regions
For each final delineated point on a contour (including corrections) the L/W
settings were recorded and projected in 3-D on the median surface. In this way,
for example, the surface (cm2) of the tumor - lung region that was delineated
in lung L/W settings by each radiation oncologist was computed. From this
data, the amount of appropriate or inappropriate use of L/W settings for each
region by each radiation oncologist was determined.

Results
3-D analysis

The results of the 3-D analysis for each radiation oncologist and all regions are
shown in Tables 1 and 2, respectively. The mean delineated volume of radia-
tion oncologist 11 was almost 4 times as large as radiation oncologist 1 (129
cm3 versus 36 cm3, respectively) (Table 1). In 3-D, radiation oncologist 11
(mean distance = 0.40 cm) delineated on average 1 cm larger than radiation
oncologist 1 (mean distance = –0.64 cm). The overall observer variation for all
patients together was 1.02 cm.

'Big Brother' results
1. Contouring (Fig. 1a)

The mean delineation time was 16 min (SD 10 min). The mean delineation
time for each patient increased with increasing mean tumor volume (Fig. 4).
For the lymph node negative and positive patients the mean delineation times
were 14 min (SD 11 min) and 17 min (SD 10 min), respectively. The differen-
ce was significant (p = 0.02, independent sample t-test). The mean delineated
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Table 1 - For all radiation oncologists, the mean GTV volume, the mean distance (measured
from the median surface to each individual GTV), overall observer variation (overall SD),
mean delineation time, mean number of slice changes, mean number of delineated points and
mean number of corrections. Radiation oncologists are ranked according to increasing mean
delineated volume.

Abbreviation: SD = standard deviation
The number in the parenthesis is the standard deviation of the mean volumes of the obser-
vers.

Radiation
oncologist

1
2
3
4
5
6
7
8
9

10
11

All

Mean
volume
(cm3)

36
48
53
55
58
67
69
72
76
93

129

69 (25)

Mean
distance

(cm)

-0.64
-0.37
-0.43
-0.24
-0.33
-0.16
-0.12
-0.10
-0.02
0.09
0.40

-0.17

Overall SD
(cm)

1.51
1.16
1.39
0.70
1.27
1.00
0.62
0.66
0.74
0.57
0.61

1.02

Mean time
(min)

14
20

8
8

25
27
15
14

9
18
14

16

Mean no.
slice 

changes

288
267
121

45
163
143
121
277
277
126
207

185

Mean no.
delineated

points

183
224
143
231
182
225
239
306
314
187
238

225

Mean no.
correct-

ions

29
51
16

0
56
53
49
62
18
41
53

39

volume for both groups was the same (69 cm3). There was no correlation be-
tween the mean delineation time for each radiation oncologist and their mean
delineated volume (Table 1).
The mean number of delineated points per GTV was 225 (SD 157, range 31
to 983). The mean number of delineated points per GTV in lung and me-
diastinum L/W settings was 92 (SD 100) and 132 (SD 165), respectively.
Radiation oncologist 1, who delineated on average the smallest GTVs, deline-
ated mainly in mediastinum L/W settings (29 lung versus 154 mediastinum
L/W delineated points per GTV). Radiation oncologist 11, who delineated on
average the largest GTVs, delineated mainly in lung L/W settings (160 lung
versus 78 mediastinum L/W delineated points per GTV). For the other radi-
ation oncologists, the distribution of lung and mediastinum L/W delineated
points was more equal.
The mean number of corrections per GTV was 39 (SD 49, range 0 to 220) or
0.17 corrections per delineated point. The number of corrections made 
depended mainly on the delineation style of the radiation oncologists (Table
1). Most corrections (55%) were due to L/W change (Fig. 2).
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2. Main delineation window (Fig. 1a) 
The default zoom factor was 1.3. Nine of the eleven radiation oncologists
changed the default zoom factor to a larger one. The average zoom factor
during delineation for all radiation oncologists was 1.7. The zoom factor was
quite different for each radiation oncologist. E.g. radiation oncologists 6 and 10
delineated with an average zoom factor of 2.9 and 1.5, respectively.
The number of slice changes was very different between radiation oncologists
and between patients (Table 1).

3. Side windows (Fig. 1a)
The coronal and sagittal side windows were not changed at all, i.e. not used, in
45% and 60% of all delineated GTVs, respectively. If the two side windows
were used, predominantly this was done near the end of the delineation pro-
cess.Apparently, the radiation oncologists were then checking the extent of the
delineated GTV in cranial - caudal, left - right and anterior - posterior direction.
Furthermore, for the more difficult cases, it appeared that radiation oncologists
(observer variation = 0.8 cm) who used the coronal and sagittal side windows
agreed more with each other than the radiation oncologists (observer variation
= 1.3 cm) who did not use them (I. Fitton et al., in preparation).
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Fig. 4 - Relation between mean volume (cm3) (x-axis, log-scale) and mean delineation time
(min) (y-axis, linear-scale) for lymph node negative (N0) patients (solid circles) and lymph
node positive (N+) patients (open circles). The solid line represents the log-linear regression
line of the N0 patients (time = 7.89 x log(mean volume) + 2.13, R2 = 0.59, p = 0.016).
The dashed line represents the log-linear regression line of the N+ patients (time = 7.83 x
log(mean volume) + 4.29, R2 = 0.48, p = 0.008).
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4. Buttons (Fig. 1b)
A. Delineation buttons

The mean number of times a delineation button (Fig. 1b) was pressed by an
radiation oncologist is shown in Fig. 5. The frequency of button use was dif-
ferent among the radiation oncologists. Furthermore, from the edit buttons, it
seemed that the 'move delineation point' button was the most preferred but-
ton to edit a contour. The 'delete contour' button was the least applied edit
button.

B. Other buttons
The 'contour projection' button (B2) was used frequently (Fig. 5). With this
button, the contours delineated one CT slice superior and inferior were pro-
jected on the displayed CT slice. For all radiation oncologists, the undo button
(B4) was pressed only once. The redo button was not used at all.

Multivariable analysis
None of the predicting factors was significantly (p < 0.05) correlated with the
observer variation (mean distance and variation in distance from median sur-
face to individual GTV).

Fig. 5 - The mean total number of times a radiation oncologist pressed each button for all
patients together. The error bars represent 1 SD.



Corrections and regions
For all regions together, 4.0 corrections per square centimeter (corr/cm2) were
calculated (Table 2).When the corrections due to L/W change (L/W corrections)
were excluded, 1.8 corr/cm2 were left. For all anatomical regions, except the
lymph nodes, at least 50% of the corrections were due to L/W change.
Considering only the corrections without L/W corrections, the anatomical
regions with the smallest and largest amount of corrections were the tumor -
atelectasis region (1.0 corr/cm2) and the lymph nodes region (3.7 corr/cm2),
respectively. Furthermore, the disagreement regions had on average more cor-
rections than the agreement regions (Table 2).

L/W settings and regions
For the tumor - lung region, 46% of the median surface was delineated in
mediastinum L/W settings, which is considered to be inappropriate for this
region (Table 2). For the lymph node region 93% of the median surface was
delineated according to the appropriate (mediastinum) L/W settings.
For the tumor - lung region, the mean distance measured (all radiation onco-
logists and patients) from the median surface to the individual GTV deline-
ated in lung and mediastinum L/W settings was 0.00 cm (SD 0.45 cm) and 
-0.21 cm (SD 0.66 cm), respectively. I.e. a GTV in the tumor - lung region was
on average 0.21 cm larger when it is delineated with lung L/W settings com-
pared to mediastinum L/W settings.

Discussion
'Big Brother' tool

With the 'Big Brother' tool, we developed a method to monitor and evaluate
the entire delineation process from the beginning until the end of the deline-
ation. There were large differences among the radiation oncologists in all eva-
luated parameters. Using this data, adjustments in imaging, delineation soft-
ware and delineation protocols can be made.
Firstly, we found frequently an inappropriate use of the L/W settings.
Especially for the tumor - lung region, 46% of the surface was delineated in
mediastinum L/W settings. Therefore, the mean difference between deline-
ating in lung and mediastinum L/W settings for the tumor - lung region was 2
mm. Furthermore, the radiation oncologist who delineated on average the
smallest and largest GTVs delineated mainly in mediastinum and lung L/W
settings, respectively. Therefore, we recommend, like Bowden et al. [4], that all
regions should be delineated in the appropriate L/W settings.
To make the use of the L/W settings more uniform, the delineation protocol
should be more specific; tumor adjacent to air must be delineated using lung
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L/W settings, tumor adjacent to the mediastinum or chest wall as well as
pathological lymph nodes must be delineated in mediastinum L/W settings.
Fifty-five percent of all corrections were due to L/W change. For example,
many radiation oncologists delineated tumor attached to the mediastinum in
mediastinum L/W settings and correcting the part facing air in lung L/W set-
tings. This is a time consuming process. Therefore, we propose to use a 'double
window' for delineation (Fig. 6). With the two windows in mediastinum and
lung L/W settings, respectively, the whole contour can be delineated in the
appropriate L/W settings for the different tumor interfaces at the same time.
This way, the use of the appropriate L/W settings is facilitated and corrections
due to L/W change are avoided, saving time.
Secondly, during delineation the side windows were not used in about 50% of
the cases. This might explain the relatively large overall observer variation
(overall SD 0.72 cm) at the top-bottom region compared to the agreement
region (Table 2). Furthermore, for the more difficult cases, radiation oncolo-
gists who used the coronal and sagittal side windows agreed more with each
other than radiation oncologists who did not use them. (I. Fitton et al. in pre-
paration). Moreover, to avoid very irregularly shaped target volumes, the side
windows can be used to compare the shape of the contours delineated on dif-
ferent CT slices. To enforce the side window use, we propose that before a
radiation oncologist starts delineating, the middle of the tumor has to be selec-
ted with the 3-D link button (Fig. 1b). With this procedure, the side windows
are set to the appropriate tumor site and the radiation oncologist can immedi-
ately see the extension of an added contour during delineation.
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Fig. 6 - Example of 'double window' delineation. Two identical CT slices are visible in medi-
astinum (left) and lung (right) level and window settings. The two cursors (white cross and
dot) represent the same position.



Thirdly, we observed that the default zoom factor of the main window of 1.3
was changed by most of the radiation oncologists to an average of 1.7.
Therefore, for future delineation studies, the default zoom factor should be
1.7.

Software buttons
The 'Big Brother' tool enabled us to evaluate the use of the software buttons,
which varied greatly among the radiation oncologists (Fig. 5). One explanation
might be that the radiation oncologists were used to different commercial 
treatment-planning systems. However, the button use of radiation oncologists
of the same institution was also different (data not shown). So, the personal
preference of the observers played a role in the different button use. With
these data, we will decide which buttons to keep for a future delineation stu-
dies.

Corrections per region
With the projected corrections on the median surface, we were able to distin-
guish different characteristics for the anatomical regions (Table 2).
Large observer variation was found for the lymph nodes (overall SD 1.46 cm).
It seemed difficult for most radiation oncologists to identify the positive lymph
nodes, demonstrated by the relatively large number of corrections (3.7
corr/cm2) after excluding the corrections due to L/W change (L/W correct-
ions). To help the observers to identify the involved lymph nodes, a matched
CT - FDG-PET [30] and/or contrast enhancement [20] should be implemen-
ted. From an ongoing study [20], it appears that CT contrast enhancement can
help to distinguish tumor from blood vessels at the hilar and mediastinum
region.
The largest observer variation was found at the tumor - atelectasis region
(overall SD 1.91 cm). For this region, a relatively small number of corrections
was found (1.0 corr/cm2, without L/W corrections), indicating that including
or excluding atelectasis was a clinical decision. To distinguish tumor from 
atelectasis, FDG-PET might be helpful. FDG-uptake is usually only seen in
tumor and not in atelectasis [15,19,21,24]. However, in some patients FDG-
uptake can be seen in the atelectasis due to inflammation [2]. Therefore, we
recommend that the inclusion or exclusion of atelectasis should be described
in the delineation protocol (with or without knowledge of FDG-PET).
In general, the disagreement regions contained more corrections than the
agreement regions (Table 2), i.e. when observers disagree with each other,
more corrections are made.
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Recommendations
According to the data described above, we propose the following measures to
reduce the observer variation in delineating GTV of lung cancer patients.

1. Matched CT - FDG-PET
An accurately matched CT with FDG-PET will be helpful in distinction be-
tween tumor and non-malignant structures (e.g. atelectasis) and identification
of pathologic lymph nodes.

2. Contrast enhancement
Contrast enhancement improves the distinction between tumor and blood ves-
sels.

3. Delineation protocol
In a delineation protocol, the L/W settings for each anatomical region should
be prescribed. Furthermore, the protocol should prescribe how to handle 
atelectasis.

4. Delineation software
The delineation software should contain a double window with an identical
CT slice in lung and mediastinum L/W settings at the same time, facilitating
the appropriate use of L/W settings. Furthermore, the delineation software
should contain enforced use of the coronal and sagittal reconstructed CT for
checking the tumor extensions in 3-D, i.e. cranial and caudal boundaries. The
zoom factors of the presented images should be large enough.

Conclusions
The delineation observation tool (Big Brother) described in this paper allows
evaluation of the complete delineation process. The delineation process varied
greatly among the radiation oncologists for all evaluated parameters and re-
vealed causes for observer variation. This study led to recommendations on
how to improve delineation accuracy in lung cancer. Recommendations are:
applying matched CT - FDG-PET, use of contrast enhanced CT, delineation
protocol adaptation (guidelines for L/W settings, including/excluding atelecta-
sis) and delineation software adaptation (double window with lung and medi-
astinum L/W settings at the same time, enforced use of coronal and sagittal
views).
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Abstract

Background and purpose: To evaluate the image quality of retrospective-
ly attenuation corrected Positron Emission Tomography (PET) scans for gross
tumor volume (GTV) delineation in lung cancer patients.

Patients and methods: Data of 13 lymph node positive lung cancer
patients were acquired on separate CT and PET scanners under free breathing
conditions (for radiotherapy planning). First we determined a protocol for
CT/PET registration. Second, we compared the image quality of attenuation-
corrected PET images using PET transmission images and CT images, in terms
of signal-to-noise ratio (SNR) and lesion-to-background ratio (Contrast).

Results: The largest differences between manual and automatic CT/PET
registration was found in the anterior-posterior direction with a mean of 1.8
mm (SD 1.0 mm). Differences in rotations were always smaller than 1.0o. The
attenuation-corrected images using CT showed a larger SNR (mean 30%, SD
17%) and larger contrast (mean 14.0%, SD 8.5%) compared to attenuation-
corrected images using PET transmission. For lymph nodes, the mean contrast
was 16% (SD 6.4%) larger.

Conclusions: This study demonstrated that attenuation correction based on
CT provides a better image quality for GTV delineation than when using PET
transmission for attenuation correction. Retrospective attenuation correction
of PET scans based on registered CT scans is a good alternative of a dedicated
PET/CT scanner if a free-breathing CT is available, e.g., for radiotherapy plan-
ning and allows the use of diagnostic CT image quality for attenuation correc-
tion.

Keywords: Attenuation correction, FDG-PET, lung cancer, radiotherapy.
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Introduction
In lung cancer, morphologic and functional imaging like X-ray Computed
Tomography (CT) and Positron Emission Tomography (PET) provides earlier
diagnosis and staging of malignant disease [12]. Especially in the thorax region,
the detection of tumor and pathological lymph nodes is facilitated by the inter-
pretation of [18F]fluorodeoxyglucose (FDG) uptake associated with the visu-
alization of the anatomic structures on CT. One of the main significant restric-
tion using emission PET images for gross tumor volume (GTV) delineation is
photon attenuation. Attenuation follows an exponential absorption determin-
ed by the linear attenuation coefficient µ(x, E), where x is the path length in
tissue and E is the photon energy, i.e. 511 keV for PET. The attenuation cor-
rection factors are obtained by integrating the linear attenuation coefficients
along the path of each line-of-response joining the two detectors [19]. From
these attenuation correction factors, the emission images can be corrected.
Many approaches for attenuation-correction can be followed. One approach is
measuring photon attenuation of 511 keV annihilation photons using the coin-
cident transmission mode of a PET scanner with 68Ge/68Ga sources (PET
transmission scan). Another approach is deriving photon attenuation using a
CT-scan. This method is currently integrated in PET/CT scanners [3, 13-14].
In most PET/CT clinical image acquisitions, the diagnosis quality of the CT
part of the PET/CT scanner is not required, enabling lower CT exposure fac-
tors. Indeed, these CT images are not used for diagnosis; they are only used to
generate the attenuation correction map. However, a lower CT image quality
results in artifacts such as photon starvation, which generates errors in the atte-
nuation map. Therefore, as a result FDG activity levels might increase or
decrease in some areas of attenuation corrected PET images [4]. As the CT
image quality for attenuation correction is matter of debate [22], we chose in
this study to use the best CT image quality available, e.g. free-breathing plan-
ning CT.
The use of CT as an alternative to a PET transmission scan for attenuation cor-
rection had already been studied before. The goal of these studies was to pro-
vide accurately registered anatomical localization of structures for diagnosis
purposes. Kinahan et al. [13-14] found only small differences in the attenua-
tion correction obtained with CT and PET transmission. For radiotherapy of
lung cancer patients, the comparison between these attenuation corrected ima-
ges for tumor and lymph nodes delineation was not yet performed. This is
mainly due to the fact that attenuation corrected images from PET are rarely
used for delineation.
The aim of our study was to compare the image quality of these two types of
attenuation corrected images, in order to evaluate if they could be used for de-
lineation purposes in lung cancer. In this study, attenuation corrected images
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from PET transmission images were available and used for diagnosis in the cli-
nic. Attenuation corrected images from CT were not available. Therefore we
performed the following procedure: as CT and PET data were acquired on dif-
ferent equipment, first we tested a protocol for CT/PET registration, second
we implemented an algorithm for attenuation correction of the emission ima-
ges from CT. Finally, the image quality of these attenuation-corrected images
was evaluated. Because the study is performed retrospectively, it is possible to
compare the image quality between PET transmission and CT based attenua-
tion corrected images without having to perform clinically unnecessary addi-
tional PET scans on the patients. Moreover, this procedure allows the use of
diagnosic CT image quality for attenuation correction.

Materials and methods
Patients study

Our study involved thirteen patients (two females and eleven males) with lung
cancer. The mean age was 71 years (range 64-78 years). The patients were
scanned in a supine position on a flat tabletop for CT and on a rounded table-
top for PET scanning with arms raised above the head.The patients were asked
to breathe normally during CT and PET scans acquisition and no specific 
breathing instructions were given. All patients were lymph node positive on
the PET scan with a clinical stage ranging from T1N1 to T4N2 (stage IIB to
IIIB) [17].

PET and CT acquisition
CT and PET scans were acquired in two different hospitals: Netherlands
Cancer Institute - Antoni van Leeuwenhoek Hospital (Amsterdam, The
Netherlands) for the CT images and VU University Medical Center
(Amsterdam, The Netherlands) for the PET images. CT and PET image acqui-
sition was performed within 10 days.
CT scans were obtained using a single slice helical CT scanner (GE Hispeed
LX/i), with the following parameters: 120 kVp, 150 mA, 0.8 s per CT rota-
tion, slice thickness and slice distance of 5 mm (pitch of 1). No contrast enhan-
cement was applied.
3D PET data were acquired with an ECAT EXACT HR+ PET scanner
(CTI/Siemens, Knoxville, TN, USA) [1]. PET transmission scans were based on
three rotating 68Ge rod sources and the rod windowing technique [11].
Attenuation corrected images from PET transmission were delivered according
to the following procedure: raw data (daily blank, multi-bed transmission and
multi-bed emission) were transferred from the scanner acquisition disk to an
independent processing workstation (DEC Alpha 500/500, Digital Unix 4.0b).
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Blank scans acquired without patient, and also emission-transmission data
acquired in presence of patient, were corrected for uniformity and scanner cur-
vature. The total transmission counts acquired for a given line-of-response
were combined with the non-attenuated counts acquired in absence of patient
(blank scan) and the ratio gave the attenuation correction factors. The map of
attenuation coefficients was tomographically reconstructed according to an
iterative method, based on a statistical algorithm called ordered subset expec-
tation maximization (OSEM) [10]. An analytical scatter correction based on
the deconvolution-substraction technique was also applied on emission data
[2]. Finally, emission images were reconstructed with attenuation-weighted
OSEM using the emission scan and the re-projected attenuation images as
inputs [9]. This PET image processing was performed in the VU University
Medical Center and these images were used in the clinic for diagnosis purposes.

Image registration
As CT and PET scan were not acquired simultaneously and in the same con-
ditions, a CT/PET registration was realized retrospectively by using software
developed at the Netherlands Cancer Institute - Antoni van Leeuwenhoek
Hospital [21]. The registration was a combination of automated and manual
registration (semi-automatic protocol): the user started with an automatic
volume registration based on the correlation ratio algorithm [16] between CT
and PET transmission images and manual fine-tuning was performed if neces-
sary (Fig. 1). Due to non-rigid motion of the thorax and internal organs, a full
automatic volume registration could not be performed alone. The PET report
(by E.C.) was used for checking the registration. In the case that a lymph node
in the PET report was specified with increased FDG-uptake, a check on CT
was done to verify if this increased FDG-uptake was correlated with the
underlying structure. A comparison between this procedure and fully manual
registration was performed to establish an upper limit for the accuracy of the
procedure.

Attenuation-corrected image reconstruction from CT
From the CT/PET registration previously described, we corrected the PET emis-
sion data for photon attenuation from an attenuation map generated from the
CT patient images. CT and PET emission data were transferred to an indepen-
dent processing workstation (PC, Intel Pentium 4, CPU 2.40 GHz). In general,
the image values produced by CT are approximately linearly related to the phy-
sical attenuation coefficient of the corresponding tissue type. For this reason, it
was possible to estimate the local linear attenuation coefficient of patients at 511
keV by multiplying the entire CT image by the ratio of attenuation coefficients
of water (representing soft tissue) at the photon energies of CT and PET [5]. A
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Fig. 1 - CT-PET image registration visualized in transversal, sagittal and coronal slices.
CT images were registered with PET transmission images (left). If necessary, this registration
was manually adjusted. Using the resulting registration transformation, PET emission ima-
ges were overlaid on the CT images (right). In this case the results are shown after attenua-
tion correction using CT.



more complex mapping function was not used, because detailed calibration data
was not available. Furthermore, the effect of this improvement is negligible for
the lung region with few heavy bones [14]. The scaled CT images were resam-
pled from 512*512 pixels to the PET spatial resolution, i.e. 128*128 pixels. A
Chang algorithm [6-7] was applied, modified for the determination of local atte-
nuation coefficients from the registered planning CT scan. A three-dimensional
attenuation map was then created. It contained for each voxel of the CT scan,
the value of the average attenuation correction factor which was calculated along
33 lines projecting from the voxel in different directions over 360°. The number
of lines was chosen odd in such way that opposing rays did not overlap, and was
set to the lowest number providing adequate resolution of the attenuation map
in order to optimize computation speed. The emission images were finally cor-
rected by multiplying the emission scan with re-projected attenuation.The com-
putation time was only a few seconds.

Image quality analysis
The image quality was analyzed in terms of lesion-to-background ratio (C =
Contrast) and signal-to-noise ratio (SNR) [5]. The attenuation-corrected ima-
ges using CT were evaluated and compared with attenuation-corrected images
using PET transmission.
Identical 10 x 10 pixels regions of interest (ROIs) were placed over the same
locations on attenuation-corrected images using PET transmission and CT (Fig.
2). Standard deviations (SD) and mean pixel values were obtained. To deter-
mine C, one ROI was placed in the middle of a tumor or lymph node with
increased FDG-uptake. The other eight ROIs were place in the immediate sur-
rounding tissue without increased FDG-uptake. Then, C was defined as:

(AT – AS)
C = 

(AT + AS)

where AT is the average pixel value extracted from the tumor or lymph node
and AS is the average pixel value extracted from the ROIs surrounding the
tumor or lymph node.
The SNR was defined as the ratio between the average pixel value extracted
from a ROI inside the tumor (AT), and the standard deviation of the pixel
values extracted from a ROI inside the lung (AB) (Fig. 2).

Results 
Comparison between the fully manual and semi-automatic registration sho-
wed the largest mean differences in translation in the left-right and anterior-
posterior direction of 1.1 mm (SD 1.7 mm) and 1.8 mm (SD 1.0 mm). The
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Fig. 2a

Fig. 2b

Fig. 2 - Illustration of the selection of ROIs (white squares) for contrast (lesion-to-background
ratio) (a) and signal-to-noise ratio (b). AT, AS and AB represent the average of pixels values
extracted from the tumor, the tissues surrounding the tumor and the background,
respectively.
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Fig. 3a Fig. 3b

Fig. 3c Fig. 3d

Fig. 3e Fig. 3f

Fig. 3 - Visual comparison for GTV delineation of the same transverse slice of: a) PET emis-
sion image without attenuation, d) attenuation-corrected PET image using PET transmis-
sion, e) attenuation-corrected PET images using CT. In order to delineate tumor and patho-
logical lymph nodes (red arrows), PET images a), c) and e) were overlaid on CT images b),
d) and f), respectively. Due to artifacts, distinguishing tumor from lung tissue appeared to be
difficult on b), while the lymph node can be easily identified. On d), distinguishing tumor
from lung tissue was easier compared to b), but identification of the pathological lymph node
is not clear. On f), distinguishing tumor from lung tissue and identifying pathological lymph
nodes was easier compared to b) and d).
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mean difference in rotation was smaller than 1o in all directions (SD < 1o).
Since these differences were smaller than the PET pixel size and the compar-
ison includes errors in both the manual and automatic registration, the registra-
tion accuracy was deemed to be adequate.
The visual evaluation of tumor FDG-uptake after the attenuation correction
using CT showed clearly that tumor and lymph nodes were more distinct from
the background than on both uncorrected emission images and attenuation-
corrected images using PET transmission (Fig. 3). Especially in the mediasti-
num, lymph nodes could be more easily identified on attenuation-corrected
PET images using CT.
From the quantitative study, we noticed a larger SNR of the attenuation-cor-
rected images using CT compared to the SNR of the attenuation-corrected
images using PET transmission for all patients (Fig. 4). The mean increase was
30% (SD 17%).The ratio between SNRs of attenuation-corrected images using
CT and PET transmission ranged from 1.1 to 8.2.
For the lesion-to-background ratio (contrast) of the primary tumor, we found
a larger contrast for the attenuation-corrected images using CT for all but one
patient (Fig. 4). The mean contrast improvement was 14.0% (SD 8.5%). The
lowest contrast value for attenuation-corrected images using PET transmission
was 13.3%, while for the same patient this was 76.1% using CT. This was the
largest contrast difference that we had noted between the two methods of
attenuation correction. For lymph nodes, the comparison of contrast between
attenuation-corrected images using CT and PET transmission, revealed a mean
improvement of 16.0% (SD 6.4 %) using CT. Lymph nodes appeared with a
high increased FDG-uptake on attenuation-corrected images using CT and
were not obscured by the noise.

Discussion
The aim of this study was to evaluate the image quality of retrospective atte-
nuation corrected images using diagnosic CT image quality compared to PET
transmission in order to use them for GTV delineation. The first problem that
we had to solve was the CT/PET image registration, because delineating on
both CT and PET images requires a very accurate registration between PET
and CT scans. Due to slight movement of the patient between the acquisition
of PET transmission and PET emission scans and due to respiration differen-
ces, a misalignment between the tumor in transmission and emission scans may
occur. This could lead to an inaccuracy in attenuation-corrected images [20].
Therefore, the CT/PET matching protocol that we proposed, involving PET
emission, PET transmission scans and the use of the PET report, was the best
way to compensate for these potential misalignments. This justifies a final
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check of the registration between CT and PET emission by a physician and if
necessary a manual adjustment was made. Image distortion due to the respira-
tory motion during PET and CT acquisition remains a problem for the accu-
racy of the spatial registration, but this limitation is also encountered with
dedicated PET/CT scanners [8, 15].
The comparison between attenuation-corrected images using CT and PET
transmission, highlighted the good quality of attenuation-corrected images
obtained using CT for GTV delineation. These images appear with a better
quality in terms of signal-to-noise and contrast compared to attenuation-cor-
rected images using PET transmission. The image quality of attenuation cor-
rection using PET transmission is poor and therefore these images are not used
for delineation, only for diagnosis.Although tumor appears on attenuation-cor-
rected images using PET transmission with a high FDG-uptake, there was an
increase of the noise due to the use of PET transmission images for correction.
Thus paradoxically, this method of attenuation correction could make the de-
lineation of lesions more difficult. Therefore, the procedure that we proposed
registering planning CT with PET and using this information for attenuation
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Figure 4. Ratio of the Signal-to-Noise ratio (SNR) between attenuation-corrected images
using CT and PET transmission images (white squares). Ratio of the lesion-to-background
ratio (Contrast (C)) between attenuation-corrected images using CT and PET transmission
images (solid circles).
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correction is a good alternative to compensate for the absence of a dedicated
PET/CT scanner and allows the use of high CT image quality for attenuation
correction, avoiding artifacts in attenuation corrected PET images of PET/CT
scanners due to a lower CT image quality. Furthermore, this can be applied
retrospectively if a planning CT is available for GTV delineation. Recently, a
study has been published [18] using the planning CT for attenuation correction
for GTV delineation. In that study, 11 experienced radiation oncologists deli-
neated the GTV of 22 lung cancer patients (including the 13 patients used in
this study). Compared to CT only, GTV delineation using a matched CT-PET
(CT attenuation corrected) resulted into a significant reduction of observer
variability.
Finally, this study provided an ethical comparison between the clinical image
quality of PET and PET/CT in clinical practice: using retrospective attenuation
correction the image quality could be compared without scanning patients
twice. In previous studies, the better image quality of PET/CT was indeed
demonstrated using phantoms and a few patients [13-14], but a comparison
on a medium large lung cancer patient group was not performed before.

Conclusions
Attenuation correction of PET scans based on registered CT scans showed a
better image quality for GTV delineation than attenuation corrected PET
scans based on PET transmission images. The procedure that we proposed is a
good alternative to compensate for the absence of a dedicated PET/CT scan-
ner and allows the use of diagnostic CT image quality for attenuation correc-
tion. It can be applied retrospectively if a planning CT for radiotherapy is avai-
lable.
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Abstract

Purpose: Target delineation using only Computer Tomography (CT) infor-
mation introduces large geometrical uncertainties in radiotherapy for lung can-
cer. Therefore, a reduction of delineation variability is needed. The impact of
including a matched CT with 2-[18F]fluoro-2-deoxy-D-glucose Positron
Emission Tomography (FDG-PET) and adaptation of the delineation protocol
and software on target delineation in lung cancer was evaluated in an exten-
sive multi-institutional setting and compared with delineations using CT only.

Methods and materials: The study was separated into two phases. For the
first phase, eleven radiation oncologists (observers) delineated the Gross
Tumor Volume (GTV) including pathological lymph nodes of 22 lung cancer
patients (stage I - IIIB) on CT only. For the second phase (one year later), the
same radiation oncologists delineated the GTV of the same 22 patients on a
matched CT - FDG-PET with adapted delineation protocol and software
(according to the results of the first phase). All delineated volumes were 
analyzed in detail. The observer variation was computed in 3-D by measuring
the distance between the median GTV surface and each individual GTV. The
variation in distance of all radiation oncologists was expressed as a standard
deviation (SD). The observer variation was evaluated for anatomical regions
(lung, mediastinum, chest wall, atelectasis and lymph node) and interpretation
regions (agreement and disagreement, i.e. more or less than 80% of the radia-
tion oncologists delineated the same structure, respectively). All radiation
oncologist - computer interactions were recorded and analyzed with a tool 
called 'Big Brother'.

Results: The overall 3-D observer variation was reduced from 1.0 cm (1 SD)
for phase 1 (CT only) to 0.4 cm (1 SD) for phase 2 (matched CT - FDG-PET).
The largest reduction of the observer variation was seen in the atelectasis
region (SD 1.9 cm reduced to 0.5 cm). The mean ratio between common and
encompassing volume was 0.17 and 0.29 for phase 1 and 2, respectively. For
phase 1, the common volume was zero in four patients (i.e. no common point
for all GTVs was present). In phase 2, the common volume was always larger
than zero. For all anatomical regions the interpretation differences between the
radiation oncologists were reduced. The amount of disagreement was 45% and
18% for phase 1 and 2, respectively. Furthermore, the mean delineation time
(12 versus 16 min, p<0.001) and mean number of corrections (25 versus 39,
p<0.001) were reduced with phase 2 compared to phase 1.
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Conclusions: For high precision radiotherapy, delineation of lung target volu-
mes using only CT introduces a too great a variability among radiation onco-
logists. Implementing a matched CT - FDG-PET, and adapted delineation pro-
tocol and software, reduced observer variation in lung cancer delineation signi-
ficantly with respect to CT only. However, the remaining observer variation is
still large compared to other geometrical uncertainties (setup variation and
organ motion).

Keywords: Lung cancer, target volume delineation, observer variation, FDG-
PET.

Introduction
The prognosis of patients with inoperable non-small cell lung cancer (NSCLC)
treated with radiotherapy (RT) (with or without chemotherapy) is poor. The
5-year survival of these patients ranges from 0% to about 30%, depending
mainly on tumor stage and performance status (1-4). With higher radiation
doses, larger tumor control probability can be achieved (5-8). However, the
radiation dose delivered to a lung tumor is limited by the toxicity of the sur-
rounding normal tissues. Therefore, new treatment techniques are being devel-
oped, such as intensity-modulated RT (IMRT), stereotactic RT and image-gui-
ded RT, to allow additional dose escalation compared with conventional 3-D
conformal RT. To allow the safe delivery of very high doses to a tumor, a high
level of geometrical accuracy is needed. Therefore, the geometrical uncertain-
ties like patient setup variation, organ motion and delineation variation must
be kept to a minimum. Much attention has already been paid to the reduction
of patient setup variation using setup protocols, immobilization and portal
imaging techniques (9-12). Current setup variation is about 0.1 to 0.3 cm (1
standard deviation (SD)) (9-12). Lung tumor motion due to breathing and
heartbeat is a topic of many current investigations (13, 14). The largest tumor
motion is seen in the cranial-caudal direction, for which the average amplitude
for tumors in the lower and upper lobe is 1.2 cm (SD 0.6 cm) and 0.2 cm (SD
0.2 cm), respectively (15). Observer variation in delineation using Computer
Tomography (CT) information only is a major source of geometrical uncertainty,
which has been demonstrated in several publications (16-19). Especially de-
lineation of pathological lymph nodes and atelectasis seems to be difficult. In
these reports (16-19), the results were based on a small number of observers
and/or patients and the analysis of the delineations was mostly limited to a
volume comparison. No 3-D information is available; therefore, it is not known
how to combine observer variation in delineation of lung cancer with other
geometrical uncertainties such as setup variation and organ motion.
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To reduce this observer variation is a major challenge. Bowden et al. (19)
found, in a small study, that applying a delineation protocol improved the de-
lineation accuracy. The average variation of the measured GTV volumes was
reduced from 20% without protocol to 13% with protocol. Their improved
protocol included guidelines concerning level and window settings and tumor
identification by a diagnostic radiologist. It has been demonstrated in several
studies (20-29) that implementation of 2-[18F]fluoro-2-deoxy-D-glucose
Positron Emission Tomography (FDG-PET) has a large impact on delineated
tumor volume and localization. Restaging patients' disease after adding FDG-
PET information greatly affects the treated volume. FDG-PET is currently the
most sensitive non-invasive examination to identify pathologic lymph nodes
(30). Furthermore, it has been claimed that FDG-PET can help to distinguish
tumor from atelectasis (20, 31-33). To date, three studies have been published
regarding the effect of FDG-PET on observer variation (28, 34, 35). Caldwell
et al. (34) compared the GTVs of 30 patients delineated by three experienced
radiation oncologists. First, the radiation oncologists had to delineate the GTV
on CT only. Secondly, they were allowed to adjust the CT delineated GTV
when a matched FDG-PET was added. The average ratio between minimum
and maximum delineated volume was reduced from 2.31 to 1.56 when the
FDG-PET was added. Ciernik et al. (28) demonstrated a reduction of delinea-
tion variability between two radiation oncologists in 39 patients with various
solid tumors (6 lung tumors). No details were given for the lung cancer
patients. Recently, Fox et al. (35) reported that registration of FDG-PET with
CT (9 patients) improves delineation consistency between two senior residents
in lung cancer delineation compared to non-registration (10 patients). For the
last three mentioned studies (28, 34, 35), only simple volume comparisons
were performed and no 3-D information was reported. Furthermore, no speci-
fic regions where FDG-PET could reduce the observer variation were mentio-
ned.
In 2002, we started a multi-institutional study aiming to determine and redu-
ce the observer variation in tumor delineation of lung cancer. Because of the
challenge concerning data exchange between different hospitals and systems,
we developed our own infrastructure, based on personal computers with
custom-developed software, patient data distributed on CD and submission of
delineations over the Internet. The study was separated into two phases. In
phase 1, the current delineation variability was evaluated in full 3-D by asking
eleven experienced radiation oncologists to delineate the GTV of 22 lung can-
cer patients on CT only. This phase was used to optimize the delineation pro-
cess in terms of delineation protocol and delineation software. The acquired
recommendations in phase 1 were tested more than one year later in phase 2.
In this phase, the same radiation oncologists delineated the GTV of the same
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patients again but now using matched CT - FDG-PET, adapted delineation
protocol and adapted delineation software.
The results of both phase 1 (CT only) and phase 2 (matched CT - FDG-PET)
are presented in this paper.

Methods and Materials 
Patients

Twenty-two patients with Stage I - IIIB non-small cell lung cancer were inclu-
ded of whom 5 were female and 17 were male. The mean patient age was 72
years (range 55 - 85). The clinical stage, according to the TNM classification of
2002 (36), for phase 1 (CT only) was based on clinical findings using broncho-
scopy, mediastinoscopy (if applicable) and diagnostic CT with contrast enhan-
cement (Table 1). For phase 2 (matched CT - FDG-PET), the clinical stage was
based on the same clinical findings as in phase 1, plus information of the FDG-
PET. When FDG-PET information was added, the clinical stage for phase 2
(matched CT - FDG-PET) changed in 6 patients compared to phase 1 (CT
only) (Table 1).

CT and FDG-PET scans
Before RT, all patients underwent a (planning) CT and FDG-PET scan. The
average interval between CT and FDG-PET was 12 days (SD 11 days).
For the CT (GE Hispeed LX/I; Intergrated Technologies, Fort Myers, FL), the
patients were scanned in supine position on a flat tabletop with the arms 
raised above their head in a forearm support. The patients were instructed to
breathe normally and no contrast enhancement was used. The slice thickness
and spacing were 5 mm and the matrix size was 512 x 512 pixels.
For the FDG-PET (CTI/Siemens, Knoxville, TN), the patients were scanned in
supine position on a rounded tabletop with arms raised above their head. The
patients were also instructed to breathe normally. The slice thickness and 
spacing were 5 mm and the matrix size was 128 x 128 pixels. Just before the
FDG-PET (emission scan) was made, a transmission scan was made with the
same machine. The coordinates of the emission scan and the transmission scan
were identical.
Fitton et al. (37) described the matching procedure between CT and FDG-
PET in detail. In short, first the CT was automatically matched with the trans-
mission scan based on grey value matching using correlation ratio (38). No
lasers or markers are necessary for this procedure. The random variations in
this matching procedure were expressed in translation and rotation compo-
nents, which were about 1.5 mm and 0.8O (1 SD), respectively. Secondly, the
transmission scan was replaced by the co-registered FDG-PET. The CT and
FDG-PET were not made at the same time and some misalignment could
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occur owing to breathing motion and/or difference in tabletop. Therefore, the
automatic procedure was visually checked using information of the FDG-PET
report (by E.C.). For a few patients a small correction was made on the basis
on this information.
After the matching procedure, the FDG-PET was retrospectively corrected for
attenuation using the matched planning CT as described by Fitton et al. (37).
This method improves the quality of the FDG-PET images in terms of signal-
to-noise ratio and lesion-to-background contrast compared to attenuation cor-
rection using the transmission scan.

Delineation tools
For both phase 1 (CT only) and phase 2 (matched CT - FDG-PET), delinea-
tion software was developed. For phase 1, the main window showed the CT
slices for delineation.Two side windows showed the coronal and sagittal recon-
struction of the CT. In these side windows the contours were projected. After
analysis of the contours in phase 1, the delineation software was adapted for
phase 2. Now, the main window showed the CT slices in lung L/W settings
(i.e. level -450 Hounsfield Units (HU), window 750 HU). The right upper side
window (Fig. 1) showed the corresponding CT slice in mediastinum L/W set-
tings (i.e. level 70 HU, window 300 HU). By pressing a single button, the L/W
settings of the main and upper side windows were exchanged. During the deli-
neation process, the contour was visible in both main and upper side windows.
This way, the radiation oncologist could decide where the GTV was best visi-
ble without changing the L/W setting. We call this method 'double window'
delineation. The matched FDG-PET was displayed by default in the lower side
window (Fig. 1). The FDG-PET slice corresponded to the CT slice in the main
window. Furthermore, the FDG-PET could be displayed in the main and upper
side window as an overlay on top of the CT slices. The FDG-PET overlay was
presented as a color-wash (Fig. 1) or as a set iso-intensity lines depending on
the preference of the radiation oncologist. During delineation, three cursors
were visible, one in the main window and the others in the side windows. All
cursors represented the same anatomical position in all views and were linked.
The software of both delineation phases was distributed among the radiation
oncologists of the participating institutions on identical 1 GHz computers with
identical 19-inch monitors. A test image (SMPTE) (39) was used to adjust the
contrast and brightness for identical level and window settings. This way, the
radiation oncologists delineated under the same conditions.

Radiation oncologists and GTV delineation
Eleven radiation oncologists (observers) from five different institutions in The
Netherlands, all experienced and considered experts in lung cancer treatment,

62

Chapter 4 



delineated the GTV (including positive lymph nodes) in both phases.The time
between the two phases was more than one year.
For phase 1, a hard copy of the diagnostic CT scan with contrast enhancement
(including the report of a diagnostic radiologist) and all clinical findings were
made available for all patients. The clinical findings consisted of a medical
history, physical examination, bronchoscopy report, mediastinoscopy report (if
applicable) and pathology report. For phase 2, the same information was avai-
lable as for phase 1 and the diagnostic report (by E.C.) of the FDG-PET was
added.
The delineation protocol for phase 1 was derived from a phase I/II 3-D con-
formal RT dose escalation trial in non-small-cell-lung cancer (40):
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Fig. 1 - Delineation software for phase 2 showing the CT and FDG-PET scan of patient 6.
The main window, with a CT slice in lung level and window settings, is used for delineation.
The upper side window is identical to the main window, but displayed with mediastinum
level and window settings (double window delineation). The lower side window shows (by
default) the matched FDG-PET (attenuation corrected). In all three windows the delineated
contour is displayed. The white cross and yellow dots are linked cursors. The lower side
window can be set to the coronal or sagittal reconstruction of the CT. The top row has but-
tons for (from left to right): slice, zoom, level/window (3 options), 3-D link, fit image, CT slice
overview, image menu, switch main and right upper window, contour projection, draw con-
tour, edit contour (2 options), delete contour (2 options), undo and redo. The second row has
buttons for (left to right): slicing main window (2 options) and side windows (4 options),
contour overview and submit patient.



• The GTV includes the primary tumor and pathological lymph nodes
(lymph nodes with a short axis ≥ 1 cm or a cluster of lymph nodes).

• The primary tumor and pathological lymph nodes should be delineated
with lung and mediastinum L/W settings, respectively.

After analysis of the observer variation of phase 1, the delineation protocol was
changed (see also Discussion section) and adapted for using the matched CT -
FDG-PET. The delineation protocol for phase 2 was as follows:
• The GTV includes the primary tumor and pathologic lymph nodes, which

show increased FDG uptake on the FDG-PET scan as described by the dia-
gnostic report of the FDG-PET.

• The FDG-PET scan should only be used for localization of the GTV. The
border of structure on CT, that showed increased FDG uptake must be de-
lineated.

• The FDG-uptake of the primary tumor and lymph nodes should be viewed
with separate preset FDG-PET L/W settings (Fig. 1).

• For delineating the GTV, the 'double window' can be used. One CT win-
dow has the preset "lung" L/W settings and the other CT window the pre-
set "mediastinum" L/W settings. Depending on the tumor location, the cor-
responding window should be viewed. For example:
- When the tumor is surrounded by lung-tissue only, the window with

"lung" L/W settings should be considered.
- For lymph nodes and the site of the tumor invading the mediastinum or

chest-wall, only the window with "mediastinum" L/W settings should
be considered.

• If the CT-scan does not show a distinction between GTV and atelectasis,
then the edge of the FDG-uptake should be used for delineation. I.e., any
atelectasis outside the area of FDG-uptake should be excluded from the
GTV.

• Postobstructive inflammation should not be included into the GTV.

Contour analysis
The delineated contours were analyzed for both delineation phases separately.
First, the volume of all delineations was calculated. For each patient, the com-
mon volume (i.e. the largest volume common to all radiation oncologists), the
encompassing volume (i.e. the smallest volume encompassing all volumes de-
lineated by all radiation oncologists), and their ratio were computed (41).
When the ratio is 1, there is complete agreement between the eleven radiation
oncologists and when the ratio is zero, there is complete disagreement.
Next, for each patient, a median surface of the delineated GTVs of all radia-
tion oncologists was computed in 3-D as described by Deurloo et al. (42). The
median surface represents the 50% coverage of the GTVs of all radiation onco-
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logists, meaning that each voxel inside the median surface is designated by at
least 50% of the radiation oncologists as part of the GTV (Fig. 2). For each
point describing the median surface (about 280 points per square centimeter),
the perpendicular distance to each individual delineated GTV was measured
(Fig. 2). When this distance was more than 2 cm or no perpendicular distance
was found, the distance to the closest point on the individual GTV was used
instead. For each point describing the median surface, eleven distances were
measured. The variation in the eleven distances was expressed as a local stan-
dard deviation (local SD), which is a measure of local observer variation (Fig.
3). The variation in distance to all points describing the median surface was
expressed in an overall standard deviation (overall SD), which is a measure of
overall observer variation.
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Fig. 2 - CT image (detail) of patient 18 with the contours made by all eleven radiation 
oncologists. The thicker (blue and light-blue) line represents the median surface used for the
data analysis. The light-blue part of the median surface is labeled as an agreement region
(i.e. ≥ 9/11 radiation oncologists agreed) and the blue part is labeled as disagreement region
(i.e. <9/11 radiation oncologists agreed). The yellow arrows represent examples of perpendi-
cular measured distances between the median surface and some of the GTVs.
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Fig. 3a

Fig. 3b

Fig. 3c

Fig. 3 - Sagittal CT reconstructions of patient 11 (see also Fig. 7a), with the 3-D represen-
tation of the median surface of phase 1 (left) and phase 2 (right): (a) The local standard
deviation projected on the median surface (from dark blue (SD < 0.1 cm) to red (SD > 1.5
cm)), (b) the anatomical regions (light green = tumor - lung region, light blue = tumor - medi-
astinum region, dark blue = tumor - atelectasis region) and (c) the interpretation regions
(brown = agreement region, green/blue = disagreement region, orange = top-bottom disagree-
ment region).



Regions
The median surface was divided into regions according to anatomy of the patient
and interpretation of the radiation oncologists (Figs. 2 and 3). The five anatomical
regions were the interfaces between tumor - lung, tumor - mediastinum, tumor -
chest wall, tumor - atelectasis and the lymph nodes (Fig. 3). The three interpreta-
tion regions were agreement, disagreement and top-bottom. The median surface
was labeled as an agreement region when a corresponding anatomical structure was
delineated by at least 9 out of the 11 radiation oncologists (i.e. >80%) otherwise it
was labeled as a disagreement region (Fig. 2). For some structures, which were
almost entirely identified as an agreement region, the first or the last slice was 
labeled as a disagreement region. These areas were then relabeled as top-bottom
disagreement region (Fig. 3). All 15 (5 times 3) combinations of anatomical and
interpretation regions were analyzed. For example, the tumor - lung region was
separated into agreement, disagreement and top-bottom disagreement regions.

'Big Brother' tool
To monitor the delineation process of each radiation oncologist, software was
developed called 'Big Brother'. The 'Big Brother' tool is described in detail in a
separate paper (43). In short, all computer - radiation oncologist interactions were
recorded with this tool, such that the complete delineation process could be 
replayed and analyzed. For this paper, the recordings were used to analyze the de-
lineation time, the number of delineated points and corrections (per region) for
both delineation phases.
The delineation time was measured from the moment that the planning CT was
displayed on the monitor until the radiation oncologist submitted the patient when
the contouring was finished, excluding pauses of 5 minutes or more.
Corrections were defined as moving, deleting or erasing an initial delineated point.
In addition, the corrections were separated into the different regions by projecting
them in 3-D on the median surface (43).

GTV to PTV Margins
Planning Target Volume (PTV) margins should incorporate all geometrical uncer-
tainties like setup variation, organ motion and variation in delineation. To evaluate
the impact of these geometrical uncertainties on the PTV margin we used the mar-
gin recipe described by van Herk et al. (44, 45) (the margin around the GTV
should be 2.5 times the SD of the systematic error plus 0.7 times the SD of the
random error minus 0.3 cm). Setup variation and tumor motion cause systematic
geometrical errors in the preparation phase of the treatment, while they cause ran-
dom geometrical errors in the execution phase of the treatment. As delineation
takes place in the preparation phase of radiotherapy, it introduces a purely 
systematic geometrical error in dose delivery.
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Table 1 - Comparison of patients for delineation phase 1 (CT) and phase 2 (matched CT -
FDG-PET) in terms of TN stage, mean delineated volume, ratio between common volume
(C) and encompassing volume (E), and overall observer variation (overall SD). Patients are
ranked in ascending mean delineated volume of phase 1.

Patient

1 
2 
3b

4 
5 
6 
7b

8 
9 

10 
11ab

12b

13 
14 
15b

16a

17a

18ab

19 
20 
21 
22a

All

Phase 1

T1N0
T1N0
T1N0
T1N1
T1N2
T2N2
T1N3
T2N0
T2N2
T2N0
T2N2
T2N1
T2N1
T2N1
T2N0
T4N1
T2N1
T2N0
T2N0
T4N2
T3N0
T2N2

—

Phase 2

T1N0
T1N0
T1N1
T1N1
T1N2
T2N2
T1N0
T2N0
T2N2
T2N0
T2N0
T2N0
T2N1
T2N1
T2N2
T4N1
T2N1
T2N1
T2N0
T4N2
T3N0
T2N2

—

Phase 1

4 (1)
6 (2)
7 (2)
8 (7)

11 (4)
20 (6)
21 (26)
22 (17)
31 (19)
35 (20)
38 (29)
41 (12)
46 (32)
68 (41)
69 (20)
70 (32)
93 (44)

133 (71)
158 (26)
176 (61)
186 (31)
269 (196)

69 (51c)

Phase 2

4 (1)
7 (3)
8 (2)
6 (2)

11 (3)
18 (6)

5 (2)
16 (4)
32 (18)
31 (8)
24 (10)
36 (5)
28 (7)
34 (10)
51 (21)
41 (13)
68 (16)

162 (29)
154 (16)
162 (31)
164 (17)
307 (55)

62 (18c)

Phase 1

0.27
0.24
0.38
0.05
0.23
0.30
0.00
0.09
0.00
0.00
0.00
0.25
0.06
0.10
0.33
0.10
0.05
0.04
0.46
0.25
0.44
0.04

0.17

Phase 2

0.28
0.28
0.28
0.21
0.21
0.29
0.14
0.35
0.12
0.27
0.15
0.45
0.22
0.31
0.12
0.24
0.25
0.37
0.59
0.39
0.54
0.39

0.29

Phase 1

0.21
0.18
0.17
0.63
0.20
0.90
1.58
0.33
1.31
1.10
1.09
0.41
0.62
0.75
0.35
0.85
0.75
0.82
0.29
0.51
0.41
1.82

1.02

Phase 2

0.19
0.20
0.65
0.57
0.34
0.24
0.28
0.26
0.42
0.34
0.35
0.19
0.34
0.33
0.75
0.36
0.40
0.50
0.22
0.37
0.26
0.53

0.42

cTN stage Mean volume (cm3) C/E Ratio Overall SD (cm)

Abbreviations: cTN stage = clinical tumor and lymph node stage, C/E Ratio = ratio 
between common and encompassing volume, Overall SD = overall standard deviation.
Numbers in parenthesis are the standard deviation of the volume.
a Patients with atelectasis,
b Patients with changed TN stage due to the addition of FDG-PET.
c Root mean square of the standard deviations of delineated volumes of the patients.



Results
Volume comparison

Compared to phase 1 (CT only), the mean delineated volume of all delinea-
ted GTVs of phase 2 (matched CT - FDG-PET) was reduced from 69 cm3 to
62 cm3 (p = 0.041, paired students' T-test). This volume difference was main-
ly due to the separation of tumor from atelectasis in three patients by phase 2
(Table 1). The difference between the mean delineated volume for the radia-
tion oncologist who delineated on average the largest GTVs and smallest
GTVs was also reduced. The ranges of the mean delineated volumes for phase
1 and 2 were 36 - 129 cm3 and 55 - 86 cm3, respectively (Table 2).
The mean C/E ratio for phase 1 and 2 was 0.17 and 0.29, respectively. The dif-
ference is significant (p < 0.001, paired students' T-test). For phase 1, there
were four patients where the ratio between common and encompassing volume
(C/E ratio) was zero (Table 1), i.e. for these patients, there was not a single
point in the CT scan that was included in the GTV by all radiation oncologists.
In phase 2, the C/E ratio was always larger than zero.
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Abbreviation: SD = standard deviation
Numbers in parenthesis are the standard deviation of the mean volumes of the observers.

Table 2 - Comparison of radiation oncologists for delineation phase 1 (CT) and phase 2
(matched CT - FDG-PET) in terms of mean delineated volume, mean distance (measured
from the median surface to each individual GTV) and overall observer variation (overall
SD). Observers are ranked in ascending mean delineated volume of phase 1.

Radiation
oncologist

1
2 
3 
4 
5 
6 
7 
8 
9 
10 
11

All

Phase 1

36
48
53
55
58
67
69
72
76
93

129

69 (25)

Phase 2

60
66
60
62
59
61
55
65
55
55
86

62 (9)

Phase 1

-0.64
-0.37
-0.43
-0.24
-0.33
-0.16
-0.12
-0.10
-0.02
0.09
0.40

-0.17

Phase 2

-0.15
-0.02
-0.12
-0.07
-0.12
-0.08
-0.17
-0.02
-0.20
-0.18
0.24

-0.08

Phase 1

1.51
1.16
1.39
0.70
1.27
1.00
0.62
0.66
0.74
0.57
0.61

1.02

Phase 2

0.46
0.37
0.52
0.34
0.42
0.35
0.41
0.34
0.43
0.41
0.39

0.42

Mean Volume (cm3) Mean Distance (cm) Overall SD (cm)
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3-D analysis
The overall observer variation for all patients together was significantly redu-
ced in phase 2 (overall SD 0.42 cm) compared to phase 1 (overall SD 1.02 cm)
(Table 2). For 18 patients out of 22, the overall SD was reduced. For patients
5 and 6 the overall SD was unchanged. For patients 3 and 15, a significant
increase was observed. This increase is probably caused by FDG-PET, which
revealed pathological lymph nodes, where in phase 1 these two patients were
staged as lymph node negative (Table 1).
Furthermore, for phase 2, the radiation oncologists delineated more consistent-
ly around the median surface, which is demonstrated by the reduction of range
of the mean distance and standard deviation (overall SD) of the distance for
each individual radiation oncologist (Table 2). I.e. for phase 1, radiation onco-
logist 11 (mean distance: 0.40 cm) delineated on average 1.04 cm larger in all
directions than radiation oncologist 1 (mean distance: -0.64 cm). For phase 2,
the mean distance ranged from -0.20 cm to 0.24 cm (Table 2).

Anatomical regions
For all anatomical regions the overall observer variation (overall SD) was redu-
ced for phase 2 (matched CT - FDG-PET) compared to phase 1 (CT only)
(Table 3). Furthermore, for all anatomical regions, the amount of agreement
increased (Table 3). In total, the agreement region increased from 51% to 78%
for phases 1 and 2, respectively. The disagreement region decreased from 45%
to 18%, respectively. The top-bottom disagreement region was about 4% for
both phases.

1. Tumor - lung region
The disagreement part of the tumor - lung region was only 9% for phase 2,
while it was 24% in phase 1. Correspondingly, the overall SD was reduced
from 0.59 cm in phase 1 to 0.33 cm for phase 2. For phase 1, we observed that
irregular tumor borders or postobstructive inflammation caused disagreement
in the tumor - lung region. This was less the case with the combination of
FDG-PET and CT (Figs. 4 a - b).

2. Tumor - mediastinum region 
Although no contrast enhancement was used in delineation phase 2, the over-
all observer variation for the tumor mediastinum region was reduced from
0.74 cm for phase 1 to 0.44 cm for phase 2. It appeared that FDG-PET was
helpful in distinguishing tumor from large blood vessels (Figs. 5a - b).

3. Tumor - chest wall region 
The overall observer variation of the tumor - chest wall region was slightly
reduced in phase 2 (overall SD 0.37 cm) compared to phase 1 (overall SD 0.40
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Fig. 4a

Fig. 4b

Fig. 4 - CT slice of patient 7 with delineations of phase 1 (a) and phase 2 (b).
The color-wash (b) represents the overlay of the matched FDG-PET.
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Fig. 5a

Fig. 5b

Fig. 5 -. CT slice of patient 14 with delineations of phase 1 (a) and phase 2 (b). The color-
wash (b) represents the overlay of the matched FDG-PET. Note that the subcarinal lymph
node and some blood vessels delineated in phase 1 do not have increased FDG-uptake in
phase 2 and are therefore excluded by all radiation oncologists.
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Fig. 6a

Fig. 6b

Fig. 6 - CT slice of patient 15 with delineations of phase 1 (a) and phase 2 (b). The color-
wash (b) represents the overlay of the matched FDG-PET. Note that in this patient there is
a larger observer variation in phase 2.
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Fig. 7a

Fig. 7b



cm). However, with the implementation of FDG-PET a new type of observer
variation occurred in the tumor - chest wall region. For instance, for phase 1,
all radiation oncologists agreed upon the tumor extension toward the chest
wall of patient 15 (Fig. 6a). In phase 2, there was only FDG-uptake in the
medial part of the lesion visible on CT (Fig. 6b). For this reason, some of the
radiation oncologists presumed that atelectasis was present lateral to the FDG-
uptake and therefore disagreement occurred for this part of the tumor.

4. Lymph node region
The impact of FDG-PET on lymph node delineation is demonstrated in Figs.
4 to 6. In phase 1, for patients 7 and 14, lymph nodes were included into the
GTV (Figs. 4 and 5). In phase 2, these lymph nodes did not show FDG-uptake
and were therefore excluded from the GTV. For patient 15 (Fig. 6), with FDG-
PET a pathological subaortic lymph node (5-L, AJCC (46)) was identified,
which was not described in phase 1.
For phase 1, 12 separate lymph nodes were identified (patients 6, 7, 9, 11, 14
and 22). The radiation oncologists delineated only 103 out of 132 (12 times
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Fig. 7c

Fig. 7 - CT slices of patient 11 (a), 18 (b) and 22 (c) with delineations of phase 2. All
patients have some form of atelectasis. The color-wash represents the overlay of the matched
FDG-PET. Note that in patient 11 only FDG-uptake is visible in the primary tumor and
not in the atelectasis, where in patients 18 (see also Fig. 2) and 22, FDG-uptake is also visi-
ble in the atelectasis.



11) lymph nodes, i.e. 22% of the lymph nodes was missed in phase 1. For phase
2, 13 separate lymph nodes were identified (patients 3, 5, 6, 9, 15 and 22).
Unfortunately, only 129 out of 143 (13 times 11) lymph nodes were delinea-
ted, i.e. although all positive lymph nodes were identified in the FDG-PET
report, 10% of the lymph nodes was still missed.

5. Tumor - atelectasis region
In five patients atelectasis was observed (Table 1). The largest reduction of the
overall observer variation was found in the tumor - atelectasis region. The
amount of agreement increased from 1% for phase 1 to 65% for phase 2. In
phase 1, the overall SD was 1.91 cm, while in phase 2 it was 0.48 cm. For
phase 1, five of the eleven radiation oncologists always included the atelecta-
sis into the GTV; four radiation oncologists always excluded the atelectasis,
while two sometimes included the atelectasis into the GTV. Including or
excluding the atelectasis was independent of institution. For phase 2, the radi-
ation oncologists were instructed to exclude the atelectasis outside the area of
FDG-uptake. In three out of five patients with atelectasis, the atelectasis could
be separated from the primary tumor using the matched CT - FDG-PET (Fig.
7a). In two patients (patients 18 and 22), the atelectasis also had increased
FDG-uptake (Figs. 7b - c) and therefore had to be included into the GTV.

'Big Brother'
The mean delineation time for phases 1 and 2 was 16 min (SD 10 min) and
12 min (SD 8 min), respectively.The difference was significant (p < 0.001, pai-
red students' T-test).
The mean number of corrections per GTV was 39 (SD 49) and 25 (SD 39)
for phase 1 and 2, respectively. The difference of 14 corrections per GTV was
significant (p < 0.001). In contrast, the mean number of delineated points per
GTV was not significantly different for both phase 1 and 2 (225 versus 215, p
= 0.19).
For all regions together the number of projected corrections on the median
surface per square centimeter was 4.0 and 3.2 for phases 1 and 2, respective-
ly. For all anatomical regions, except the lymph node region, the number of
corrections was reduced in phase 2 (Table 4).

GTV to PTV Margins
Table 5 lists the required Planning Target Volume (PTV) margins incorporating
setup variation, organ motion and variation in delineation for an upper and
lower lobe tumor. The PTV margin needed using the delineation based on the
matched CT - FDG-PET is much smaller than based on CT only.

77

CT versus CT-PET for lung cancer delineation



Discussion
We demonstrated that with an adapted delineation protocol and software, and
the implementation of a matched FDG-PET with CT, the observer variation in
delineation of lung cancer reduced significantly. This was demonstrated by all
evaluated parameters. In particular, the overall observer variation reduced from
1.02 cm (overall SD) to 0.42 cm and the interpretation differences reduced
(i.e. the amount of disagreement reduced from 45% to 18%). Still, observer
variation in delineation is a major source of geometrical uncertainty. The
question remains as to which of the three recommendations (protocol, soft-
ware or matched CT - FDG-PET) applied in phase 2 caused the largest reduc-
tion of the observer variation and which other recommendations can be made
to reduce it further.

Recommendations
1. Imaging techniques

The large observer variation found in phase 1 (CT only) was mainly caused by
large interpretation differences between the radiation oncologists (Table 3).
CT seems not to be suitable to distinguish between tumor and non-malignant
structures (blood vessels, non-involved lymph nodes, (post-obstructive)
inflammation and atelectasis). Therefore, after the analysis of phase 1, we
recommended to implement matched CT - FDG-PET and contrast enhance-
ment to reduce the interpretation differences between radiation oncologists.

1.1 Matched CT - FDG-PET
The accuracy of FDG-PET to identify pathological lymph nodes is between
85% and 100% and is superior to CT (30). Furthermore, it has been suggested
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Table 4 - For all anatomical regions, the number of corrections (corr/cm2) for phase 1 (CT)
and phase 2 (matched CT - FDG-PET).

Anatomical regions

Tumor - lung
Tumor - mediastinum
Tumor - chest wall
Lymph nodes
Tumor - atelectasis

All

Total number of corrections

Phase 1
(corr/cm2)

4.2
4.2
5.0
4.9
2.4

4.0

9416

Phase 2
(corr/cm2)

3.1
3.8
3.4
5.4
1.9

3.2

6199

Abbreviation: corr/cm2 = number of corrections per square centimeter.



that FDG-PET can help to differentiate between tumor and atelectasis (20,
31-33). In our study, the interpretation differences between radiation oncolo-
gists reduced significantly, which occurred most at the lymph node and tumor
- atelectasis regions (Table 3). The addition of a matched FDG-PET with CT
makes it easier for radiation oncologists to identify pathological structures on
CT.
FDG-PET has however limitations. Firstly, the spatial resolution of FDG-PET
is poor (4 to 6 mm) (47). Therefore, as we mentioned in the delineation pro-
tocol that the increased FDG-uptake should be used for localization of the
tumor, not for defining boundaries, except for the tumor - atelectasis region.
Secondly, for phase 2, the largest observer variation was observed in the lymph
node region (Table 3). Ten percent of the lymph nodes with increased FDG-
uptake was still missed by the radiation oncologists. One explanation might be
that the FDG-PET report was not read accurately enough by some of the radi-
ation oncologists. Better training or assistance of a nuclear specialist will improve
the interpretation of the FDG-PET by radiation oncologists.
Thirdly, in 3 out of the 5 patients with atelectasis, FDG-uptake was seen in the
primary tumor only (Fig. 7a) and therefore the primary tumor could be distin-
guished from the atelectasis. However, increased FDG-uptake can also occur
in atelectasis, probably due to (post-obstructive) inflammation (48) as we
observed in two other patients (Figs. 7b - c). With FDG-PET it is currently
impossible to differentiate inflammation from tumor. Therefore, we instructed
the radiation oncologists to include the part of the atelectasis with increased
FDG-uptake into the GTV. A possible solution for this issue might be to make
a new CT scan during the treatment course to observe whether the atelectasis
disappears. Maybe in the future, more specific tracers, like 11C-tyrosine (49) or
11C-choline (50), can be used to resolve this issue.
In addition, some discrepancies might occur between CT and FDG-PET, and
FDG-PET might be falsely negative or falsely positive, i.e. there is no ground
truth. We believe that the addition of FDG-PET with CT is more accurate
than CT only. Some tumor might be missed with a matched CT - FDG-PET,
but without FDG-PET tumor will be certainly missed by radiation oncologists
as demonstrated in our study (Figs. 2, 4, 6 and 7b). This is confirmed in seve-
ral other publications evaluating the impact of FDG-PET on treated volume
(18 - 24).

1.2. Contrast enhancement
Unfortunately, at the time this study started, contrast enhancement was not yet
routinely used during CT acquisition in our institute (NKI-AVL). For the
tumor - mediastinum region the overall observer variation was reduced from
0.74 cm to 0.44 cm for phases 1 and 2, respectively. Therefore, it appears that
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when no contrast enhancement is used, the distinction between tumor and
blood vessels can be more easily made when a CT is accurately matched with
an FDG-PET (Figs. 5a - b). Furthermore, from an ongoing study (McGibney et
al.) (51), we know that the effect of contrast enhancement (without FDG-
PET) on observer variation is limited. Only in some parts of the mediastinum
and hilum (next to blood vessels), the observer variation was reduced slightly,
with some systematic changes observed using contrast enhancement.
However, for phase 2, the largest observer variation was found at the lymph
node region (Table 3). Additionally, for phase 2, compared to phase 1, the only
region where the number of corrections increased was the lymph node region
(Table 4). This finding indicates, that estimating the size of FDG-PET positive
lymph nodes remained difficult on CT without contrast enhancement (Fig.
6b). Therefore, a planning CT with contrast enhancement is still recommen-
ded for patients with tumors near the mediastinum and/or pathological lymph
nodes.

2. Delineation protocol
During phase 1, five radiation oncologists always included the atelectasis, while
four radiation oncologists always excluded the atelectasis. Moreover, a relative
small number of corrections was made for the tumor - atelectasis region (Table
4). These findings indicate that for most radiation oncologists, it was a clinical
decision to include or exclude the atelectasis into the GTV. Therefore, we
improved the explanation in the delineation protocol of phase 2 of how to
handle atelectasis: any atelectasis outside the area of FDG-uptake should be
excluded from the GTV.
Furthermore, inappropriate use of level and window (L/W) settings was obser-
ved in phase 1 (43). E.g. 46% of the surface of the tumor - lung region was de-
lineated in mediastinum L/W settings, which is considered to be inappropriate.
Therefore, the delineation protocol of phase 2 contained the appropriate L/W
settings for all anatomical regions: lung L/W settings for the tumor - lung
region and mediastinum L/W settings for tumor - mediastinum, tumor - chest
wall and lymph node regions.
In phase 2, still not all radiation oncologists performed the delineation accor-
ding to the adapted protocol. For example, not all radiation oncologists exclu-
ded the atelectasis outside the FDG-uptake area (Figs. 7a - c). We conclude
that the delineation consistency can still be improved if the observers would
more closely follow the delineation protocol.

3. Delineation software
For phase 1, most corrections (55%, (40)) were due to L/W change. For exam-
ple, a tumor invading the mediastinum was delineated in mediastinum L/W
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settings, and then the lung L/W settings were used to correct the contour at
the tumor - lung interface. This is a time consuming process. Therefore, the
'double window' delineation was developed (Fig.1). The identical CT slice is
displayed in lung and mediastinum L/W settings. With this tool, corrections
due to level and window change are not necessary any more and the radiation
oncologists are facilitated to use appropriate L/W settings.
In phase 2, the number of corrections was indeed reduced for all anatomical
regions except the lymph node region (Table 4).

GTV - PTV margin  
For lung cancer patients, setup variation is in the range of 0.1 cm to 0.3 cm (1
SD) (9-12) and the average amplitude for tumor motion in the lower and
upper lobe is 1.2 cm (SD 0.6 cm) and 0.2 cm (SD 0.2 cm), respectively (12).
As shown in this study, the delineation variation is often larger (Table 3). To
correct for these three geometrical uncertainties, the PTV margin needed using
the delineation based on the matched CT - FDG-PET is much smaller than
based on CT only. However, observer variation in delineation contributes sig-
nificantly to the required PTV margin in comparison with the other two
geometrical uncertainties (Table 5).
According to these results, studies evaluating the impact of dose escalation
using conformal RT, IMRT, stereotactic RT or image-guided RT for lung cancer
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Table 5 - For all anatomical regions, the theoretical PTV margin for upper and lower lobe
tumor with a motion amplitude (peak-peak) of 0.2 cm and 1.2 cm, respectively, and deli-
neation based on CT only (phase 1) and matched CT - FDG-PET (phase 2).

* based on margin recipe described by van Herk et al. (47,48) (the margin around the 
GTV should be 2.5 times the SD of the systematic error plus 0.7 times the SD of the 
random error minus 0.3 cm), incorporating:

- setup variation (systematic error: SD = 0.14 cm, random error: SD = 0.27 cm) (7)
- tumor motion (systematic and random error: SD = 0.33 x peak-peak amplitude) (12,

48)
- observer variation in delineation (systematic error only) (this study).

Phase 1

1.4
1.8
1.0
3.6
4.7

2.5

Phase 2

0.8
1.1
0.9
2.0
1.2

1.0

Phase 1

1.8
2.2
1.5
3.8
4.9

2.8

Phase 2

1.4
1.6
1.4
2.3
1.6

1.5

Anatomical regions

Tumor - lung
Tumor - mediastinum
Tumor - chest wall
Lymph nodes
Tumor - atelectasis

All

PTV margin (cm)*

Upper lobe tumor Lower lobe tumor
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treatment, should included target volume delineation based on matched CT -
FDG-PET, detailed delineation protocol and adequate delineation software.

Conclusions
The geometrical uncertainty caused by delineation of target volumes using CT
only is too large for high precision RT of lung cancer and causes a large chance
of a geographical miss if small margins are used. The observer variation in the
delineation of lung cancer was significantly reduced with a combination of a
matched CT with FDG-PET, an improved delineation protocol and improved
delineation software. The reduction of interpretation differences among radia-
tion oncologists by implementing FDG-PET caused the largest improvement
of delineation accuracy. However, even with the proposed improvements,
observer variation in delineation is still a major source of geometrical error in
external beam radiotherapy. Further reduction of observer variation in deline-
ation can probably be achieved by applying contrast enhancement for the
planning CT, training radiation oncologists to interpret FDG-PET and enfor-
cing them to work according the prescribed delineation protocol.
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Reduction of dose delivered 

to the rectum and bulb of the penis 

using MRI delineation 

for radiotherapy of the prostate 



Abstract

Background and purpose: The prostate volume delineated on MRI is
smaller than on CT. The purpose of this study is to determine the influence of
MRI versus CT based prostate delineation of multiple observers on the dose to
the target and organs at risk during external beam radiotherapy.

Materials and methods: CT and MRI scans of the pelvic region were made
of 18 patients and matched in 3D on the bony anatomy. Three observers de-
lineated the prostate on both modalities. A fourth observer delineated the rec-
tal wall and the bulb of the penis. The PTV was generated from the delineated
prostates with a margin of 10 mm in 3D. A three-field treatment plan with a
prescribed dose of 78 Gy to the ICRU point was automatically generated from
each PTV. Dose-volume histograms were calculated of all PTVs, rectal walls
and penile bulbs. The equivalent uniform dose (EUD) was calculated for the
rectal wall using a volume exponent (n = 0.12).

Results: The EUD of the CT rectal wall in plans based on the CT delineated
prostate was on average 5.1 Gy (SEM 0.5 Gy) higher than in plans based on
the MRI delineated prostate. For the MRI rectal wall, this difference was 3.6
Gy (SEM 0.4 Gy). Allowing the same EUD to the CT rectal wall, the prescri-
bed dose to the PTV could be raised from 78 to 85 Gy when using the MRI
delineated prostate for treatment planning. The mean dose to the bulb of the
penis was 11.6 Gy (SEM 1.8 Gy) lower for plans based on the MRI delineated
prostate. The mean coverage (volume of the PTV receiving ≥ 95 % of the pre-
scribed dose) was 99.9 % for both modalities. The interobserver coverage
(coverage of the PTV by a treatment plan designed for the PTV delineated by
another observer in the same modality) was 97% for both modalities. The MRI
rectum was significant more ventrally localized than the CT rectum, probably
due to the rounded table-top and no knee-support on the MRI scanner.

Conclusions: The dose delivered to the rectal wall and bulb of the penis is
significantly reduced with treatment plans based on the MRI delineated pros-
tate compared to CT delineated prostate, allowing a dose-escalation of 2.0 Gy
to 7.0 Gy for the same rectal wall dose. The interobserver coverage is the same
for CT and MRI delineation of the prostate. A significant difference in position
between CT and MRI delineated rectum was observed, probably due to a dif-
ferent table-top and knee-support.

Keywords: MRI, prostate cancer, rectum, bulb of the penis, treatment plan-
ning, organ motion 

88

Chapter 5 



Introduction

Conformal radiotherapy aims at delivering high radiation doses to the target
volume, while sparing normal tissues. For prostate cancer, the dose delivered to
the rectum and bladder is limiting the dose that can be prescribed to the pros-
tate (1-4).Tight margins around target volumes are applied for treatment plan-
ning to minimize normal tissue complications. Therefore, a high level of
geometrical accuracy is needed. Treatment setup variations, organ motion and
target volume delineation introduce geometrical errors (5). The errors can be
divided in systematic errors (i.e. remaining the same during the course of the
treatment) and random errors (i.e. varying during the course of the treatment).
Target volume delineation takes place in the preparatory phase of radiothera-
py, thus variations in delineation introduce systematic errors. These errors have
a large impact on the dose delivered to the target (5). Much attention has been
paid to improve patient setup accuracy (6, 7) and to reduce organ motion (8-
10). There is also an increasing interest in the accuracy of prostate delineation
(11-18). However, the improvements in delineation accuracy is still lacking
behind the improvements in setup accuracy.

Delineation of the prostate without seminal vesicles based on Computer
Tomography (CT) (11, 12) showed in general the largest observer variations at
the base of the seminal vesicles and at the apex of the prostate. The reason for
these large variations was poor discrimination on CT of the base of the semi-
nal vesicles and apex from the surrounding structures.
Various authors compared prostate delineation on CT and Magnetic
Resonance Imaging (MRI) (13-18), finding significant differences. The CT de-
lineated prostate volume was found to be about 1.3 times larger than the MRI
delineated prostate volume. The MRI delineated volume was smaller because
the visibility at the apex was better and the prostate could be better differen-
tiated from the base of the seminal vesicles. Therefore, the volume of the pros-
tate was overestimated in CT. Some studies also showed that the delineation
variation between different observers in MRI was similar or less compared to
CT (13, 16).
Since the MRI delineated prostate was smaller than the CT delineated pros-
tate, one may expect that a treatment plan based on MRI will reduce the dose
delivered to the rectum compared to a treatment plan based on CT. Debois et
al. (16) investigated this assumption for 10 patients using a single observer.The
volume of the rectum receiving 80 % of the prescribed dose was smaller for
the treatment plans based on MRI delineation compared to the treatment
plans based on CT delineation in 8 patients, for 2 patients it increased. The
average relative reduction for the 8 selected patients was 23.8 % (SD 11.2 %),
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which was significant. However, the average relative reduction for all 10
patients was 14.6 % (SD 22.0 %), which was not significant. Recently,
Sannazzari et al. (17) claimed in their publication, using a single observer for
8 patients, that approximately 10 % of the rectal volume could be spared with
MRI prostate delineation. Krempien et al. (18) showed in their publication
that the mean dose received by the rectum could be reduced from 74.9 % to
64.2 % of the prescribed dose using MRI delineation compared with CT de-
lineation of the prostate. They compared 155 patients. None of these studies
used multiple observers.
Treatment plans based on MRI delineation of the prostate might not only re-
duce the complication probability of the rectum but might also reduce the
complication probability of other organs. Recently, radiation of the bulb of the
penis has been associated with impotence (19, 20). Fisch et al. (19) concluded
that patients who received a dose with external beam irradiation of less than
40 Gy to 70 % of the bulb had a larger likelihood to maintain potency. Merrick
et al. (20) demonstrated that if the dose delivered with brachytherapy to 50 %
of the bulb was less than 50 Gy, the potency was likely to be conserved. The
impact of MRI planning on the bulb of the penis has not been tested.

The aims of this study were therefore to accurately estimate the effect on dose
to the organs at risk (rectal wall and bulb of penis) of treatment plans based
on CT versus MRI prostate delineation using multiple observers and to deter-
mine the impact of interobserver variation in CT and MRI delineation on the
dose coverage of the PTV.

Materials and methods 
Patients and scans

Eighteen patients with localized prostate cancer were selected. The mean age
of the patients was 67 years (range 56 to 76 years) and the T-stage ranged from
T1c to T3 (13). Before treatment CT and MRI scans were made of the pelvic
region of all patients. For 9 patients both scans were made on the same day, for
5 patients there was a one-day gap between both scans, and for the remaining
4 patients there were gaps of 2, 3, 5 and 11 days.
The patients were instructed to defecate, empty their bladder and drink 0.5 l
of liquid 30 minutes before the scans. Both scans were made in supine position
and no contrast was used. For the CT scan, the slice thickness and spacing were
3 mm in the region of the prostate and seminal vesicles and 5 mm elsewhere.
The matrix size was 512 x 512 pixels. For the (axial) MRI, proton density
(relaxation time (TR) ± 3900 ms, excitation time (TE) ± 19 ms) and T2 (TR
± 3900 ms, TE ± 95 ms) images were made. The slice thickness and spacing
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were 5 to 6 mm. The matrix size was 256 x 256 pixels.
Both scans were automatically matched using chamfer matching as described
by van Herk et al. (21, 22). The automatically outlined anatomy of the pelvic
bone was matched in three dimensions by means of translations and rotations.
Matches were visually checked. The matching algorithm had a random error of
about 0.5 mm translation (1 SD) and 0.4 degrees rotation (1 SD). A systema-
tic error of about 1 mm was observed along the MRI frequency encoding direc-
tion (left - right), which is due to chemical (fat) shift (22).

Delineation of structures
Three observers (CR, JL, IB) (13), who are considered experts in the field, de-
lineated the prostate without seminal vesicles. First the prostate was delineated
on CT while the MRI scan was available on hard copy and subsequently the
prostate was delineated on the MRI images.
A fourth observer (RS) delineated the rectal wall on CT and MRI, without
knowledge of the delineated prostates of the other three observers. The outer
rectal wall was delineated from the most caudal slice where the tuber ischia-
dicum was visible (i.e. from the bottom of the tuber ischiadicum) to the most
cranial slice where the rectum was still adjacent to the sacrum, or to the bot-
tom of the SI joints. The rectal wall was automatically generated from the
outer rectal wall using an algorithm that corrects for rectal filling (23). The
assumption was that throughout the entire rectum the total number of rectal
cells was constant in every intersection perpendicular to the central axis, i.e.
the rectal wall volume was almost identical for CT and MRI for each individu-
al patient. The rectal wall was first delineated on CT and second on MRI. For
eight patients the cranial side of the rectum was not scanned on MRI. For these
patients the missing part of the rectum was copied from the CT scan. The mis-
sing part of the rectum was always above the most cranial part of the prostate,
i.e. in the low dose region.
The fourth observer also delineated the bulb of the penis on CT for all
patients. The bulb of the penis was well visible on CT except for the anterior
edge, where the transition between bulb and the proximal part of the corpus
spongiosum was poorly visible. Therefore, it was decided to delineate the ante-
rior edge of the bulb of the penis at the same level as the anterior edge of the
head of the femoral bones.

Treatment planning
In order to avoid planning variations, software was developed to create a stan-
dardized treatment plan. First, a planning target volume (PTV) was generated
from the delineated prostate with a 3-D margin of 10 mm using a rolling-ball
technique. Secondly, a three-field treatment plan was computed using a multi
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leaf collimator block margin of 7 mm (leaf width 4 mm). The energy of the
beams was 8 MV for the anterior-posterior field and 18 MV for both wedged
lateral fields. Tissue inhomogeneities were incorporated in the dose calcula-
tions. The prescribed dose to the ICRU-point (24) was 78 Gy. The absorbed
dose within the PTV was within -5 % and +7 % of the prescribed dose. A mini-
mum requirement was that at least 99 % of the PTV would receive at least 95
% of the prescribed dose. No boost treatment plan was generated. In total 108
treatment plans were generated based on 54 (18 x 3) CT-PTVs and 54 MRI-
PTVs. The grid size of the dose distributions was 1.5 mm x 1.5 mm x 3 mm,
where the 3 mm was perpendicular to the CT slices.

Dose calculations
Dose-volume histograms (DVHs) were calculated of all PTVs, rectal walls and
penile bulbs for all different treatment plans. Using the DVH of the rectal wall,
the rectal wall volumes that received at least 40, 50, 65, 70 and 75 Gy (V40Gy,
V50Gy, V65Gy, V70Gy and V75Gy) were calculated. The DVH of the rectal wall
was also used to compute the mean dose and the equivalent uniform dose
(EUD). The EUD is the dose that the entire volume (rectal wall) uniformly
receives to produce a complication probability equal to that for an inhomoge-
neous irradiation according to the underlying model. We used the power-law
relationship with n = 0.12 according to the Lyman-Kutcher-Burman model
(25, 26).
In order to compare our results with the results of Debois et al. (16) the rec-
tal wall volume that received 80% of the prescribed dose (V80%) was also cal-
culated. For V80% we calculated the relative reduction of dose delivered to the
rectal wall of the treatment plans based on the MRI delineated prostate com-
pared to the treatment plans based on the CT delineated prostate. The mean
relative reduction of the V80% rectal wall was calculated for CT and MRI rec-
tal wall separately, using the following formula (Eq. 1):

(1)

where i is the number of the dose distributions compared, ai is V80% of the rec-
tal wall computed with a treatment plan based on the CT delineated prostate
and bi is V80% of the rectal wall computed with a treatment plan based on the
MRI delineated prostate.

The DVH of the bulb of the penis was used to compute the mean dose, maxi-
mum dose (Dmax) and the dose delivered to 30 % (D30%), 50 % (D50%) and 70 % 
(D70%) of the volume of the bulb of the penis.
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Using the DVH of the PTV, the volume of the PTV receiving at least 95% of
the prescribed dose (V95%) was computed. From these data the following para-
meters were calculated:
• The "coverage", defined as the V95% applying the corresponding treatment

plan of the PTV. For both the CT-PTVs and the MRI-PTVs the number of
evaluated V95%'s was equal to 54 (3 times 18).

• The "interobserver coverage", defined as the V95% applying a treatment
plan designed for the PTV of another observer in the same modality. For
example, the V95% of CT-PTV (observer #1) was calculated using a treat-
ment plan designed for CT-PTV (observer #2) or CT-PTV (observer #3).
For both the CT-PTVs and the MRI-PTVs the number of evaluated "inter-
observer" V95%'s was equal to 108 (6 times 18).

• The "intermodality coverage", defined as the V95% applying a treatment
plan designed for the PTV of the same observer in the other modality. For
example, the V95% of CT-PTV (observer #1) was calculated using a treat-
ment plan designed for MRI-PTV (observer #1). For both the CT-PTVs and
the MRI-PTVs the number of evaluated "intermodality" V95%'s was equal
to 54 (3 times 18).

Results
Delineated structures

The results of the prostate delineation were published previously by Rasch et
al. (13). In short; the mean delineated volume of the prostate was 63.7 cm3

(range 31.4 - 107.3) and 44.5 cm3 (range 24.3 - 79.1) for CT and MRI, res-
pectively. The average ratio of the CT and MRI prostate volume was 1.4 (stan-
dard error of the mean (SEM) 0.04). A typical example of the volume diffe-
rence between the CT and MRI delineated prostate is shown in Fig. 1. The lar-
gest systematic spatial differences between CT and MRI prostate were seen at
the base of the seminal vesicles and the apex. The average differences were 7
mm (SD 6 mm) and 6 mm (SD 4 mm), respectively.
The mean volume of the rectum, including filling was 79.6 cm3 (range 32.9 -
139.4) for CT and 73.7 cm3 (range 31.9 - 150.9) for MRI. The difference of
5.9 cm3 (SEM 3.1 cm3) between CT and MRI rectum volumes was not signi-
ficant (p = 0.07, paired Student's t-test). In 5 out of 18 patients the MRI rec-
tum volume was larger than the CT rectum volume. Due to the way the rec-
tal wall was defined, the rectal wall volumes of CT and MRI were almost iden-
tical for each individual patient. The mean rectal wall volume was 32.0 cm3

(range 22.1 - 41.5).
We observed a significant difference in rectal wall position between CT and
MRI. The position of the MRI delineated rectal wall at the axial plane through
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Fig. 1a

Fig. 1b

Fig. 1 - Axial CT (a) and corresponding axial MRI (b) image with delineated contours
(prostate and rectum). The dashed lines are the CT delineated contours for this image. The
solid lines are the MRI delineated contours. Note the difference in rectum position and the
difference in table-top.



the center of the CT delineated prostate was more ventral compared to the CT
delineated rectal wall. A typical example of the difference in rectal wall posi-
tion is shown in Figs. 1 and 2. The mean difference was 4.5 mm (SEM 1.7 mm)
and 8.0 mm (SEM 1.5 mm) for the anterior en posterior rectal wall, respec-
tively. To determine the effect of this difference in rectal wall position on the
position of the prostate we also measured the position of the anterior edge of
the CT and MRI prostate. The position of the anterior edge of the CT pros-
tate was slightly more ventral compared to the MRI prostate. The mean differ-
ence was 1.1 mm (SEM 0.6 mm), which was not significant (p = 0.07, paired
Student's t-test). We did not measure the difference in position of the post-
erior edge of the prostate between CT and MRI, because at this position,
where the base of the seminal vesicles was localized, the delineation variation
between CT and MRI was large (13).
Finally, the mean volume of the bulb of the penis was 10.5 cm3 (range 4.0 -
18.2).

MRI delineation for prostate radiotherapy

Fig. 2 - Sagittal CT reconstruction with projection of the contours (prostate and rectum). The
dashed lines are the projection of the CT contours and the solid lines are the projection of
the MRI contours. The grey arrows represent the measured distance (A-P) between CT and
MRI anterior rectal wall and posterior rectal wall. Note that the anterior edge of the prosta-
te remains the same, while the MRI rectum is more ventrally located than the CT rectum (A
= anterior, P = posterior).
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V40Gy, V50Gy, V65Gy, V70Gy, V75Gy and V80% of the rectal wall
In Table 1 the results are shown of the volume of the rectal wall (in %) that
received at least 40, 50, 65, 70 and 75 Gy (V40Gy, V50Gy, V65Gy, V70Gy and
V75Gy), respectively. The results of V80%, which is the volume of the rectal wall
that received at least 62.4 Gy, are also shown in Table 1. For all the dose levels,
the mean volume difference between treatment plans based on CT and MRI
delineated prostate was about 11 % (SEM 0.9 %). The volume of the MRI rec-
tal wall was about 7 % (SEM 0.8 %) larger for the same amount of dose com-
pared to the CT rectal wall for each treatment plan based on CT or MRI de-
lineated prostate.This 7 % volume difference indicates that the MRI rectal wall
was more ventrally located than the CT rectal wall.
Using Eq. 1, the mean relative reduction of V80% comparing the treatment
plans based on the MRI delineated prostate with the treatment plans based on
the CT delineated prostate was 38.0 % (SEM 2.9 %) and 28.4 % (SEM 2.5 %)
for the CT and MRI delineated rectal wall, respectively.

Mean dose of the rectal wall
The results of the mean dose of the rectal wall are shown in Table 1. The mean
dose difference between treatment plans based on CT and MRI delineated
prostate was 9.6 % (SEM 0.6 %) and 9.2 % (SEM 0.7 %) of the prescribed dose
for the CT and MRI rectal wall, respectively.
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Table 1 - Mean volume (%) receiving at least 40, 50, 62.4 (= V80%), 65, 70, 75 Gy and
the mean dose (%) of the CT and MRI rectal wall for the treatment plans based on CT del-
ineated prostate, MRI delineated prostate and their difference.

CT 

rec.w

40.3
35.2
29.5
28.2
25.2
20.9

52.1

MRI

rec.w

47.1
42.5
36.9
35.6
32.7
28.2

56.3

CT minus

MRI rec.w

-6.7
-7.3
-7.4
-7.4
-7.5
-7.3

-4.2

CT 

rec.w

28.1
23.3
18.2
17.0
14.4
10.7

42.4

MRI

rec.w

36.2
31.2
25.5
24.3
21.4
17.0

47.1

CT minus

MRI rec.w

-8.1
-7.9
-7.4
-7.2
-7.0
-6.3

-4.7

CT 

rec.w

12.3
11.9
11.4
11.2
10.8
10.2

9.6

MRI

rec.w

10.9
11.3
11.4
11.3
11.2
11.2

9.2

Treatment plan 
based on CT delineated 

prostate

Treatment plan 
based on MRI delineated

prostate

Difference 
between treatment

plans

Volume rectal 
wall (%), n = 54

≥ 40 Gy = V40Gy

≥ 50 Gy = V50Gy

≥ 62.4 Gy = V80%

≥ 65 Gy = V65Gy

≥ 70 Gy = V70Gy

≥ 75 Gy = V75Gy

Mean dose (%)

Abbreviation: rec.w = rectal wall



EUD of the rectal wall
In Table 2 is shown the effect of CT and MRI delineation of prostate and rec-
tal wall on the EUD of the rectal wall. Treatment plans based on the MRI de-
lineated prostate decreased the EUD of the rectal wall compared to treatment
plans based on the CT delineated prostate. For the CT and MRI delineated rec-
tal wall, the difference between the two treatment plans was 5.1 Gy and 3.6
Gy, respectively. This effect was most likely caused by the smaller size of the
prostate delineated in MRI. However, MRI delineation of the rectal wall in-
creased the EUD of the rectal wall compared with CT delineation for the same
treatment plan. For the treatment plans based on the CT and MRI delineated
prostate the increase of the EUD with the MRI delineated rectal wall was 2.0
Gy and 3.5 Gy, respectively. Apparently, the MRI rectal wall was located more
ventrally than the CT rectal wall. Possible reasons for this effect will be given
in the discussion. Since the prostate and rectum effects of MRI delineation
were opposite, the total effect of using MRI delineation for prostate and rec-
tum was only a moderate reduction of the EUD of the rectal wall of 1.6 Gy
(65.6 Gy versus 64.0 Gy, SEM 0.3 Gy).

Dose to the bulb of the penis
The mean dose delivered to the bulb of the penis was 19.5 Gy and 7.9 Gy for
the treatment plans based on the CT and MRI delineated prostate, respective-
ly (Table 3). For all the dose levels (D30%, D50%, D70% and Dmax), the dose deli-
vered to the bulb of the penis was reduced with treatment plans based on the
MRI delineated prostate compared to the treatment plans based on the CT
delineated prostate. The data in Table 3 indicate that the bulb of the penis was
located in a steep dose gradient and that the inferior edge of the beams in the
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Table 2 -  Mean EUD (Gy) of the CT and MRI rectal wall for the treatment plans based
on CT delineated prostate, MRI delineated prostate and their difference.

n = 54

Mean EUD on CT deli-
neated rectal wall (Gy)

Mean EUD on MRI 
delineated rectal wall 
(Gy)

Difference (Gy)(SEM)

65.6

67.6

-2.0 (0.3)

60.5

64.0

-3.5 (0.4)

5.1 (0.5)

3.6 (0.4) 

Treatment plan 
based on CT delineated 

prostate

Treatment plan 
based on MRI delinea-

ted prostate
Difference (SEM)

Abbreviation: SEM = standard error of the mean



treatment plans based on the CT delineated prostate was more caudally situa-
ted compared to the inferior edge of the beams in the treatment plans based
on the MRI delineated prostate.

PTV coverage
The coverage of the PTVs was the same for both modalities (99.9 %) (Table
4). The interobserver coverage was 97.3 % and 97.0 % for the CT-PTVs and
MRI-PTVs, respectively. The difference of 0.2 % was not significant (SEM 0.4
%). The intermodality coverage was 84.1 % for the CT-PTVs and 97.9 % for
the MRI-PTVs. The difference of 13.8 % was significant (SEM 1.0 %).

Discussion
Rectal wall

The rectal wall results showed two effects (Tables 1 and 2). First, there was a
dose difference in the rectal wall caused by a different delineated prostate
volume between CT and MRI. The rectal wall dose was reduced using treat-
ment plans based on the MRI delineated prostate. Secondly, there was a dose
difference in the rectal wall due to a different rectal wall position in CT and
MRI. For the same treatment plan, the MRI rectal wall received more dose
compared to the CT rectal wall caused by the more ventral position of the
MRI rectal wall. Both effects are significant for all the evaluated dose parame-
ters (mean dose, EUD, V40Gy, V50Gy, V65Gy, V70Gy, V75Gy and V80%). The two
effects, however, were opposite. Therefore, the EUD difference between treat-
ment plans based on CT (65.6 Gy) and MRI (64.0 Gy) delineated prostate and
rectal wall was only 1.6 Gy (Table 2).

The difference in rectum wall position was an unexpected result. In particular,
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n = 54

Mean dose (Gy)
D70% (Gy)
D50% (Gy)
D30% (Gy)
Dmax (Gy)

19.5
6.9

13.1
23.5
66.2

7.9
1.6
3.7
8.3

44.1

11.6 (1.8)
5.3 (1.7)
9.3 (2.1)

15.2 (2.6)
22.2 (2.8)

Table 3 - Mean dose, maximum dose (Dmax) and the mean dose received by 30 % (D30%),
50 % (D50%) and 70 % (D70%) (Gy) of the volume of the bulb of the penis for the treatment
plans based on CT delineated prostate, MRI deli-neated prostate and their difference.

Abbreviation: SEM = standard error of the mean

Treatment plan 
based on CT delineated 

prostate

Treatment plan 
based on MRI delinea-

ted prostate
Difference (SEM)



the posterior rectal wall was shifted ventral (on average 8.0 mm) in the MRI
scanner (Figs. 1 and 2). We evaluated some possibilities that might clarify this
position difference. First, we studied the influence of rectal filling. We found
no correlation between rectal filling and rectum wall position (results not
shown). Hoogeman et al. (27) showed in their study (using repeat CT data)
that an increase of rectal filling resulted in a ventral shift of the anterior rectal
wall and that the posterior rectal wall remained at the same position.
Therefore, rectal filling differences could not explain the observed rectal shift.
Secondly, we evaluated the effect of delineation variation. This was studied by
Fioriono et al. (28). They found that the inter- and intraobserver variations
were modest, when the rectum on CT was delineated in a consistent way.
Debois et al. (16) showed, that the interobserver variation of delineating the
rectal wall was about 1 mm at the center of the prostate for both CT and MRI.
Towards the apex however, the observer variation of the CT rectum increased
(4 mm), while the observer variation of the MRI rectum remained small (1
mm). Therefore, the accuracy of delineating the rectum could not be a possi-
ble explanation of the rectal shift. Thirdly, we evaluated the influence of che-
mical fat shift of the MRI. As indicated by van Herk et al. (22), the MRI used
in this study had a chemical fat shift of 2 mm in the left-right direction and no
shift in the anterior-posterior direction. So, chemical fat shift was not the cause
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Table 4 - Mean volume of the PTV (%) that received at least 95 % of the prescribed dose
(V95%) for the coverage, the interobserver coverage and the intermodality coverage.

Coveragea (%)
n = 54

Interobserver 
coveragea (%)
n = 108

Intermodality 
coveragec (%)
n = 54

99.9

97.3

84.1

99.9

97.0

97.9

<0.01 (0.01)

0.2 (0.4)

-13.8 (1.0)

V95% CT-PTV V95% MRI-PTV Difference (SEM)

a The "coverage", defined as the V95 applying the corresponding treatment plan 
of the PTV.

a The "interobserver coverage", defined as the V95 applying a treatment plan
designed for the PTV of another observer of the same modality.

c The "intermodality coverage", defined as the V95 applying a treatment plan 
designed for the PTV of the same observer of the other modality

Abbreviations: PTV = planning target volume; SEM = standard error of the mean



of the rectal shift. Fourthly, we studied the effect of the matching errors. The
random errors of matching the CT and MRI were 0.5 mm translation and 0.4
degree rotation, while no systematic errors were found in the anterior-posteri-
or direction (22). Thus, these figures could not clarify the rectal shift.
The main remaining difference between the acquisition of CT and MRI was
the use of a different table-top (see Fig. 1) and the use of a knee-support. The
CT was made in the supine position on a flat table-top with a knee-support
and the MRI was made in the supine position on a rounded table-top without
a knee-support. To our knowledge, no studies were published evaluating the
effect of the shape of the table-top and the use of knee-support on the rectal
wall position. However, Bentel et al. (29) showed in their publication that
when the pressure of the table-top on the buttocks in the supine position was
eliminated, the rectum shifted dorsally. Therefore, we assume that a rounded
table-top and without the use of a knee-support increased the pressure on the
buttocks, causing the ventral shift of the rectum as shown in our data.
The anterior edge of the prostate was located at the same position for both
modalities. We did not measure the difference in position of the posterior edge
of the prostate between CT and MRI, because at this position (the base of the
seminal vesicles) the delineation difference between CT and MRI was large
(13). Therefore, we don't know exactly what the rectal shift does to the posi-
tion of the prostate.
To test our hypothesis that the rounded table-top and/or knee support caused
the rectum shift, a volunteer was scanned with MRI using a flat table-top with
knee-support (Fig. 3a) and a rounded table-top without knee-support (Fig.
3b). This experiment showed a rectum shift as described in our data. In the
axial plane through the center of the prostate, the anterior and posterior rec-
tal wall was shifted ventrally by 4 mm and 11 mm, respectively. The anterior
and posterior edge of the prostate was shifted ventrally by 2 and 4 mm, res-
pectively. So, the rectum shift was larger than the shift of the prostate.
Furthermore, it seems that the knee-support caused the rectal shift. The effect
of the shape of the table-top and knee-support on the rectum and prostate
position will be the subject of further investigation.

To summarize, the mean EUD difference between treatment plans based on
the CT and MRI delineated prostate and rectum of only 1.6 Gy was the result
of two opposing factors. A reduction of rectal wall dose by 3.6 - 5.1 Gy due to
a smaller MRI delineated prostate and an increase of rectal wall dose of 2.0 -
3.5 Gy due to a shift of the MRI rectal wall. If a flat table-top and a knee-sup-
port was used for the MRI, mimicking the treatment position, then mean EUD
difference would probably be close to 5.1 Gy.
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Fig. 3a

Fig. 3b

Fig. 3 - Sagittal MRI reconstruction of a volunteer on a flat table-top with knee-support (a)
and on a rounded table-top without knee-support (b) with projection of the contours (pros-
tate and rectum). The dashed lines are the projection of the MRI contours using the flat
table-top with knee-support. The solid lines are the projection of the MRI contours using the
rounded table-top without knee-support. Note that the rectum is more shifted than the pros-
tate (A = anterior, P = posterior).

101



The importance of sparing the rectal wall can also be seen from another point
of view. If the mean EUD of the CT rectal wall with the treatment plans based
on the CT delineated prostate (65.6 Gy) is acceptable, the dose delivered to
prostate can be escalated using treatment plans based on the MRI delineated
prostate. The dose can be escalated from 78 Gy to a mean of 80 Gy (SEM 0.4
Gy) and 85 Gy (SEM 0.5 Gy) using the mean EUD difference of 1.6 Gy and
5.1 Gy, respectively. As indicated by Horwitz et al. (30) and Zelefsky et al.
(31), the escalated dose would result in an increase of local control rate. The
increase of dose by applying intensity modulated conformal radiotherapy
(IMRT) is about 5 Gy as shown by Zelefsky et al. (32, 33), indicating that the
effect of MRI delineation and IMRT on dose escalation are of the same mag-
nitude. Applying MRI delineation and IMRT will allow even higher doses to
the prostate.

Using a similar treatment technique, Debois et al. (16) found a much lower
reduction in rectal wall dose for treatment plans based on the MRI delineated
prostate than we did. They found a reduction of V80% of 14.6 % using the MRI
rectum and we found a reduction of V80% of 38.0 % and 28.4 % using the CT
and MRI rectal wall, respectively. This difference might be due to the fact that
Debois et al. (16) used the whole rectum for dose analysis instead of the rec-
tal wall. In addition, we used more patients and a standardized treatment plan,
thereby reducing the operator dependence of the planning procedure, which
in our view improved the comparison.
Sannazzari et al. (17) found that about 10 % of the rectal wall volume could
be spared using MRI prostate delineation for treatment planning. They did not
specify the parameter for which this 10 % sparing could be achieved.We found
a similar result. For all dose parameters the difference between treatment plans
based on the CT and MRI delineated prostate was about 11 % (Table 1).
Krempien et al. (18) found in their study that the mean dose of the rectum
could be reduced from 74.9 % to 64.2 % of the prescribed dose using MRI de-
lineation. We found a similar reduction of the mean dose using MRI delinea-
tion, which was about 9 % (Table 1). However, the mean dose they found was
higher for both modalities compared to our study. Unfortunately, Krempien et
al. (18) did not mention in their publication how the rectum was delineated
(cranial and caudal borders), whether rectum or rectal wall was used for dose
calculations and what treatment technique was used. Therefore, it was difficult
to compare their result with ours.

Next, we calculated the rectum volumes parameters, as described by Boersma
et al. (2), i.e. the rectal wall volumes that receive at least 65, 70 and 75 Gy, to
correlate our data with the probability of rectal bleeding. In order to minimize
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severe rectal bleeding, these volumes should be below 40, 30 and 5 % of the
total rectal wall volume, respectively (2). Using treatment plans based on the
MRI delineated prostate, we observed a significant reduction of irradiated
volume of the rectal wall for all three rectum points (Table 1). The mean cal-
culated rectal wall volume receiving ≥ 70 Gy for the treatment plans based on
the CT delineated prostate was close to the advised maximum volume of 30
%. The mean calculated rectal wall volume receiving ≥ 75 Gy for both treat-
ment plans based on the CT or MRI delineated prostate was above the recom-
mended maximum volume of 5 %. The reason for these large high-dose volu-
mes was that we did not use a coned-down boost (as used in clinical practice)
in order to make the treatment plans not too complicated and as uniform as
possible.
Recently, the risk of rectal bleeding was also associated with large volumes of
intermediate dose (40 - 50 Gy) as described by Jackson et al. (3) and Fiorino
et al. (4). Therefore, the volumes of the rectal wall that received ≥ 40 Gy and
≥ 50 Gy were calculated using the DVH of the rectal wall. Our data showed
that for these intermediate doses the irradiated rectal wall volume was signifi-
cantly reduced using the treatment plans based on the MRI delineated pros-
tate (Table 1).

Bulb of the penis
In our study, we showed that the bulb of the penis received significantly less
dose with the treatment plans based on the MRI delineated prostate compa-
red to the treatment plans based on the CT delineated prostate. The dose
received by the bulb of the penis was below the critical points stated by Fisch
et al. (19) (D30% < 40 Gy) and Merrick et al. (20) (D50% < 50 Gy), for both
treatments plans based on CT and MRI delineated prostate.
Recently, Sethi et al. (34) found that the mean dose delivered to the bulb of
the penis could be reduced of about 10 Gy using different IMRT techniques
compared with 3-D conformal radiotherapy. The reduction of mean penile
dose we found using MRI delineation was of the same magnitude (11.6 % =
9.0 Gy) (Table 3). So, the combination of MRI delineation and IMRT might be
ideal for sparing the bulb of the penis.
Incrocci et al. (35) showed in their review article that there is still not enough
known about the mechanism of radiation caused impotence. Still, it is likely
that MRI delineation for treatment planning reduces the risk of impotency.

Coverage of the PTV
The interobserver coverage of both treatment plans based on the CT and MRI
delineated prostate was about 97 % (Table 4). This means that a few percent
of the PTV will be underdosed when a treatment plan based on a PTV of 
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another observer in the same modality is applied. It is unlikely that the small
underdosage of the PTV has any influence on irradiating the CTV inadequa-
tely, i.e. the CTV to PTV margin of 1 cm is adequate for interobserver varia-
tion. The interobserver coverage was the same for both modalities. Likewise,
the interobserver variation of the prostate delineation for CT was similar to
MRI (about 3 mm at the base of the seminal vesicles and apex) as mentioned
in the publication of Rasch et al. (13). The delineated prostates in that publi-
cation were the same as we used for generating the PTVs in our study. Today's
MRI scanners have even better soft-tissue contrast than the one that was used
to make the images in 1996. This better soft-tissue contrast might result in
reduction of the delineation variation and, therefore, the interobserver cover-
age might improve.
The intermodality coverage for the CT-PTVs was 84.1 %. This finding was
expected, because the MRI delineated prostate was smaller than the CT deli-
neated prostate. Therefore, the treated volume of the treatment plans based on
the MRI delineated prostate did not cover the CT-PTVs adequately. On the
other hand, the intermodality coverage of the MRI-PTVs was 97.9 %, indica-
ting that the treatment plans based on the CT delineated prostate did not
always encompass the MRI-PTVs either, probably mainly due to observer vari-
ation.
The method we used for evaluating coverage (interobserver and intermodali-
ty) is not ideal, because the margin used to generate the PTV is already correc-
ting for delineation variation, organ motion and setup error. In future studies
we will simulate the prostate movement using numbers of known geometrical
errors and then evaluate the coverage.

Accuracy of MRI delineation
The difference between treatment plans based on CT and MRI delineated pros-
tate was actually a reduction of the PTV margin around the CT delineated
prostate at the posterior and caudal side, because the MRI delineated prostate
was smaller in these regions. One may question if there was a systematic de-
lineation difference between CT and MRI due to distortions in the MRI ima-
ges. Recently, Mah et al. (36) and Lee et al. (37) showed in their publications
(using a phantom) that there was no distortion at the central part of the MRI
image, where the prostate was located. Only at the lateral periphery of the
MRI image a significant distortion was seen, where prostate and rectum were
not located (36). In other publications (38-40), the authors claimed that there
was a good correlation of prostate volume between MRI, transrectal ultrasound
and prostatectomy. Therefore, we believe that MRI images are suitable for de-
lineating the prostate.
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As stated before, using MRI delineation for treatment planning reduced the
treated volume. Therefore, extra-capsular disease and involvement of seminal
vesicles might be missed (41). This risk of extra-capsular disease and involve-
ment of seminal vesicles must therefore be carefully considered, for example
using data described by Partin et al. (42).

The results of this study were based on delineation of the prostate only. Many
patients have an indication for irradiating the seminal vesicles as well (42).
Therefore, in future work, we will evaluate the dose delivered to the rectum
and the coverage of the PTV by using MRI delineation of the prostate inclu-
ding the seminal vesicles.

Conclusions 
The dose delivered to the rectum and bulb of the penis was significantly redu-
ced with the treatment plans based on MRI delineation of the prostate com-
pared to CT delineation. This reduction allowed a dose-escalation of 2.0 Gy to
7.0 Gy for the same rectal wall dose. The interobserver coverage (coverage of
the PTV by a treatment plan designed for the PTV delineated by another
observer in the same modality) was the same for both CT and MRI delinea-
tion of the prostate. Finally, we found a significant difference in position be-
tween CT and MRI delineated rectum, most likely due to a different table-top
(flat versus rounded) and knee-support (with versus without).
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The impact of a knee support 

and shape of the tabletop on 

rectum and prostate position



Abstract

Purpose: To evaluate the impact of different tabletops with or without a knee
support on the position of the rectum, prostate and bulb of the penis. In addi-
tion, the effect of these patient-positioning devices on treatment planning is
also evaluated.

Methods: For 10 male volunteers, 5 MRI scans were made in 4 different posi-
tions; 1. On a flat tabletop with knee support, 2. On a flat tabletop without
knee support, 3. On a rounded tabletop with knee support, 4. On a rounded
tabletop without knee support. The fifth scan was in the same position as the
first. Using image registration, the position differences of the rectum, prostate
and bulb of the penis were measured at several points in a sagittal plane
through the central axis of the prostate. A PTV was generated from the deli-
neated prostates with a margin of 10 mm in 3D. A three-field treatment plan
with a prescribed dose of 78 Gy to the ICRU point was automatically genera-
ted from each PTV. Dose-volume histograms were calculated of all rectal walls.

Results: 
The shape of the tabletop did not affect the rectum and prostate position.
Adding a knee support shifted the anterior and posterior rectal wall dorsally.
For the anterior rectal wall the maximum dorsal shift was (9.9 mm, standard
error of the mean (SEM) 1.7 mm) at the top of the prostate. For the post-
erior rectal wall the maximum dorsal shift was (10.2 mm, SEM 1.5 mm) at the
middle of the prostate. Therefore, the rectal filling was pushed caudally when
a knee support was added. The knee support caused a rotation of the prostate
around the left-right axis at the apex (i.e. a dorsal rotation) by 5.6O (SEM
0.8O) and a shift in the caudal and dorsal direction by 2.6 mm (SEM 0.4 cm)
and 1.4 mm (SEM 0.6 mm), respectively. The position of the bulb of the penis
was not influenced by the use of a knee support or rounded tabletop. The volume
of the rectal wall receiving the same dose range (e.g. 40 to 75 Gy) was redu-
ced by 3.5% (SEM 0.9%) when a knee support was added. No significant dif-
ferences were observed between the first and fifth scan (flat tabletop with
knee support) for all measured points, thereby excluding time trends.

Conclusions: The rectum and prostate were significantly shifted dorsally by
using a knee support. The rectum shifted more than the prostate resulting in a
dose benefit compared to irradiation without knee support. The shape of the
tabletop did not influence the rectum or prostate position.

Keywords: MRI, prostate cancer, rectum, treatment planning, organ motion
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Introduction
In a previous study (1), we evaluated treatment plans for prostate cancer based
on Computer Tomography (CT) and Magnetic Resonance Imaging (MRI) de-
lineation. We found a systematic position difference of the rectal wall between
the two modalities. The MRI delineated rectal wall was more ventrally located
than the CT delineated rectal wall. This was especially seen at the axial plane
through the center of the prostate, where the anterior and posterior rectal wall
shifted significantly (4.5 mm and 8.0 mm, respectively). The difference in rec-
tal wall position could not be explained by differences in rectal filling, deline-
ation differences, matching errors or chemical fat shift on MRI (1). There were
two remaining differences between the acquisition of the CT and MRI that
could explain the position difference of the rectum; the tabletop and the knee
support. The CT was made using a flat tabletop with knee support and the
MRI using a rounded tabletop without knee support.
Due to better soft tissue contrast, the MRI delineated prostate was systemati-
cally significantly smaller than the CT delineated prostate (1, 2). The differen-
ce between MRI and CT delineated prostate was especially seen at the apex
and the base of the seminal vesicles.Therefore, we were not able to observe the
impact of the rectum shift on the prostate position using the two image moda-
lities.
To the best of our knowledge, no studies have been published which quantita-
tively evaluate the effect of the shape of the tabletop on prostate and rectal
wall position, nor the impact of a knee support on prostate and rectal wall
position. In several publications (3-9), the authors evaluated the use of a
leg/knee support (including immobilization casts), in relation to set-up accu-
racy. In these publications organ motion was not discussed. However, Bentel 
et al. (10) showed that the pelvic organs could move as a result of adjustments
to the tabletop. Eliminating the pressure on the buttocks from the tabletop in
the supine position caused a dorsal shift of the rectum.
The purpose of this study was first to evaluate the impact of different table-
tops with or without knee support on the rectum and prostate position using
a single imaging modality (MRI). Secondly, to estimate the differences in dose
delivered to the rectal wall in prostate irradiation using different tabletops with
or without knee support.

Materials and Methods
Volunteers and MRI scans

Ten male volunteers were included in this study. Before scanning, the volun-
teers were asked to empty their bladder. Five axial MRI scans were made of
each volunteer in four different positions (Fig.1). All scans were in the supine
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position and no contrast enhancement was used. The scans were performed
with a 1.5-T system (Somatom; Siemens Medical Systems, Erlangen,
Germany). For each scan, proton density (relaxation time about 6000 ms, exci-
tation time about 22 ms) and T2 (relaxation time about 6000 ms, excitation
time 90 ms) images were made. The slice thickness and spacing were both 3.3
mm. The matrix size was 256 x 256 pixels. No body-array was used, to avoid
extra pressure from the body-array on the abdomen. Therefore, the image qua-
lity of the MRI was slightly inferior to normal MRI images with the body-array.
Still, the image quality was more than sufficient for accurate delineation. The
rounded tabletop of the MRI-scanner was 44.0 cm wide and 6.3 cm deep. The
flat tabletop consisted of two wooden boards, inserted into the rounded table-
top (Fig. 1).The knee support was a Kneefix® (Sinmed Radiotherapy Products,
Reeuwijk, The Netherlands) with a maximum height of 13 cm at the knees
(Fig. 2). Five scans were made of each volunteer; four scans to evaluate the dif-
ferent positions and one scan for control. The first scan was made on a flat
tabletop with knee support (reference scan). The second on a flat tabletop wit-
hout knee support. The third on a rounded tabletop with knee support. The
fourth on a rounded tabletop without knee support. To achieve a full circle
experiment excluding time trends, a fifth scan was made under the same con-
ditions as the first (Fig. 1).
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Fig. 1 - Schematic diagram of the different volunteer positions, left is a sagittal view and right
is an axial view. The drawings show a flat tabletop (scan 1, 2, 5) and rounded tabletop
(scan 3, 4) and the presence of a knee support (scan 1, 3, 5) and absence of a knee support
(scan 2, 4).



Matching and delineation
For each volunteer, the five MRI scans were automatically matched on the
(pelvic) bony anatomy of the reference scan. The matching method has been
described by Van Herk et al. (11-13). As described below, the matches on the
bony anatomy were used to compare the different delineated structures with
each other in relation to the bony anatomy. The MRI scans for each volunteer
were also automatically matched on the prostate (without seminal vesicles) of
the reference scan. This prostate matching was done using a volume matching
algorithm based on mutual information (11-13). This algorithm minimizes
grey value differences in the images of the area around the prostate to align the
two scans with each other. From a previous evaluation (13), concerning mat-
ching pelvic MRI scans, we estimated that the algorithm for both bone and
prostate matching had a random error of about 0.4 mm translation (1 SD) and
0.3O rotation (1 SD).
For all scans, the rectum (outer rectal wall) and prostate were delineated on
the axial MRI slices by one observer (RS). The outer rectal wall was delinea-
ted from 2 cm below the most caudal slice to 2 cm above the most cranial slice
where the prostate was visible. In this way, the same number of slices for the
outer rectal was delineated for all five MRI scans of a single volunteer. The
inner rectal wall was automatically generated from the outer rectal wall using
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Fig. 2 - Example of the knee support used in this study (Kneefix®, Sinmed radiotherapy 
products, Reeuwijk, The Netherlands).



an algorithm described by Meijer et al. (14). In this algorithm it is assumed that
throughout the entire rectum the total number of rectal cells is constant in
every intersection perpendicular to the central axis of the rectum.

Measurement of position of the rectum, prostate, seminal vesicles and 
bulb of the penis

After matching on the bony structures, the position of the rectum and pros-
tate was measured in a sagittal plane through the center of the prostate and
compared in the anterior-posterior (A-P) direction. For the rectum, the ante-
rior and posterior boundaries of the rectum were measured separately. The
position of the anterior and posterior boundaries of the rectum was measured
at five different heights in the sagittal plane through the center of the pros-
tate (Fig. 3). For the prostate, the position differences of the anterior bounda-
ry and posterior boundary were measured at the middle of the prostate. The
position differences of the anterior and posterior boundaries of the seminal
vesicles were measured in an axial plane about 1.0 cm cranial of the prostate.
The position of bulb of the penis was measured in the axial plane at its most
posterior boundary.
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Fig. 3 - Schematic sagittal view of the prostate (left) and rectum (right), through the center
of the prostate. The black solid lines represent the prostate and rectum of the reference scan
(flat tabletop with knee support = scan 1). The black dashed line represents the rectum of
the subsequent scans (scan 2 - 5). The gray arrows represent the measured distance (A-P)
between the reference scan and the compared scan of the anterior rectal wall and posterior
rectal wall (A = anterior, P = posterior).



Using the volume match of the prostate, the change in position of the prostate
between the different scans was evaluated in terms of rotation and translation
(shift). The rotations and translations were measured in relation to the apex of
the prostate.

Dose comparison
To visualize the prostate accurately, zoomed acquisition was used and the late-
ral parts outside the pelvic bones were not displayed in the MRI scan.
Therefore, the MRI images were rectangular (Fig. 4) and not suitable for treat-
ment planning. To generate a treatment plan, the MRI scans were matched on
the reference scan (flat tabletop with knee support = scan 1). Subsequently,
the reference scan was matched with a CT of a prostate patient (pixel size: 512
x 512, slice thickness and spacing: 2.5 mm) to simulate the correct patient
anatomy. The delineated structures were then copied to this CT scan.
First, for all the delineated prostates (without seminal vesicles) a Planning
Target Volume (PTV) was generated with a three-dimensional margin of 10
mm using a rolling-ball technique. Secondly, a standardized three-field treat-
ment plan was computed using automatic software to avoid planning varia-
tions. The multi-leaf collimator block margin was 7 mm (leaf width 4 mm).
The energy of the beams was 8 MV for the AP field and 18 MV for both wed-
ged lateral fields. The grid size of the dose distributions was 1.5 mm x 1.5 mm
x 2.5 mm, where the 2.5 mm dimension was perpendicular to the CT slices.
Tissue inhomogeneities of the CT were incorporated in the dose calculations.
The prescribed dose to the ICRU-point (15) was 78 Gy. The absorbed dose
within the PTV was within -5% and +7% of the prescribed dose. A minimum
requirement was that at least 99% of the PTV received at least 95% of the pre-
scribed dose. No boost treatment plan was generated. In total 50 (10 times 5)
treatment plans were computed.
Dose-volume histograms (DVHs) were calculated for all rectal walls. To com-
pare the new results with our previous study (1), the DVHs were used to cal-
culate the rectal wall volume that received at least 40, 50, 62.4, 65, 70 and 75
Gy.The DVHs were also used to compute the equivalent uniform dose (EUD).
The EUD is the dose that the entire volume (rectal wall) should receive
uniformly to produce a complication probability equal to that for an inhomo-
geneous irradiation. We used the power-law relationship with n = 0.12 
according to the Lyman-Kutcher-Burman model (16-18).

Results
Time trends

The position and volume of the prostate and rectum (including rectal filling)
between scans 1 and 5 were not significantly different. This indicated, that the
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rectum and prostate position and volumes were not influenced by time trends
(e.g. for the anterior and posterior boundaries of the rectum at middle of the
prostate, the mean differences between scan 1 and 5 were 0.8 mm (standard
error of the mean (SEM) 1.0 mm) and 1.9 mm (SEM 1.2 mm), respectively).
Therefore, the results of scan 1 and 5 were combined.

Volume prostate, rectum and rectal wall
The average prostate volume of all volunteers was 27.9 cm3 (standard devia-
tion (SD) 4.5 cm3) for all different scans. For each volunteer the prostate volume
of scan 1 to 5 was the same (SD range 0.4 - 1.5 cm3). From these volume dif-
ferences, we estimated the delineation error of the prostate to be less than 1
mm (1 SD).
The average rectum volume (including rectal filling) was 61.0 cm3 (SD 62.0
cm3). The rectum volume using the knee support was on average 6.4 cm3

(SEM 2.3 cm3) larger than the rectum volume without knee support (Table
1). This was independent of the tabletop applied.
The average rectal wall volume was 23.5 cm3 (SD 7.4 cm3). For each volun-
teer, the outer rectal wall was delineated in the same number of slices in all five
scans. Generating the inner rectal wall, the rectal wall volume was corrected
for the amount of rectal filling. Therefore, for each volunteer there was no dif-
ference in the volume of the rectal wall for the five scans.

Rectum (anterior - posterior edge and diameter)
An example showing the registered scans of a single volunteer is shown in Fig.
4 and 5.
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Table 1 - Mean rectum volume with filling for the different scans, and their difference.

64.8

61.7

3.1 (2.5)

57.6

56.1

1.5 (2.9)

7.2 (3.8)

5.6 (2.8)

6.4 (2.3)

With KS Without KS Difference 
Combined 
difference 
due to KS

Average rectum volume,
flat tabletop (cm3)

Average rectum volume,
rounded table-top (cm3)

Difference (cm3)

Combined difference due 
to tabletop (cm3)

2.3 (1.9)

Abbreviation: KS = knee support
Numbers in parentheses are the standard error of the mean.
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Fig. 4 - Four MRI scans in four different positions of the same volunteer. The scans are mat-
ched on the bony anatomy and the images show the corresponding axial slices. The white
dashed lines represent the rectum and the white solid lines represent the prostate of the refe-
rence scan (flat tabletop with knee support). The white cross represents the same position in
relation to the bony anatomy for all four scans and also the intersection of the coronal slices
in Fig. 5. The small white line on the left of the images indicates a distance of 10 mm. Note
that the largest differences in rectum position are between the left and right column (with and
without knee support).

Tabletop: No significant differences in mean position and diameter were
found due to a different tabletop for all measured points (Table 2).
Knee support: The position differences of the rectum and differences in dia-
meter of the rectum due to the knee support are shown in Table 3 and Fig. 6.
For the anterior boundary of the rectum, the largest difference was seen at the
level of the top of the prostate (9.9 mm, SEM 1.7 mm). For the posterior
boundary of the rectum the largest difference was seen at the level of the
middle of the prostate (10.2 mm, SEM 1.5 mm). As seen in Fig 6, the move-
ment of the rectum was different for the anterior and posterior edge.
Therefore, the diameter of the rectum changed due to the knee support (Table
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Fig. 5 - Four MRI scans in four different positions of the same volunteer. The scans are mat-
ched on the bony anatomy and the images show the corresponding coronal slices. The white
dashed lines represent the rectum of the reference scan (flat tabletop with knee support). The
white arrows show the levator ani muscle. The white cross represents the same position in
relation to the bony anatomy for all four scans and also the intersection of the axial slices in
Fig. 4. The small white line on the left of the images indicates a distance of 10 mm. Note the
cranial displacement of the rectal filling and levator ani muscle and the increased amount
of visible fat around the rectum in the scans without knee support.

3). Without the knee support, the diameter of the rectum decreased at the
level of the apex and middle of the prostate (Fig. 4). At the level of the top and
1 cm above the top of the prostate the diameter of the rectum increased. The
rectal filling was therefore pushed cranially due to removal of the knee support
(Fig. 5).

Prostate, seminal vesicles and bulb of the penis
Tabletop: A different shaped tabletop did not cause a significant shift or rota-
tion of the prostate, seminal vesicles or bulb of the penis (Table 2).
Knee support: From the matches on the bony anatomy, we observed a sig-
nificant position difference of the prostate and seminal vesicles due to the knee
support (Table 3). The difference of the anterior and posterior boundary of the
prostate was 1.7 mm (SEM 0.3 mm) and 3.9 mm (SEM 0.6 mm), respective-
ly. The difference of the anterior and posterior boundary of the seminal vesi-
cles was 10.4 mm (SEM 1.4 mm) and 6.1 mm (SEM 1.0), respectively. The
position of the bulb of the penis was not significantly influenced by the knee
support (Table 3).
From the volume matches, we found that, due to removal of the knee support,
the prostate rotated around the left-right axis at the apex (i.e. a ventral rota-
tion) by 5.6O (SEM 0.8O). Rotations around the other two axes were much
smaller and not significant. Due to removal of the knee support, a significant
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Table 2 - Mean position and diameter differences of several pelvic organs due to a different
tabletop (flat v. rounded) 

Organ

Rectum

Prostate
Seminal Vesicles
Bulbus

Position

Top + 1 cm (mm)
Top (mm)
Middle (mm)
Apex (mm)
Apex -1 cm (mm)
Middle (mm)
Top + 1 cm (mm)
— (mm)

Anterior 
boundarya

0.2 (1.3)
-0.5 (1.8)
0.5 (0.6)
0.6 (0.6)
0.8 (0.7)
0.3 (0.3)
0.7 (1.0)

—

Posterior 
boundarya

1.2 (0.7)
-0.6 (0.5)
-0.8 (1.0)
0.8 (0.5)
1.1 (0.6)
0.3 (0.5)
0.0 (0.9)
0.4 (0.5)

Diameterb

-0.9 (1.4)
0.1 (1.9)
1.3 (0.8)

-0.1 (0.4)
-0.2 (0.4)
0.0 (0.3)
0.7 (0.4)

—

a Positive numbers for the posterior and anterior boundary indicate that the boundary 
measured on the flat tabletop was ventrally located compared to the rounded tabletop.

b Positive numbers for the diameter indicate that the diameter measured on the flat 
tabletop was larger than on the rounded tabletop.
Numbers in parentheses are the standard error of the mean.

Table 3 - Mean position and diameter differences of several pelvic organs with versus wit-
hout knee support.

Organ

Rectum

Prostate
Seminal Vesicles
Bulbus

Position

Top + 1 cm (mm)
Top (mm)
Middle (mm)
Apex (mm)
Apex -1 cm (mm)
Middle (mm)
Top + 1 cm (mm)
— (mm)

Anterior 
boundarya

-5.3 (1.5)
-9.9 (1.7)
-4.3 (0.6)
-1.0 (0.3)
-0.2 (0.6)
-1.7 (0.3)

-10.4 (1.4)
—

Posterior 
boundarya

-1.9 (0.9)
-4.0 (1.1)

-10.2 (1.5)
-2.7 (0.8)
-0.7 (0.5)
-3.9 (0.6)
-6.1 (1.0)
-0.1 (0.4)

Diameterb

-3.3 (1.6)
-5.9 (2.0)
6.0 (1.4)
1.7 (0.7)
0.6 (0.5)
2.3 (0.4)

-4.3 (0.9)
—

a Positive numbers for the posterior and anterior boundary indicate that the boundary 
measured with knee support was ventrally located compared to without knee support.

b Positive numbers for the diameter indicate that the diameter measured with knee support
was larger than without knee support.
Numbers in parentheses are the standard error of the mean.



shift in relation to the apex was observed in the cranial and ventral direction.
The shift was 2.6 mm (SEM 0.4 cm) and 1.4 mm (SEM 0.6 mm), respective-
ly (Fig. 7).

Dose comparison
There was no significant difference in the dose distributions between scan 1
and 5 (flat tabletop with knee support) for all the dose parameters (e.g. the
mean volume difference of the rectal wall that received at least 65 Gy was
1.1% (SEM 0.8%) between scan 1 and 5). Therefore, the dose distributions of
scans 1 and 5 were combined and compared with the other scans.
Tabletop: No significant differences were found between use of the flat and
rounded tabletop (e.g. the mean EUD difference of the rectal wall was 0.0 Gy
(SEM 0.2 Gy) between flat and rounded tabletop).
Knee support: Adding the knee support, the dose delivered to the rectal wall
was smaller. For all dose levels, the mean volume difference receiving the same
amount of dose ranged from 2.6 to 3.7% between irradiation with knee sup-
port and irradiation without knee support (Table 4). This volume difference
was significant for all dose levels (SEM about 0.9 %).
By using the knee support, the EUD of the rectal wall decreased by 0.7 Gy
(SEM 0.2 Gy).
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Fig. 6 - The mean position differences of the anterior and posterior boundary of the rectum
due to the knee support. The solid black lines represent the prostate and rectum of the refe-
rence scan (flat tabletop with knee support = scan 1+5). The gray lines represent the shift of
the anterior and posterior boundary of the rectum due to removal of the knee support with
the error-bars indicating 1 SD.



With KS

51.4
45.3
37.8
36.0
31.7
24.8

67.3

Without KS

55.1
48.9
41.2
39.3
34.8
27.4

68.0

Difference

-3.7 (0.9)
-3.6 (0.9)
-3.4 (0.9)
-3.3 (0.9)
-3.2 (0.8)
-2.6 (0.7)

-0.7 (0.2)

Volume RW (%) ≥ 40 Gy 
Volume RW (%) ≥ 50 Gy 
Volume RW (%) ≥ 62.4 Gy 
Volume RW (%) ≥ 65 Gy 
Volume RW (%) ≥ 70 Gy 
Volume RW (%) ≥ 75 Gy

EUD RW (Gy)

Abbreviations: KS = knee support; RW = rectal wall
Numbers in parentheses are the standard error of the mean.

Table 4 - Mean rectal wall volume (%) receiving at least 40, 50, 62.4, 65, 70, 75 Gy, and
EUD (Gy) of the rectal wall for the treatment plans with and without knee support (KS)
and their difference.
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Fig. 7 - Shift of the anterior and posterior boundary of the prostate, the seminal vesicles and
bulb of the penis due to removal of the knee support based on the pelvic bone match. The
black solid lines represent the prostate and rectum of the reference scan (flat tabletop with
knee support = scan 1+5). The black dashed lines represent the seminal vesicles and bulb of
the penis of the reference scan. The gray arrows represent the shift due to removal of the knee
support.
*In the gray box the black arrows represent the rotation and translation (shift) of the pros-
tate in relation to the apex due to removal of the knee support based on the prostate volume
match.



Discussion
Rectum

Our results demonstrate that while the shape of the tabletop does not have
any influence, the position of the rectum is shifted ventrally due to removal of
the knee support. Furthermore, the rectal filling was pushed cranially, since the
diameter at the lower part of the rectum decreased, while at the same time at
the upper part of the rectum the diameter increased. The rectum without knee
support was on average smaller compared to the rectum with knee support
(Table 1). We conclude that due to the removal of the knee support, the rec-
tal filling was pushed cranially outside the area where the rectum was deline-
ated. This caused a rectum volume difference between the scans with and 
without knee support.
The shift of the rectum was caused by a change of pressure inside the pelvis,
which can be seen in Figs. 4 and 5. In the images without knee support, the
amount of visible fat around the rectum is larger. Furthermore, the levator ani
muscle is displaced in the cranial direction compared to the images with knee
support. The fat was pushed towards the inside of the pelvis when the knee
support was removed, so therefore the change of pressure came from the out-
side of the pelvis. By removing the knee support, the volunteers' legs became
more horizontal on the tabletop (flat or rounded). This may have resulted in
compression of tissue at the buttocks. This theory, that the displacement is lin-
ked with a change of pressure at the buttocks, was in agreement with observa-
tions of Bentel et al. (10).
The results we found in our previous study (1), comparing CT-MRI delinea-
tions, were almost identical to the results in this study (i.e. the same shifts were
observed (Figs. 6 and 7)). This indicates that the rectum shift we found in the
CT-MRI study was indeed caused by the knee support and that the other eval-
uated possibilities (rectal filling, matching errors, delineation errors, fat shift of
the MRI and flat versus rounded table-top) were not causing the rectum shift.

Prostate
As for the rectum results, the shape of tabletop did not have any influence on
the prostate position.
Our results show that the knee support also had a significant impact on the
prostate position. A large rotation at the apex around the left-right axis and a
small ventral and cranial shift was observed due to removal of the knee sup-
port (Fig. 7). This rotation is consistent with the fact that the seminal vesicles
shifted more than the prostate (Table 3).
The posterior prostate boundary shifted about 2 mm more ventrally than the
anterior prostate boundary (Table 3). Possible explanations are the rotation or
the change in shape of the prostate. However, Deurloo et al. (19) showed that
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the prostate shape was fairly constant (1 mm SD) under day-to-day variation
in rectal filling.

Dose comparison
There was no difference in delivered dose to the rectal wall between use of a
flat and a rounded tabletop. This was to be expected however, because the rec-
tum and prostate remained at the same position.
The rectal wall volume that received the same amount of dose was reduced
significantly (about 3.5%, Table 5) with a knee support compared to without
a knee support. This was caused by the larger shift of the rectum compared to
the prostate. By applying the knee support, the posterior boundary of the rec-
tal wall shifted more than the prostate and moved outside the high dose
region.
In our previous study (1) the difference in rectal wall volume for all dose levels
between treatment plans based on CT delineation and MRI delineation was
found to be 4%. The benefit of the MRI delineation in that study was nega-
tively influenced, because the MRI was made without knee support compared
to the CT with knee support. Therefore, the actual rectal wall volume diffe-
rence for the same amount of dose between CT and MRI delineation can be
estimated to be 7.5% (4% + 3.5%). This is in line with other studies applying
MRI delineation, where the rectal wall volume receiving the same amount of
dose was reduced by about 10% (20, 21).
One other way to reduce the dose delivered to the rectal wall is to apply inten-
sity-modulated radiotherapy (IMRT). Using IMRT, the rectal wall volume
receiving more than 50 Gy can be reduced by about 10% (22, 23). The reduc-
tion of the rectal wall volume receiving the same amount of dose due to knee
support is smaller (3.5%). Still, using a knee support is quite easy and cheap
compared to a complicated IMRT technique and/or using an expensive MRI
scan. In addition to advanced techniques this simple measure should not be
forgotten.

Conclusions
The use of a knee support in prostate irradiation decreased the dose delivered
to the rectal wall. The knee support caused a dorsal rectum shift and a pros-
tate rotation at the apex around the left-right axis in a dorsal direction. The
shape (flat vs. rounded) of the tabletop had no influence on prostate and rec-
tum position and no dose difference delivered to the rectal wall could be
demonstrated.
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Abstract

Purpose: The prostate is known to translate and rotate under influence of
rectal filling changes and many studies addressed the magnitude of these
motions. However, also prostate shape variations have been reported. For
image guided radiotherapy, it is essential to know the relative magnitude of
translations, rotations and shape variation such that the most appropriate cor-
rection strategy can be chosen. However, no quantitative analysis of shape vari-
ation has been performed so far. It is, therefore, the purpose of this paper to
develop a method to determine shape variation of complex organs and apply
it to determine shape variation during external beam radiotherapy of a GTV
(Gross Tumor Volume) consisting of prostate and seminal vesicles.

Methods and Materials: Repeat CT scans (11 on average) were made
during the course of conformal radiotherapy for 19 patients with prostate can-
cer. One observer delineated the GTV in all scans and volume variations were
measured. After matching the GTVs for each patient for translation and rota-
tion, a coverage probability matrix was constructed and the 50% isosurface was
taken to determine the average GTV surface. Perpendicular distances between
the average GTV and the individual GTVs were calculated for each point of
the average GTV and their variation was expressed in terms of local SD. The
local SDs of the shape variation of all 19 patients were mapped onto a referen-
ce case by matching and morphing of the individual average GTVs. Repeated
delineation of the GTV was done for 6 patients to determine intra-observer
variation. Finally, the measured shape variation was corrected for intra-obser-
ver variation to estimate the "real" shape variation.

Results: No significant variations in GTV volume were observed. The mea-
sured shape variation (including delineation variation) was largest at the tip of
the vesicles (SD = 2.0 mm), smallest at the left and right side (SD = 1.0 mm)
and average elsewhere (SD = 1.5 mm). At the left, right and cranial side of the
prostate, the intra-observer variation was of the same order of magnitude as the
measured local shape variation, elsewhere it was smaller. Therefore, the "real"
shape variation was negligible at the left, right and cranial side of the prostate.
At the prostate apex the "real" shape variation had a SD of 0.5 mm, while it
was 0.9 mm anterior and posterior of the prostate and 1.5 mm at the tip of the
seminal vesicles.

Conclusions: We developed a method to quantify shape variation of organs
with a complex shape, and applied it to a GTV consisting of prostate and semi-
nal vesicles. Deformation of prostate and seminal vesicles during the course of
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radiotherapy is small. Therefore, it is a valid approximation in image-guided
radiotherapy of prostate cancer to correct only for setup errors and organ
motion, and ignore organ deformation.

Key Words: prostate and seminal vesicles, organ deformation, repeat CT
scans, image-guided radiotherapy
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Introduction
Three dimensional conformal radiotherapy aims at delivering a high dose to
the tumor, while sparing the surrounding organs at risk to a maximum extent.
The success of conformal radiotherapy relies on the accurate delivery of radi-
ation dose. According to the ICRU Report 50, the definition of the Planning
Target Volume (PTV) is: "The PTV is a geometrical concept, and it is defined
to select appropriate beam sizes and beam arrangements, taking into conside-
ration the net effect of all the possible geometrical variations and inaccuracies
in order to ensure that the prescribed dose is actually absorbed in the Clinical
Target Volume (CTV)" (1). Geometrical uncertainties in radiotherapy, such as
organ (target) movement (2-5), setup error (6-8), and delineation uncertainty
(9-11) cause differences between the intended and the actually delivered dose
distribution in the CTV (12, 13) and dictate the size of the PTV. Therefore,
one of the major efforts in radiotherapy has been in minimizing the effects of
geometrical uncertainties.
Adaptive radiation therapy (ART) has been introduced to minimize the effects
of treatment variation by incorporating into the treatment optimization pro-
cess multiple measurements of the position of the target during the course of
radiotherapy (14). The correction procedures are based on electronic portal
imaging (on-line (15) or off-line (6)), implanted markers (2), repeat CT (16),
ultrasound (17), or other forms of image guidance. The conventional approach
to correct for setup errors and organ motion is patient repositioning (by a sim-
ple translation). Due to inaccuracies in the correction procedure, short term
organ motion and target volume delineation inaccuracies, a margin around the
CTV will, however, always remain necessary.
Organ deformation throughout the course of radiotherapy is another geome-
tric uncertainty that the correction procedures of image-guided radiotherapy
have to take into consideration. Several studies of the internal organ motion of
the prostate (and seminal vesicles) have been made using multiple CT scans
through the treatment course (18-21). Significant variations in organ shape
have been demonstrated which can cause large deviations between the delive-
red dose and the planned dose (22). A common restriction of these studies is
the absence of a full 3D description of the organ deformation as this deforma-
tion is often expressed in a variation of volume only. Recently, cine-MRI was
used to determine short-term prostate movement and shape changes (23).
However, the analysis of this data was limited to isolated points.
For image guided radiotherapy, it is essential to know the relative magnitude
of translations, rotations and shape variation such that the most appropriate
correction strategy can be chosen. However, no quantitative analysis of shape
variation has been performed so far.
Remeijer et al. (11) developed a general methodology for three-dimensional
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analysis of, in principle, variation in target volume delineation, but the method
also works for analysis of organ deformation. This method is based on mapping
the 3D shape of the target volume to a scalar representation, thus enabling a
one-dimensional statistical analysis. However, the method only works for
(near) spherical shapes like the prostate and is, therefore, not applicable to ana-
lyze the joint shape of prostate and seminal vesicles.
The aim of this study is to develop a method for quantification of shape vari-
ation of complex organs and to apply it to measure shape variation in repeat
CT data of a GTV consisting of prostate plus seminal vesicles.

Methods and materials
Patient data

Nineteen patients with prostate cancer were prospectively evaluated with
multiple CT scans before and during a course of conformal radiotherapy of 7
or 8 weeks.The clinical stages of the patients included in this study were as fol-
lows: T1: 3 patients; T2: 4 patients; T3: 12 patients (24). 14 out of 19 patients
underwent hormonal therapy for a period of 6 months. Hormonal therapy star-
ted 4 months prior to radiation therapy.
One hour before the CT scans were made, the patients were instructed to
empty their bladder and rectum and subsequently drink 250 ml of fluid. All
CT scans were performed in the treatment position (supine). The repeat CT
scans (11 on average) were obtained during the course of treatment, just befo-
re or after the daily treatment: 4 during the first week, 2 during the second
week and 1 every subsequent week. The scans were obtained from the upper
part of the SI joints down to 4 cm below the bottom of the os pubis. The slice
thickness and spacing was 3 mm in the region of the prostate and seminal vesi-
cles and 5 mm elsewhere. The matrix size was 512 x 512 pixels and the pixel
size was 0.8 x 0.8 mm2.
The GTV was delineated on each scan by the same observer (JdB). Repeated
delineation of the GTV was done for 6 patients (8 scans each) by the same
observer one year after the first delineation to determine the magnitude of the
intra-observer variation.

Matching of CT scans
Each of the repeat scans was registered to the planning scan using a chamfer
matching algorithm (5). First, a bone match was performed; the pelvic bones
of the repeat scans were registered to the pelvic bone of the planning scan.
Next, a GTV match was performed (with the bone match as starting point);
the GTVs of the repeat scans were matched onto the GTV of the planning CT
scan. The GTV match results in a translation in three directions and a rotation
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around three orthogonal axes. These translations and rotations describe the
motion of the GTV relative to the pelvic bone from the planning CT to the
repeat CT. The matched GTVs were used as a starting point for the shape vari-
ation analysis. As an example, several sagittal reconstructions of the CT scans
of 1 patient registered onto the GTV of the planning scan are shown in Fig. 1.
The overlaid drawing is the GTV as outlined in the planning CT scan. The
figure illustrates the quality of the match results and the small variation in
shape.

Data analysis: results per patient and shape analysis for selected areas
For each patient, a 3D average GTV shape was computed based on an iso-
coverage probability matrix of the matched GTVs. First, a coverage matrix was
computed. For each voxel on a 1mm grid it was scored how many times it was
inside a contour. The average GTV was calculated by constructing the 50% iso-
surface of the coverage matrix using the marching cubes algorithm (25). This
latter algorithm generates a smooth surface with eight triangles per voxel.
Subsequently, for each vertex point on the average structure (typically 13000
points) a vector was calculated perpendicular to the surface. The distances be-
tween the average structure and the intersection with the individual delineated
structures were calculated along this vector and used as a description of the
deviation of each delineated structure from the average (for each point). The
variation in perpendicular distance was expressed in terms of a local standard
deviation (SD). In Figs. 2a and 2b, this local SD is displayed for two patients
in color wash on the average GTV. Using the results per patient, a simple data
analysis for manually selected areas will first be performed.

Data analysis: mapping results of all patients to a reference case
As can be seen from Figs. 2a and 2b and the average structure of the other 17
patients (data not shown), the shape of the average GTV differs between
patients, preventing a simple comparison between them. The analysis was, the-
refore, extended with a method to map the results of the 19 patients to a refe-
rence case. As reference case, the average structure of one of the 19 patients
was (arbitrarily) chosen; the one in Fig. 2a. The structure mapping was done in
three steps. First, a pre-match was performed, applying a translation with the
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Fig. 1 - Sagittal reconstruction (a-f) and transverse slices (g-l) of the planning and repeat CT
scans of a representative patient. The GTVs of the repeat scans are registered onto the GTV
of the planning scan. The white contour represents the prostate and seminal vesicles of the
planning CT scan which was overlaid on all other scans. (a,g) Planning CT scan. (b-f, h-l)
Repeat CT scans of week 1, 2, 4, 6 and 8 of the treatment. Even though bladder and rec-
tum change drastically, the shape of prostate and seminal vesicles changes little during the
course of radiotherapy. Only in (d, h, l) some deformation of a seminal vesicle is visible.



location difference of the center of gravity of each patient compared to the
reference case, in such a way that the average structures of all patients are in
the general frame of the reference case. Second, a GTV match of the average
structures was performed, allowing translation, rotation and magnification. An
example is shown in Fig. 2c for two patients. Finally, each average structure was
morphed into the reference case (26). On the average structure a well-defin-
ed point was marked, i.e. the tip of a vesicle, and the size of the region to be
morphed, i.e. the complete vesicle. The same point was also marked on the
reference case. Next, the average structure was distorted in order to move the
marked point to the position of the corresponding point in the reference case
and simultaneously move all the other points in the indicated region inversely
proportional to the distance to the marked point. This morphing was done for
three regions; left vesicle, right vesicle and prostate. The result for two of the
patients can be seen in Fig. 2d. We realize that the morphing operation is not
perfect. However, since the morphing will only be used to compute descrip-
tive statistics of a smoothly varying function (the local shape variation), errors
in the morphing step will have a very small impact on the results.
After matching and morphing, the local SDs of the shape variation of the
patients were mapped onto the reference case with a "shortest distance
method". For each point on the reference case the closest point on the indivi-
dual average structures was found. The SD value found in this point of the
individual average structure was then projected onto the point of the referen-
ce case. In this way, 19 SD values (the value of the reference case itself + the
values of the other 18 patients) were found for each point of the reference
case. The root-mean-square (RMS) of these SD values is a measure for the
local variation of the GTV during the course of treatment. As quality assuran-
ce of the procedure, areas will again be manually defined on the reference case
and the results of the morphing procedure will be compared with the previ-
ous data analysis of the same selected areas.

Data analysis: "real" shape variation
We assume that the measured local variation of the GTV (SDloc) is caused by
independent changes in the shape of the structure due to intra-observer varia-
tion (SDi) and "real" shape variation (SDs). This can be written as:

(1)

Part of the real shape variation may be caused by volume variation.
In order to assess intra-observer variation, we measured the differences be-
tween GTVs that were delineated twice (6 patients, 8 scans each). For each
patient, we calculated for each point of the average structure (as defined pre-
viously in the section "Data analysis: results per patient and shape analysis for
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selected areas") the perpendicular distance to the first delineation (
→
d1) and to

the second delineation (
→
d2), subtracted the two distances, and calculated the

SD of the differences of all 8 scans. Next, the SD was divided by √2 because
the intra-observer variation is taken into account twice in this procedure. For
each patient, and for each point of the average structure this (corrected) SD
can be written as:

(2)

where n is the number of scans (= 8) and the mean of the second term is taken
over the same 8 scans. Using the same average structure for the measurement
of shape variation and intra-observer variation allows later combination of the
results. The (corrected) SD values for the 6 patients were next morphed to the
reference case as described in the previous section. Subsequently, the RMS of
these mapped SD values was calculated, which is a measure for the intra-
observer variation (SDi). Finally, the change in the shape of the average struc-
ture due to "real" shape variation (SDs) was calculated from Eq. 1.

Results
Results per patient and shape analysis for selected areas

In Figs. 2a and 2b, the average structures of two typical patients with the mag-
nitude of the local shape variation displayed in color wash were shown. The
local variation was averaged over all vertex points of the average prostate and
also determined at several manually defined areas (the average of all vertex
points in a circle (with 1 cm diameter) at the left-, right-, cranial-, caudal-,
anterior-, and posterior-side of the prostate and tip of left and right vesicle) for
all 19 patients (Table 1). The local variation is largest at the tip of the vesicles
(SD = 1.9 mm) and relatively small on the right and left side of the prostate
(SD = 1.0 mm). The overall SD of the local variation (averaged over all vertex
points of the average GTV per patient and subsequently taking the RMS over
all patients) is 1.4 mm. These values are not yet corrected for intra-observer
variation.

Mapping results of all patients to a reference case
The average structures of 18 patients were matched and morphed to the refe-
rence case and, subsequently, all SD values were projected with a "shortest
distance method" onto this reference case. Figs. 2e and 2f show the RMS of the
SD values of the shape variation projected onto the reference case. The pictu-
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Fig. 2 (i) Fig. 2 (j)

Fig. 2 - (a-b) Measured local shape variation for two typical patients displayed in color wash
on their average GTV. The shape of the average GTV is quite differerent from patient to
patient, preventing a simple comparison. The analysis was, therefore, extended with a
method to match and morph the results of all patients to a reference case. (c) Result after
matching of the two average GTVs from Figs. 2a (shown in purple) and 2b (shown in blue),
allowing translation, rotation and magnification. (d) Result after morphing of the two mat-
ched average GTVs from Fig. 2c. (e-j) Reference case with the local RMS of the standard
deviation of the local shape variation of 19 patients displayed in color wash. (e-f) Total
shape variation. (g-h) Intra-observer variation. (i-j) "Real" shape variation corrected for
intra-observer variation.

res give a clear indication of the local variation of the GTV shape during the
course of treatment. In Table 2, the standard deviations of the local variation
are summarized. The data in Tables 1 and 2 is in good agreement, indicating an
acceptable accuracy of the morphing procedure.

Volume variation
A summary of the GTV volume measurements is presented in Table 3. For
each patient the normalized volume range (normalized to the volume of the
planning CT), the average volume, the standard deviation of the volume
(SDv), an estimate of the local shape variation due to volume variation (SDr (=
SD of the equivalent sphere radius)) and the slope and correlation coefficient
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Table 1 - SD (in mm) of the shape deviation of the GTV relative to the average GTV for
each patient at eight manually selected areas and averaged over all vertex points of the average
GTV (pros = prostate, semves = seminal vesicles). The last row gives the RMS of the data
for all patients.

Patient

1a

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19b

RMS

Left 
pros

1.2
1.1
1.1
1.1
0.8
1.2
1.1
0.8
1.0
1.1
1.0
0.8
0.9
0.6
0.8
1.0
1.0
0.8
0.7

1.0

Right
pros

1.8
1.0
1.7
1.1
0.9
1.2
0.8
0.8
0.5
1.1
0.7
0.8
0.6
0.6
0.8
0.9
0.8
0.6
0.7

1.0

Cranial
pros

1.8
1.2
1.1
2.5
1.9
1.4
1.4
0.9
0.5
0.7
2.0
2.8
1.3
1.7
2.0
1.0
1.1
0.8
0.7

1.5

Caudal
pros

2.4
1.7
1.0
1.8
2.2
2.2
1.1
2.0
0.9
1.4
1.0
1.6
1.1
0.9
2.0
1.5
1.0
1.6
2.0

1.6

Anterior
pros

2.0
1.0
1.8
2.2
1.2
1.5
0.9
0.8
1.0
1.5
1.0
1.4
1.0
1.2
2.2
1.7
1.1
0.8
0.6

1.4

Posterior
pros

2.0
1.7
1.5
1.7
1.6
1.2
1.1
1.2
0.7
1.4
1.5
1.1
1.2
1.4
1.1
1.5
0.7
0.8
1.1

1.3

Tip left 
semves

1.4
1.9
1.9
2.2
1.3
1.7
1.8
2.7
1.1
2.0
2.0
1.8
1.2
1.5
1.8
2.8
1.6
1.5
2.0

1.9

Tip right
semves

1.3
2.4
1.7
3.0
1.5
1.6
1.7
2.3
1.2
1.8
2.6
2.6
1.5
1.5
1.4
2.2
1.2
1.3
1.3

1.9

Average
over 
GTV

1.7
1.5
1.5
2.0
1.5
1.4
1.2
1.3
0.9
1.5
1.4
1.6
1.1
1.0
1.2
1.5
1.2
1.2
1.2

1.4

a patient 1 = GTV in Fig. 2a
b patient 19 = GTV in Fig. 2b

Table 2 - Measured local variation (1 SD in mm) in eight directions and averaged over the
whole GTV after matching, morphing and mapping the data of all 19 patients to the refe-
rence case. The numbers correspond to Figs. 2e and 2f (pros = prostate, semves = seminal
vesicles).

Measured
local
variation

Left 
pros

1.0

Right
pros

1.1

Cranial
pros

1.5

Caudal
pros

1.6

Anterior
pros

1.5

Posterior
pros

1.4

Tip left 
semves

2.1

Tip right
semves

1.8

Average
over 
GTV

1.5



(linear regression) are listed. Among individual patients, the range of the volu-
mes was approximately ±11% of the average value. The RMS of the SD of the
volume of the 19 patients was 4.3 cm3. The average volume change was 
-0.05 cm3/day, which was not significantly different from zero (p > 0.05, one
sample t-test).
In Fig. 3, the normalized GTV volume is shown as a function of the time (day
0 = start of treatment). All volumes are normalized to day 0, while the plan-
ning CT is shown at day -13 (which is the average time between CT scanning
and start of treatment for these 19 patients). For each point in time, the nor-
malized values are averaged over the 19 patients, while the error bars give the
standard deviation of the normalized volumes. The volume at day 0 is surpris-
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Table 3 - GTV volume measurements for all 19 patients; normalized volume range (norma-
lized to the volume of the planning CT), average volume, standard deviation of the volume
(SDv), estimate of the local shape variation due to volume variation (SDr), slope, and cor-
relation coefficient between volume and time. The last two rows give the mean or the RMS
of the data for all patients. In general the volume variation with time is random and it has
a similar magnitude as the intra-observer variation.

Patient

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

Mean

RMS

Average 
volume
[cm3]

71.8
79.6
50.6
38.9

118.5
49.3
53.2
52.9
29.3
57.1
34.4
54.5
71.4
37.9
44.2
92.7
63.8
48.9
62.9

58.5

—

SDv [cm3]

6.3
5.1
6.2
3.1
9.0
5.4
1.0
3.3
1.3
3.6
2.5
6.1
2.8
2.3
2.7
4.2
2.8
2.3
3.0

—

4.3

SDr [mm]

0.75
0.57
0.94
0.56
0.77
0.83
0.15
0.48
0.28
0.50
0.49
0.88
0.34
0.42
0.45
0.42
0.36
0.36
0.39

—

0.56

Slope 
[cm3/day]

-0.239
-0.088
-0.305
-0.008
0.145
0.168
0.006
0.055
0.007

-0.001
-0.112
-0.289
-0.007
-0.008
-0.103
-0.149
-0.029
0.011

-0.003

-0.050

—

Correlation 
coefficient

(R2)

0.317
0.078
0.651
0.001
0.046
0.336
0.010
0.110
0.007
0.000
0.404
0.591
0.002
0.004
0.406
0.334
0.039
0.006
0.000

—

—

Normalized 
volume range

0.73 - 1.00
0.90 - 1.11
0.73 - 1.04
0.85 - 1.14
1.00 - 1.26
0.95 - 1.31
0.99 - 1.06
0.91 - 1.16
0.92 - 1.05
0.87 - 1.04
0.86 - 1.06
0.79 - 1.10
0.98 - 1.12
0.79 - 1.01
0.88 - 1.06
0.89 - 1.02
0.89 - 1.03
0.90 - 1.09
0.86 - 1.03

0.88 - 1.09

—



ingly small compared to the other volumes. We have no explanation for this
phenomenon. A small decrease in volume during the course of treatment can
be seen but this was not statistically significant. This was also valid for the sub-
set of patients that underwent hormonal therapy.
The average SDr for the 19 patients is 0.6 mm, which is very small compared
to the values for the local variation (see Table 2). Also, the variation of the
volume during the course of treatment (SDv = 4.3 cm3, see Table 3) was not
significantly different from the intra-observer variation in the volume 
(5.1 cm3). The contribution of volume variation to the shape variation is 
therefore considered negligible.

Intra-observer variation
In Figs. 2g and 2h, the reference case is shown with the intra-observer varia-
tion displayed in color wash.The standard deviations of the intra-observer vari-
ation are summarized in Table 4. At the left, right and cranial side of the pros-
tate, the intra-observer variation was of the same order of magnitude as the
measured local shape variation, elsewhere it was smaller.

"Real" shape variation
Finally, for each point on the reference case the "real" shape variation was cal-
culated from Eq. 1. In Figs. 2i and 2j, the reference case is shown with the
"real" shape variation displayed in color wash and the data is summarized in
Table 4. At the left, right and cranial side of the prostate, the "real" shape vari-
ation is negligible. Due to statistical fluctuations, sometimes SDi is even slight-
ly larger than SDloc in which case the "real" shape variation cannot be estima-
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Fig. 3 - Normalized volume of the GTV of the 19 patients as a function of time after start of
treatment (day 0 = start of treatment). For each point in time, the mean and the standard
deviation of the normalized volume are given.



ted. These areas are depicted in black in Figs. 2i and 2j. At the caudal side of
the prostate the SD of the "real" shape variation is 0.5 mm, anterior and poste-
rior of the prostate it is 0.9 mm and at the tip of the seminal vesicles it is 1.5
mm.

Organ motion
The standard deviations of the relative translation of the center of mass of the
GTV and the top of the seminal vesicles (due to organ motion) are summari-
zed in Table 5. The organ motion was quantified by applying the results of the
prostate matching procedure to the prostate contours. For all prostate points
the motion due to shape variation is smaller than the motion due to transla-
tion and rotation.
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Table 4 - Measured local variation (copied from Table 2), intra-observer variation and
"real" shape variation at 8 manually defined areas and averaged over all vertex points of
the reference GTV (1 SD in mm). Pros = prostate, semves = seminal vesicles.

Table 5 - Magnitude of the relative translation of the center of mass (CoM) of the GTV and
the top of the seminal vesicles (SemVes) for the 19 patients specified as one standard devia-
tion (in mm).

Translation
CoM GTV

Translation
Top of SemVes

Left - Right

0.4

0.8

Cranial - Caudal

2.1

2.1

Anterior - Posterior

2.4

3.5

Measured local
variation
(Figs. 2e, 2f)

Intra-observer
variation
(Figs. 2g, 2h)

"Real" shape
variation
(Figs. 2i, 2j)

Left 
pros

1.0

1.1

0.0

Right
pros

1.1

1.1

0.1

Cranial
pros

1.5

1.5

0.0

Caudal
pros

1.6

1.5

0.5

Anterior
pros

1.5

1.2

0.8

Posterior
pros

1.4

1.0

0.9

Tip left 
semves

2.1

1.3

1.6

Tip right
semves

1.8

1.2

1.4

Average
over 
GTV

1.5

1.2

0.9



Discussion
We developed a method to quantify the shape variation of organs with a com-
plex shape. The method was applied to prostate and seminal vesicles of 19 
prostate cancer patients that underwent multiple CT scans in treatment 
position during the course of radiotherapy.
The results show that the deformation of the prostate and seminal vesicles
during the course of radiotherapy is small (see Figs. 2i and 2j and Table 4),
especially in comparison to organ motion (see Table 5). We, therefore, postu-
late that it is a valid approximation in image-guided radiotherapy to correct
only for setup errors and organ motion and that no extra corrections are nee-
ded for prostate and seminal vesicles deformation.
Our results on the motion of the prostate and seminal vesicles are consistent
with findings from other studies (e.g., Refs. 2, 4, 5, 21, 27, 28). A quantitative
comparison of the performed studies and our values is difficult due to diffe-
rences in applied protocols to control the rectum and/or bladder filling and
due to differences in the applied measurement- and analysis techniques.
However, the AP, LR, and CC standard deviations of displacements we measu-
red (see Table 5) are in the same range as the numbers found in literature.
Prostate displacement is largest in the AP- and CC-direction and small in the
LR-direction. We observed more prominent displacement of the seminal vesi-
cles compared to the prostate (see Fig. 1 and Table 5). This finding partly
explains the large SD of "real" shape variation of the seminal vesicles (see Figs.
2i and 2j and Table 4). The seminal vesicles account for only a small portion of
the GTV volume and therefore have small impact on the GTV match results.
Observer variation is an inherent limitation of our organ shape study. Also, the
delineation of target volume is a rather time consuming task and the number
of patients in a repeat CT study is limited. Based on normal statistics, the accu-
racy of the estimated SD of the total shape variation is about 5% (223 deline-
ated GTVs were used). Similarly, the accuracy of the estimated SD of the
intra-observer variation was about 11% (48 GTVs were delineated twice). It
will, therefore, occur regularly that SDs

2 (= SDloc
2 - SDi

2) has a negative value.
In fact, 14% of the points on the average structure in Figs. 2i and 2j have a
negative SDs

2 value. These points are depicted in black in these figures.
However, the magnitude of the problem is limited: the smallest SDloc

2 - SDi
2

= -0.7 mm2.
In order to combine the measurements of all patients in 3D, the local SDs of
the individual patients were mapped to a reference case. To be able to do this
in an unambiguous way, matching and morphing of the average structures was
necessary. Without morphing, for example in Fig. 2c, the SDs of the posterior
side of the seminal vesicles of the blue GTV would be projected onto the ante-
rior side of the seminal vesicles of the purple GTV (the reference case). The
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morphing was done interactively and its accuracy is inherently limited.
However, since the morphing was used to compute descriptive statistics of a
smoothly varying function (the local shape variation), the accuracy of the mor-
phing step does not need to be high.
The result of the matching, morphing and mapping (Figs. 2e and 2f) allows a
3D visualization of the combined results of 19 patients on a single reference
case. Using 8 manually selected areas on the prostate of these combined results
of 19 patients (Table 2) resulted within 0.2 mm in the same average values of
the 19 individual patients (Table 1) indicating the validity of the morphing
procedure for this application. Visual inspection of the contours showed small
inconsistencies in some of the delineated prostates. We think that these are the
cause of the presence of some relatively high values in Table 1.
Several authors investigated the variations in prostate and seminal vesicles
volumes during radiotherapy (18-21). Roeske et al. (21) observed that the 
prostate and seminal vesicles volumes can vary from the average by up to 
± 20% and ± 50%, respectively. Roach et al. (20) found a 14% median varia-
tion from the average prostate volume and a 28% average maximum variation
between the largest and smallest volumes. Antolak et al. (18) observed dif-
ferences of up to 80% between the minimum and maximum volume. For our
patient group, the SD of the prostate and seminal vesicles volumes ranged
from 1.9% to 12.3% of the average volume (mean 6.6%) and the maximum
variation in volume (between minimum and maximum volume of individual
patients) was 40%. We attribute most of this volume variation to intra-obser-
ver variation in the delineation. The estimate of the local shape variation due
to volume variation was 0.6 mm (SDr in Table 3), which is very small compa-
red to the values for the shape variation (Table 2). Therefore, the contribution
of volume variation to the shape variation is considered negligible. Like
Mechalakos et al. (19) and Roeske et al. (21), we did not find a time trend for
the change in prostate and seminal vesicles volumes. The reason why in Fig. 3
the normalized GTV volume at day 0 (start of treatment) is small compared
to the other volumes is unknown.
Fiorino et al. (9) studied short-term intra-observer variability (second delinea-
tion just after completing the first one) and found that the variations in volu-
mes were relatively small, ranging from 1.5% to 9% (average 5%). In our study,
the second delineation was done one year after the first delineation and,
therefore, it is not surprising that our intra-observer variation in GTV volume
is larger (ranging from 0.3% to 31.5%). The average variation is of the same
order (6.2%). The SD values we found for the intra-observer variability (see
Table 4) are in good agreement with the values found by Fiorino et al. Except
for this study of Fiorino et al., to the best of our knowledge, no other studies
reported about intra-observer variability in delineating prostate and seminal
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vesicles, which, in many cases, correspond to the GTV in the treatment of loca-
lized prostate cancer (29).
Remeijer et al. (11) described a method for separating intra- and inter-obser-
ver variation of the prostate, and applied it to delineations of 3 observers in 18
patients. They found that the SD of the variation on the left and right side of
the prostate is 1.2 mm, which is almost the same as our value of 1.1 mm (see
Table 4). However, they found at the apex a much larger value (3.5 mm SD)
than ours (1.5 mm SD). This difference is probably inherent to differences be-
tween inter- and intra-observer studies.
One of the goals of on-line image-guided radiotherapy is to correct (on-line)
for patient and target motion. To be able to do this one needs fast automatic
prostate localization, like in cone-beam CT (30) or with ultrasound localiza-
tion of the prostate gland (17). We found that during the course of radiothe-
rapy the deformation of the prostate and seminal vesicles is small, as is the vari-
ation in volume. Therefore, it is reasonable, in first order, to assume that the
prostate and seminal vesicles behave as a rigid body. This finding tremendous-
ly simplifies image analysis as it makes the use of deformable registration of
prostate imaging (31) redundant. For instance, automatic on-line localization
of the prostate from cone-beam CT data acquired on the treatment machine
may be achieved by rigid image registration (32), which is a much simpler task
as automatic segmentation. However, although deformable registration is not
required for the prostate itself, it is still needed for accurate dose accumulation
of organs such as the rectum.

Conclusions
A method was developed to quantify the deformation of organs with a com-
plex shape throughout the course of radiotherapy. It was applied on the pros-
tate and seminal vesicles of prostate cancer patients that underwent multiple
CT scans in treatment position during the course of radiotherapy. The results
show that the deformation of the prostate and seminal vesicles is small.
Therefore, in image-guided radiotherapy only setup error and organ motion
needs to be corrected and prostate and seminal vesicles deformation may be
ignored. This finding drastically simplifies the task of on-line image guidance
for the prostate and brings automatic prostate localization (e.g., from cone-
beam CT data) much closer into reach.
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The general principle of radiotherapy (RT) is to deliver a high radiation dose
to the tumor, while sparing the surrounding normal tissues as much as possi-
ble. With new treatment techniques (3-D conformal RT, intensity modulated
RT, stereotactic RT, image guided RT) a steep dose gradient can be achieved
allowing dose-escalation. Before these techniques can be used, a high level of
geometrical accuracy is needed, i.e. knowledge and minimization of geometri-
cal uncertainties is necessary. Therefore, the aim of this thesis was to evaluate
and reduce the geometrical uncertainties, putting emphasis on target volume
definition, which is currently the weakest link in the RT chain.
This thesis is separated in two parts:
First, we investigated the current level of delineation accuracy and evaluated
the impact of multimodality imaging (CT, MRI and FDG-PET), adapted de-
lineation guidelines and delineation software on target volume delineation.
These issues were evaluated for lung and prostate cancer patients.
Secondly, we estimated the amount of shape variation during the treatment
course of prostate and seminal vesicles, and evaluated the impact of external
factors (shape tabletop and knee support) on pelvic organ motion.
In this chapter, the results are discussed and future directions are given how to
minimize geometrical uncertainties in the RT chain.

1. Target volume delineation
1.1. Imaging

1.1.1. FDG-PET
As demonstrated in chapters 2 and 4, the observer variation in defining the
GTV for lung cancer on CT only, among experienced lung radiation oncolo-
gist, is very large (overall SD = 10 mm). This is in accordance with previous
published studies (1-4), concerning this subject. Van de Steene et al. (1) and
Mah et al. (5) showed large differences in dose delivery to tumor and organs at
risk due to observer variation. In many publications (6-9), the authors found
large alterations of the target volumes in many lung cancer patients when
information of FDG-PET was added, mainly due to restaging of the patients.
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In chapter 4 it is demonstrated that delineation with FDG-PET accurately
matched with the planning CT has a major impact on observer variation. The
overall SD reduced to about 4 mm. Especially the amount of interpretation
differences was reduced. The area of disagreement was 45% and 18% for CT
and matched CT - FDG-PET delineation, respectively.
Unfortunately, the spatial resolution of FDG-PET is poor (4 to 6 mm) (10) and
the images are often blurred due to breathing motion. To improve the image
quality attenuation correction is used. We showed in chapter 3 that retrospec-
tive attenuation correction can be made for the FDG-PET images using the
planning CT, which is a good alternative for a PET transmission scan (68Ge
source) in absence of a dedicated PET-CT scanner.
To identify pathological lymph nodes the combination of FDG-PET and CT
has proven its value compared to CT alone (11). As demonstrated in other stu-
dies (12-14), the availability of registered CT - FDG-PET can help to distin-
guish between tumor and atelectasis (chapter 4). In this study, for most
patients with atelectasis, the separation between tumor and atelectasis was
only possible with FDG-PET information. Unfortunately, some patients had
also increased FDG-uptake in the atelectasis, probably due to inflammation
(15). For these patients it is impossible to distinguish between inflammation
and tumor with FDG-PET. Maybe in the future, more specific tracers, like 11C-
tyrosine (16) or 11C-choline (17) might solve this issue. For the time being, we
recommend to include the increased FDG-uptake in atelectasis into the target
volume to remain on the safe side. During the course of the treatment a new
CT (and PET) scan can be made, to see whether the atelectasis and/or inflam-
mation disappears. In such cases the treatment plan might be adjusted.

1.1.2. Contrast enhancement
A major limitation when the lung delineation study started was that the CT
scans acquisition with intravenous contrast enhancement was not available
(chapter 2 and 4).
In 2003, in co-operation with C. McGibney a study was started to evaluate the
impact of CT contrast enhancement on inter and intra observer variation for
lung cancer delineation (18). Six radiation oncologists and two radiologists
were asked to delineate 10 lung cancer patients (stage IB - IIIB) four times.The
physicians randomly delineated all patients two times on a CT without
contrast enhancement and two times with contrast enhancement. With the 
3-D analysis software described in chapters 2, 4 and 7 inter and intra observer
variation was investigated. The main results are shown in Table 1.
No significant differences were found between delineations with or without
contrast enhancements CTs. The overall inter observer variation for all regions
was 0.88 cm and 0.87 cm for CT delineation with and without contrast enhan-
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cement, respectively. For the intra observer variation for all regions this was
0.65 cm and 0.66 cm, respectively.
Although, the two radiologists delineated significantly smaller than the radia-
tion oncologists (mean volume 83 cm3 v. 143 cm3, p<0.001, paired students'
T-test), their inter and intra observer variation was comparable with the radia-
tion oncologists (data not shown).
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No 
Contrast 

scan

129
0.20

0.88

0.50
1.15
1.37
0.95
0.67

0.77
0.26
0.61
0.50
0.71

Contrast 
scan

135
0.20

0.87

0.56
1.12
1.42
1.06
0.56

0.77
0.24
0.47
0.51
0.61

No
Contrast

scan

129
0.20

0.65

0.42
1.00
0.86
0.66
0.59

0.64
0.29
0.61
0.51
0.62

Contrast
scan

135
0.20

0.66

0.50
1.18
0.91
0.84
0.52

0.57
0.22
0.48
0.46
0.59

Overall SD (cm)

All regions

Anatomical regions

Mediastinum regions

Lung
Lymph nodes
Atelectasis
Heart Surface
Mediastinum (All)

Superior Mediastinum
Station 4R
Stations 4L, 5/6
Hilum Right
Hilum Left

Inter observer variation Intra observer variation

Table 1 - Main results of inter- and intra- observer variation based on CT delineations with
and without contrast enhancement.

These results show that the addition of contrast has almost no value for redu-
cing observer variation. Furthermore, it seems that intra observer variation is
almost as large as inter observer variation. Only at some parts near the medi-
astinum the observer variation was slightly reduced (stations 4L, 5/6) (Fig. 1).
In addition, we saw some systematic differences in delineations in scans with
and without contrast. In some patients, contrast helped excluding parts of large
blood vessels from the GTV, while these were included in the GTV by obser-
vers without contrast (Fig. 2). For these patients the treated volume and expec-
ted normal tissue complications can be reduced.

Mean GTV volume (cm3)
C/E ratio

Abreviations: GTV = Gross Tumor Volume, C/E ratio = ratio between common and
encompassing volume, Overall SD = overall standard deviation.



With the combination of FDG-PET and CT the localization of lymph nodes is
more accurate than with CT only (11, 19). In our study we found that the esti-
mation of the size of FDG-PET positive lymph nodes on CT without contrast
is still difficult (chapter 4). Hopefully, the lymph node size can be more accu-
rately estimated with the addition of contrast.
In summary, we still recommend to use CT contrast enhancement for treat-
ment planning (with a matched FDG-PET) for patients with tumors invading
mediastinum / hilum and with nodal involvement.
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Fig 1 - Two comparable CT slices of the same patient with (left) and without (right) contrast
enhancement with delineation of all physicians. Note, the reduction of observer variation at
the tumor side facing the lymph node station 5.

Fig. 2 - CT image with contrast enhancement with four median surfaces based 10 delinea-
tions each. Yellow and light blue lines are median surfaces based on CT delineation with
contrast enhancement (series 1 and 2). Green and red lines are median surfaces based on
CT delineation without contrast enhancement (series 3 and 4).



1.1.3. MRI
We demonstrated that with the use of MRI for delineation of the prostate the
dose delivered to the rectal wall and bulb of the penis can be reduced compa-
red to prostate delineation based on CT, allowing dose escalation (chapter 5).
In our study, we applied a simple three-field conformal plan. Probably the
combination of MRI delineation and IMRT (with knee support) allows even
further dose escalation (20, 21).
An important issue in delineation of prostate and seminal vesicles is observer
variation. For CT delineation, it is demonstrated that the largest variation is
seen at the apex, the prostate-bladder border and base of the seminal vesicles
(22-24). Livsey et al. (22) demonstrated that this observer variation using CT
does not result into large differences in dose delivered to the rectum and blad-
der. We also showed in chapter 5 that due to observer variation in delineation
of the prostate only a small under dosage of the PTV was found. On average,
97% of the PTV of a certain observer received ≥ 95% of the prescribed dose
when a treatment plan was used based on a PTV of another observer. Like
Livsey et al. (22), we used a 1 cm PTV margin in our study (chapter 5). To
allow dose-escalation smaller margins are warranted. With smaller margins,
delineation accuracy becomes more important without risking tumor under
dosage. To reduce observer variation in prostate cancer MRI is introduced.
There are two studies published comparing the observer variation between CT
and MRI (23, 25). In the study, by Rasch et al. (23) only three observers from
two institutions participated delineated the prostate only. Although in that
publication a systematic reduction of MRI delineated prostate volume was
demonstrated, no improvement of the delineation accuracy was found. In
contrast, Villeirs et al. (25) demonstrated that integrating MRI information to
the CT delineated prostate (no fusion) reduced observer variation significant-
ly among three radiation oncologists. Therefore, in 2003 a new multi-institu-
tional delineation study was started to evaluate the impact using matched MRI
and CT compared to CT only. Thirteen experienced radiation oncologists from
seven institutions delineated the prostate only and prostate and seminal vesi-
cles first on CT. Secondly, they delineated on a matched MRI-CT with impro-
ved delineation protocol and adapted software. The delineations were analyzed
in 3-D for different regions (unpublished data). Also in this study the prostate
delineated on CT was on average 1.3 times larger than the prostate delineated
on the matched MRI-CT. The overall observer variation for the prostate was
3.0 mm and 2.8 mm on CT and matched MRI-CT, respectively (Table 2).
For most prostate regions a small reduction of observer variation was observed.
The largest reductions were seen at the apex and plexus of Santorini. For the
seminal vesicles, we observed a significant increase of observer variation with
the matched MRI-CT (Table 2). The reason for this increase is probably the
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inaccurate matching of the seminal vesicles. Although for most patients the
MRI and CT were made within an hour, the position of the seminal vesicles in
relation to the prostate often changed due to difference in rectal filling.
Unfortunately, no laxatives were used to control rectal filling. In addition,
when there was mismatch between MRI and CT concerning the seminal vesi-
cles, the radiation oncologists were instructed to delineate the seminal vesicles
on CT (see Addendum). Many radiation oncologists did not follow this
instruction of the delineation protocol. Furthermore, the seminal vesicles on
MRI are best visible when they contain much fluid (semen) (26). This is not
always the case (Fig. 3).
Most radiation oncologists who participated on this study did not have expe-
rience delineating the prostate and seminal vesicles using MRI images.
Therefore, a MRI anatomy atlas made by Villeirs, et al (26) was digitally incor-
porated into the delineation software. Only five of the thirteen radiation onco-
logist used this atlas during delineation, as was found with 'Big Brother' tool.
Especially some radiation oncologist delineated only the central gland and for-
got to include the peripheral zone of the prostate. This can be interpreted as
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CT only

2.3
2.5
2.8
3.0
3.3
3.4
4.2
3.0

2.0
2.3
2.5
2.7
2.3

2.7

Matched
MRI-CT

2.8
2.6
2.3
2.6
3.1
2.3
3.7
2.8

3.6
4.0
4.7
3.8
4.0

3.4

Organ

Prostate

Seminal Vesicles

Prostate + SV

Region

Posterior
Lateral L+R
Anterior
Bladder
Base Sem.Ves.
Plexus of Santorini
Apex
Total

Posterior
Lateral L+R
Top
Anterior
Total

Total

Overall SD (mm)

Mean distance 
between CT and 

CT-MRI (mm)

-1.1
-0.8
-0.2
-1.5
-2.4
-2.8
-2.2
-1.6

-0.2
0.1

-1.6
-0.7
-0.4

-0.9

Table 2- Overall observer variation (1 SD) for delineation based on CT only and matched
MRI-CT for different regions of the prostate and seminal vesicles. Mean distance between CT
and CT-MRI delineation for different regions of the prostate (the negative figure indicates
that the MRI-CT delineation is smaller than the CT delineation.
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lack of MRI knowledge. Although there is a minor reduction of observer vari-
ation based on this study, we believe that with more training in MRI-images
observer variation can be reduced, because the prostate gland is much better
visible on MRI than on CT. For defining the borders of the seminal vesicles CT
should be used.
In summary we recommend prostate delineation should be based on fused
information of MRI and CT, training of radiation oncologists to interpret MRI-
images and use laxatives for reproducible positioning of prostate and seminal
vesicles.
Magnetic resonance spectroscopic imaging (MRSI) is rather new imaging tech-
nique for prostate cancer (27). Hydrogen in different molecules has different
resonance frequencies pulses in the magnetic fields of the MRI scanner (che-
mical shift). MRSI exploits this chemical shift to detect tumor metabolism in

Fig. 3 - Two examples of a matched MRI (left) with CT (right). In the upper example, the
seminal vesicles are well visible on both MRI and CT, but the rectal filling between both
modalities is different. In the lower example, the seminal vesicles on MRI are difficult to
distinguish from the surrounding tissues compared to CT.



combination with anatomical images. In prostate cancer the amount of cho-
line is increased and creatine-citrate is decreased. This makes it possible to
visualize active tumor inside the prostate. Unfortunately, its role in prostate
cancer diagnosis is limited (27). For radiotherapy, it has been suggested to
boost the most active MRSI parts of the prostate (27). However clinical imple-
mentation and validation remains to be done.
Using fused MRI with CT is not only suitable for the pelvic region. From an
ongoing study, 10 experienced head and neck radiation oncologists were asked
to delineate 10 patients with nasopharyngeal carcinoma on CT and matched
MRI - CT. The observer variation was reduced from 4.4 mm (1 SD) to 3.3 mm
for CT delineation and MRI - CT delineation, respectively (unpublished data,
28).

1.2. Protocol and software
From the results of phase 1 (CT only) of the lung delineation study (chapter
2 and 4) the delineation protocol was adapted for phase 2 (CT-PET) (chapter
4). First, in the phase 2 protocol (see Addendum), the level and window set-
tings for all anatomical regions were prescribed, to avoid inappropriate use of
level and window settings as was seen in phase 1. Secondly, guidance was given
on how the FDG-PET information should be combined with CT (including
atelectasis).
It is difficult to estimate the impact of this phase 2 protocol on delineation
accuracy. What we do know is that not all radiation oncologists delineated
according to the protocol. For example, the radiation oncologists were
requested to exclude the atelectasis visible on CT when there was no increa-
sed FDG-uptake. Some of the radiation oncologists did not follow this rule.
This demonstrates a clear limitation of a delineation protocol. Probably, this
issue plays a role in normal clinical practice as well. A consistent review of all
delineations by an independent observer is therefore recommended. For exam-
ple, during the ESTRO teaching course "Imaging on target volume determina-
tion in radiotherapy" participants were asked to delineate a lung and prostate
case individually and in groups (29). The delineations between different
groups become more consistent compared to the delineations of individual
participants, supporting the idea that an independent observer(s) should
review delineations.
One way to facilitate radiation oncologists to work according the prescribed
guidelines is to adapt delineation software. Two software adaptations were
implemented in the second delineation phase of the lung (matched CT - FDG-
PET). First, the 'double window' with identical CT slices in mediastinum and
lung level and window settings was applied (chapter 2, Fig. 6). With this
method, both level and window settings were displayed at the same time,
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which facilitated the radiation-oncologists to use the appropriate level and
window settings without the need of changing it. Furthermore, no corrections
had to be made due to level and window change, saving delineation time
(chapter 4). For the prostate study we applied the same 'double window' de-
lineation principle. For this study the MRI and corresponding CT slice were
displayed at the same time. This method facilitated the radiation oncologists to
identify prostate and seminal vesicle borders due to the complementary infor-
mation of both modalities (Fig. 3).
The second software adaptation was the enforced use of the 3-D link button.
This change was implemented because we observed in phase 1 (CT only) for
the more difficult patients of the lung study that radiation oncologists who
used the coronal and sagittal view agreed more with each other compared to
observers who did not (chapter 4). For phase 2 (matched CT - FDG-PET),
before a radiation oncologist could start delineating, the center of the tumor
had to be selected with the 3-D link button. This way, the coronal and sagittal
reconstructed CT images were set at the corresponding position. This helped
the radiation oncologists to visualize and define the 3-D extension of the
tumor.
For prostate and nasopharyngeal carcinoma, a software tool currently investi-
gated is a semi-automatic delineation tool called 'snake' (30). The 'snake' tool
is based on grey-value differences in the image. The grey-value difference can
be derived from multiple image modalities at the same time. For the prostate,
the largest grey-value differences at the apex and seminal vesicles are seen
using MRI and CT, respectively. For nasopharyngeal carcinoma, this is the
tumor - soft tissue and tumor - bone interface, respectively. The delineated
contour is attracted to the largest grey gradient in its neighborhood. This way,
the radiation oncologist is helped to differentiate tumor from normal anatomi-
cal borders. Since interpretation differences cannot be corrected it can be con-
cluded that the 'snake' tool has limited impact on observer variation. Still, de-
lineation is facilitated, because the delineation time was reduced and the resul-
ting contours were more rounded (30).

1.3 Pathology correlated delineation
Although we demonstrated that with multimodality-imaging and adapted de-
lineation protocol and software, the delineation consistency among radiation
oncologists was improved, no golden standard was available in our studies. A
radiologist can not be used as a golden standard, because radiologists disagree
as much with each other as radiation oncologists, which we found in the study
comparing CT delineations with and without contrast enhancement (18). The
only way to find out if delineations are accurate is to correlate the delineation
with pathology.

155

Discussion



The CTV is GTV with a margin for microscopic extension. For prostate can-
cer, often no GTV is defined and the whole prostate itself with or without
seminal vesicles is taken as CTV using information like described by Partin et
al. (31). Aubin et al. (32) compared prostatectomy specimens with CT-deli-
neated prostates. Six radiation oncologists delineated 5 patients on CT.
Compared to pathology, the CT delineated volumes were on average 46% too
large, especially towards the apex, up to 1.5 cm.
For nine patients with head and neck cancer, CT, MRI and FDG-PET based
GTV delineation were compared with surgical specimens in a study described
by Daisne et al. (33).The CT and MRI delineations were on average larger than
the FDG-PET based delineations. In comparison with the surgical specimen,
the FDG-PET based delineation was found to be the most accurate. However,
no modality managed to depict superficial tumor extension.
For lung cancer, Chan et al. (34) found in their small study that the CT deli-
neated GTV was larger or equal to the size of the excised tumor volume. A
study by Giraud et al. (35) was performed where the microscopic extension of
NSCLC was evaluated. They concluded that to cover 95% of the microscopic
extension, the GTV-CTV margin should be 8 mm and 6 mm for adenocarci-
noma and squamous cell carcinoma, respectively. Unfortunately, the GTV was
delineated in mediastinum level and window settings. Furthermore, no infor-
mation is available in what way irregular or spiculated tumor borders should
be included into GTV or CTV (36). Therefore, further investigations are nee-
ded to gather information about microscopic extensions in lung cancer.
Recently, at the NKI a new project has started to correlate CT and FDG-PET
images with operated lung tumors (37). In this study, patients with operable
lung cancer will have just before operation (< 1 week) a planning CT scan and
an FDG-PET.After operation the surgical specimen is matched (including war-
ping) with the CT and FDG-PET. This way GTV and CTV defined from the
CT and FDG-PET can be correlated with pathology. From some preliminary
results can be concluded that the volumes defined by the different modalities
can be quite different. Furthermore, with some patients a serious underestima-
tion of the CTV extent was found (37).

2. Organ motion
2.1 Shape variation and tumor regression

For lung cancer, tumor size can change significantly during the course of treat-
ment, mainly due to tumor regression (38, 39). Another cause of changing
tumor size and position is (dis)appearing of atelectasis during the treatment
course (40). Currently, these tumor size changes are not implemented in the
treatment of lung cancer. The treatment delivered to tumor and critical organs
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is based on the initial planning CT (with or without FDG-PET). No informa-
tion is available about the effect of tumor size differences during the treatment
course on dose delivered to the tumor and critical organs. Recently, a project
at the NKI has started to evaluate this issue and whether treatment alterations
in the treatment course are necessary when tumor size changes in lung cancer
occur (39).
Image-guided radiotherapy is developed to correct for organ motion and setup
variation during treatment (online or offline) (1). Fortunate, shape variations
of the prostate and seminal vesicles during the course of treatment are small
(SD = 1 to 2 mm) (chapter 7). Furthermore, the volume variation (mean
6.6%) during the course of the treatment is negligible. Therefore, for image-
guided radiotherapy, the deformation of prostate and seminal vesicles can be
ignored and they can considered to be for first order a rigid body. To correct
for organ motion and setup errors only a simple translation and/or rotation is
sufficient (41).

2.2. Organ - tumor movement
For lung cancer, in most institutions, patients are instructed to breathe normal-
ly during radiotherapy. Therefore, in normal clinical practice, the planning CT
is also made under these breathing conditions. Depending on breathing phase
and the speed of the CT scanner the displayed tumor can be blurred or even
fragmentized (42). To estimate tumor position and size more accurately, new
CT image techniques are used. First, a CT can be made in breath-hold.
However, breath-hold is a poor representation of the average position of the
tumor during treatment (42). Another technique is slow CT scanning. This
way the whole breathing motion is displayed in the image. Unfortunately, the
tumor is then blurred leading to a overestimation of the tumor size (42). A
new technique is respiratory correlated CT scanning. Using this technique, the
scan position is correlated with breathing phase. When the slices are sorted
accordingly to breathing phase and placed together, a movie-loop of the brea-
thing can be generated, which accurately depicts tumor size and motion (43).
Using this information, margins around the tumor can be estimated more pre-
cisely (43) or it can be used to for gated radiotherapy (44) or in the future for
tracking radiotherapy (45). During gating, the tumor is only irradiated in a cer-
tain position, while tracking aims at moving the radiotherapy beams in sym-
phony with the moving tumor. With cone-beam CT mounted on a linear acce-
lerator respiratory correlated images can also be made (46). This information
can be used for online or offline corrections (i.e. image-guided radiotherapy)
in setup or breathing level.
The combination of CT and FDG-PET is also needed for accurate interpreta-
tion of the FDG-PET images (19). To minimize matching errors, PET-CT scan-
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ners have been developed. Unfortunately, even with such a device the CT and
PET scans are still not made at the same time. Therefore, matching errors due
to breathing or patient motion can still occur in PET-CT scanners (47, 48). A
solution to minimize the effect of breathing motion is to combine a respirato-
ry correlated CT and PET scan (43).
For prostate cancer, we found in chapter 5 that the position of the CT deline-
ated rectum was different than the MRI delineated rectum. This was an unex-
pected result. Generally, organ motion of rectum and prostate is mainly cau-
sed by rectum volume differences (49). In our study, the rectum position dif-
ference between CT and MRI could not be attributed to rectum volume dif-
ferences, matching errors and systematic delineation differences between CT
and MRI. The only two differences between CT and MRI acquisition was the
use of a flat tabletop with knee support and rounded tabletop without knee
support, respectively. In chapter 6, it was demonstrated that it was the knee
support that caused the rectum position differences. The rectum was pushed
in dorsal direction and the rectal filling in caudal direction when the knee sup-
port was added. Therefore, applying a knee support reduced the dose delive-
red to the rectal wall. We concluded that patient acquisition in pre-treatment
(multi-modality) imaging and treatment should be as equal as possible, and
that it is beneficial to use a knee support in radiotherapy of the prostate
(during imaging and treatment). The question remains if there is an optimal
elevation of the legs to minimize dose delivery to the rectal wall.

3. PTV Margins
As mentioned in the introduction of this thesis, the International Commission
on Radiation Units and Measurements (ICRU) (50, 51) defined the nomencla-
ture for target volumes (GTV, CTV, PTV).
The PTV is a margin around the CTV to correct for geometrical uncertainties
(treatment setup, organ motion and delineation). Van Herk et al. (52) descri-
bed a few (CTV-PTV) margin recipes. The PTV margin around the CTV
should be 2.5 times the SD of the systematic error plus 0.7 times the random
error minus 3 mm in order to irradiate the CTV with at least 98% EUD (equi-
valent uniform dose) in 90% of the cases. For prostate cancer a CTV to PTV
margin of 10 mm is used in all directions. For lung cancer, the PTV margin is
usually 10 to 15 mm. In most publications, the CTV-PTV margin is only used
for setup variation and organ motion, while the impact of delineation is disre-
garded. The reason for this that until now limited 3-D information was avail-
able concerning observer variation in delineation (except the publication of
Rasch et al. ((23)). Furthermore it is not really known how to implement
observer variation in delineation into the margin recipe. From recent work
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from our group and also finding from the dimple theory described by
McKenzie (53), indicate that observer variation in delineation should be trea-
ted the same way like setup variation and organ motion; the margin should be
about 2.5 times the standard deviation to cover 90% of delineated cases.
As demonstrated in many publications (38, 49, 54, 55) and from the results in
this thesis (chapter 2, 4 and 8), setup variation, organ motion and observer
variation in delineation are not the same in all directions. Therefore, for both
prostate and lung cancer, we propose different margins for different regions
using current data of all geometrical uncertainties (Table 2, 3).
To estimate the CTV-PTV margin for prostate cancer, the setup variation is
derived from our earlier portal image (EPID) data where off-line EPID-based
setup corrections were applied (54). For organ motion we used data described
by Zelefsky et al. (49). They evaluated the displacement of the prostate and
seminal vesicles borders. This way, rotations and translations are implemented
in the organ motion. Combining those results with the data found in our new
delineation study, the CTV-PTV margin could be extracted for different
regions for both delineations based on CT only and matched CT-MRI (Table
2).
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Table 2 - PTV margins (mm) for prostate cancer based on geometrical uncertainties (1 SD
in mm), incorporating setup error and organ motion (random and systematic) and delinea-
tions based on CT only and matched CT-MRI.

Random

1.9
1.8
1.8

1.5

1.5
1.8

Syst

2.0
2.0
2.0

2.5

2.5
2.0

Random

1.4
3.1
1.8

1.4

2.0
3.1

Syst

1.0
4.0
2.9

2.2

3.2
4.6

CT

2.5
3.0
4.2

3.2

2.3
2.3

CT-MRI

2.6
2.6
3.7

2.3

2.8
4.0

CT

7
13
12

10

10
13

CT-MRI

7
12
11

9

11
15

Setup error Organ motion Delineation PTV margin

Anatomical 
regions

Left-right
Superior=bladder
Inferior = apex
Anterior = 
plexus + anterior
Posterior
Seminal Vesicles

To estimate the CTV-PTV margin for lung cancer, information for setup vari-
ation is derived from Erridge et al. (38). To estimate the impact of breathing
motion on systematic and random errors, the definition of van Herk et al. (56)
is used. The random and systematic errors (1 SD) are taken as 0.33 times the
amplitude (peak-to-peak) of the breathing motion (Table 3). The amplitude of
the breathing motion is on average 2 mm and 12 mm for upper and lower lobe
tumors, respectively (55). When observer variation in delineation is implemen-
ted into the margin recipe, the margins around atelectasis and lymph nodes



For lung cancer, with the use of modern techniques, like respiratory correlated
CT for planning and respiratory correlated cone beam CT for verification, the
systematic error of breathing motion can be reduced (43), which may allow a
further reduction of the CTV-PTV margin. The same applies for prostate can-
cer; by imaging the prostate just before the radiation is delivered, the geome-
trical errors resulting from setup variation and organ motion can be minimized
(41).

4. Recommendations in target definition for radiotherapy
4.1 Target volume delineation

A. Target volume delineation is one of the largest geometrical uncertainties in
the radiotherapy chain. Therefore, before radiotherapy (multi-institutional)
studies are started, the consistency of target volume delineation should be
evaluated (and improved if necessary) among the participating radiation
oncologists. Furthermore, delineation should take place using a clear deli-

using CT only are very large, up to 49 mm. With delineations based on mat-
ched CT - FDG-PET, the margins can be reduced considerably for all anato-
mical regions to a more acceptable value. However, it is clear that observer
variation in delineation is still a major problem even when a matched CT -
FDG-PET is used.

160

Chapter 8 

Random

2.7

2.7

2.7

2.7

2.7

2.7

Syst

1.4

1.4

1.4

1.4

1.4

1.4

Upper
lobe

0.7

0.7

0.7

0.7

0.7

0.7

Lower
lobe

4.0

4.0

4.0

4.0

4.0

4.0

CT

5.9

7.4

4.0

14.6

19.1

10.2

CT-PET

3.3

4.4

3.7

8.2

4.8

4.2

CT

14

18

10

36

47

25

CT-PET

8

11

9

20

12

10

CT

18

22

15

38

49

28

CT-PET

14

16

14

23

16

15

Setup error
Organ motion
(random=syst)

Delineation Upper lobe Lower lobe

Anatomical 
regions

Tumor - lung
Tumor - 
mediastinum
Tumor - 
chest wall
Lymph nodes
Tumor - 
atelectasis

All

PTV margin

Table 3 - PTV margins (mm)for upper and lower lobe lung cancer based on geometrical
uncertainties (1 SD in mm), incorporating setup error and organ motion (random and sys-
tematic) and delineations based on CT only and matched CT - FDG-PET.



neation protocol, using state of the art imaging techniques and delineation
software designed for a certain tumor site. Ideally, delineation accuracy
should be correlated with pathology studies.

B. For lung cancer, high precision radiotherapy based on target definition using
CT only is unacceptable due to very large observer variation. To reduce
observer variation information of a FDG-PET should be added. A matched
CT - FDG-PET would be ideal. Other recommendations are the use of
contrast enhancement, prescription of level and window settings for all
anatomical regions, simultaneous use of lung and mediastinum level and
window settings and enforced use of coronal and sagittal reconstructed CT
(and FDG-PET).

C. For prostate cancer, target volume delineation should be based at least on
MRI delineation, where dose delivered to rectum and bulb of the penis is
reduced compared to delineation on CT only. The ideal combination for
target definition is a matched CT-MRI, where both modalities are visible at
the same time. Radiation oncologists should be trained to interpret MRI
images. A laxative protocol might be helpful, reducing matching errors be-
tween CT and MRI. The prostate should be delineated on MRI and the
seminal vesicles are often best visible on CT.

4.2 Organ motion
A. The shape variation of the prostate including seminal vesicles is small (1 to

2 mm). Therefore, there is no need to correct for shape variation in treat-
ment planning for image guided radiotherapy for prostate cancer.

B. For prostate cancer, to reduce the dose delivered to the rectum, the patient
legs should be elevated. This can be achieved by using a knee support.

Conclusions
Target volume delineation is one of the largest uncertainties in the radiothera-
py chain. Reduction of observer variation in delineation is therefore needed. In
this thesis, using multimodality imaging, improved delineation protocols and
software, we demonstrate that delineation quality among radiation oncologists
can be improved significantly. With the data presented, the margins around
target volumes can be specified more accurately, thereby improving tumor
coverage and allowing dose-escalation. However, compared to other geometri-
cal uncertainties, like organ motion and setup variation, observer variation in
delineation is still large and there is need for further improvement.
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1. Lung delineation protocol:
• The GTV includes the primary tumor and pathologic lymph nodes, which

show increased FDG uptake on the FDG-PET scan as described by the diag-
nostic report of the FDG-PET.

• The FDG-PET scan should only be used for localization of the GTV. The
border of structure on CT, that showed increased FDG uptake must be de-
lineated (Fig. 1).

• The FDG-uptake of the primary tumor and lymph nodes should be viewed
with separate FDG-PET L/W settings.

• For delineating the GTV, the 'double window' should be used (Fig 2). One
CT window has the preset "lung" L/W settings and the other CT window
the preset "mediastinum" L/W settings. Depending on the tumor location,
the corresponding window should be viewed. For example:
- When the tumor is surrounded by lung-tissue only, the window with

"lung" L/W settings should be considered.
- For lymph nodes and the site of the tumor invading the mediastinum or

chest-wall, only the window with "mediastinum" L/W settings should
be considered.

• If the CT-scan does not show a distinction between GTV and atelectasis,
then the edge of the FDG-uptake should be used for delineation. I.e., any
atelectasis outside the area of FDG-uptake should be excluded from the
GTV.

• Postobstructive inflammation should not be included into the GTV.
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Fig. 1 - Wrong delineation

Fig. 1 - Correct delineation
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Fig. 2 - Example of 'double window' delineation. Two identical CT slices are visible in medi-
astinum (left) and lung (right) level and window settings. The two cursors (white cross and
yellow dot) represent the same position.



170

Chapter 9 

2. Prostate delineation protocol:
General guidelines:
• The delineation should be performed on combined and matched CT and

MRI.
• The use of sagittal view in determining the borders i.e. the lower and upper

border is strongly recommended.
• An 'atlas' with examples of the MRI prostate, seminal vesicles and peripros-

tatic area is recommended during delineation (Villeirs et al., Radiother Oncol
2005;76:99-106).

Prostate only:
• The CTV includes the entire prostate gland. The seminal vesicles are not

included in the CTV.
• The bladder wall (visible on MRI) must be excluded from the CTV (Fig. 3).
• If the there is a mismatch between MRI and CT concerning the prostate,

then the prostate must be delineated on MRI.

Prostate including seminal vesicles:
• The CTV includes the entire prostate gland including both seminal vesicles
• If the ductus deferens is visible on MRI, this can be excluded from the

CTV.
• If the there is a mismatch between MRI and CT concerning the seminal

vesicles, then the seminal vesicles must be delineated on CT (Fig. 4).
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Fig. 3 - Black arrow = bladder wall
Example of matched MRI (left) and CT (right) with and without delineation 
of the prostate.
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Fig. 4 - Example of matched MRI (left) and CT (right) with and without delineation of the
seminal vesicles (CT).
Note the difference of seminal vesicle position and rectal filling.



Chapter 1
For radiotherapy, there are three main types of geometrical uncertainties; setup
variation, organ motion and target volume delineation. The main aim of this
thesis was to evaluate and reduce the impact of these geometrical uncertain-
ties with the emphasis on target volume delineation. To investigate this, the
thoracic region (lung cancer) and pelvic region (prostate cancer) were chosen.

Chapter 2
In chapter 2, for lung cancer, the current level of observer variation in deline-
ation of the Gross Tumor Volume (GTV) using CT only was analyzed by 
evaluating the delineation process among eleven experienced radiation onco-
logists. All radiation oncologist - computer interactions were recorded and ana-
lyzed with a tool called 'Big Brother'. Large differences between radiation
oncologists were found, especially at the tumor - atelectasis and lymph node
region. Many corrections were due to change in level and window (L/W) set-
tings. Inappropriate use of L/W settings was frequently found, mainly at the
tumor - lung region. For the more difficult cases, observer variation was smal-
ler when coronal and sagittal side windows were used.This study led to recom-
mendations on how to improve delineation accuracy by adapting the delinea-
tion protocol (guidelines for L/W use) and delineation software (double win-
dow with lung and mediastinum L/W settings at the same time, enforced use
of coronal and sagittal views) and including FDG-PET information (lymph
nodes and atelectasis).

Chapter 3
In this chapter, the image quality of retrospectively attenuation corrected
FDG-PET scans for GTV delineation in lung cancer patients was investigated
using a free breathing planning CT and PET transmission images. Compared
to attenuation correction using PET transmission images, the mean signal-to-
noise ratio and mean lesion-to-background ratio increased significantly (30%
and 14%, respectively) using attenuation correction based on CT, demonstra-
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ting improved image quality. Retrospective attenuation correction of FDG-
PET scans based on registered CT scans is a good alternative of a dedicated
CT/PET scanner if one is unavailable.

Chapter 4
The recommendations concerning observer variation in lung cancer revealed in
chapter 2 were tested in this chapter. The same eleven radiation oncologists
delineated the GTV first on CT (phase 1) and more than one year later on a
matched CT - FDG-PET (CT attenuation corrected) (phase 2). For phase 2,
the delineation software and protocol were adapted according to the results of
phase 1 (chapter 2). The overall 3-D observer variation was reduced from 1.0
cm (1 SD) for phase 1 to 0.4 cm (1 SD) for phase 2. The largest reduction of
the observer variation was seen in the tumor - atelectasis region (SD 1.9 cm
reduced to 0.5 cm). Although large reduction of observer variation was found
using a matched CT - FDG-PET, the remaining observer variation is still large
compared to other geometrical uncertainties (setup variation and organ
motion).

Chapter 5
For prostate cancer, it is known that on average the prostate is delineated lar-
ger on CT than on MRI with a ratio of about 1.3. In this chapter, it was investi-
gated if this prostate volume difference would result in differences in dose
received by target and critical pelvic organs (rectal wall and bulb of the penis)
during radiotherapy. This was tested among three radiation oncologists who
delineated the CT and MRI prostate separately of 18 prostate cancer patients.
Treatment plans were automatically generated using these delineated pros-
tates. The dose received by the rectal wall and bulb of the penis were signifi-
cantly reduced using treatment plans based MRI delineated prostate compared
to treatment plans based on CT delineated prostate, allowing a dose escalation
of 2.0 - 7.0 Gy for the same rectal wall dose. A statistical difference was found
between the position of the CT and MRI delineated rectal wall, probably due
to a different tabletop and/or use of a knee support.

Chapter 6
In chapter 5, a difference in position was found between the CT and MRI de-
lineated rectal wall. In that study, it was not clear if the difference in shape of
tabletop (flat v. rounded) and/or the use of knee support (present v. absent)
resulted in rectal wall shift. In this chapter, for 10 male volunteers, 5 MRI scans
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were made in 4 different positions. The rectal wall and prostate were signifi-
cantly shifted dorsally by using a knee support. The rectal wall shifted more
than the prostate resulting in a significant rectal wall dose reduction (3.5%)
compared to irradiation without knee support. The shape of the tabletop did
not influence rectal wall or prostate position.

Chapter 7
In this chapter, shape variations of the prostate and seminal vesicles during the
course of radiotherapy were investigated. Special software was developed to
analyze variation of volume in 3-D of complex shapes (also used for chapters
2 and 4). Repeat CT scans (11 on average) were made during the course of
conformal radiotherapy for 19 patients with prostate cancer. Shape variation of
the delineated prostate and seminal vesicles was analyzed in 3-D.
Deformations of prostate and seminal vesicles during the course of radiothera-
py are small. The measured shape variation (including observer variation in
delineation) was largest at the tip of the vesicles (2.0 mm, 1 SD). Therefore, it
is a valid approximation in image-guided radiotherapy of prostate cancer to
correct only for setup errors and organ motion, and ignore organ deformation.

Chapter 8
In chapter 8, the discussion, the results of the previous chapters (2 - 7) are dis-
cussed. Recommendations and future directions are given on how to minimi-
ze geometrical uncertainties in the RT chain. Furthermore, results of unpublis-
hed data about the impact of contrast enhancement (lung cancer) and mat-
ched CT-MRI (prostate cancer) on observer variation are discussed, which are
both limited. Furthermore, for both lung and prostate cancer CTV-PTV mar-
gins are presented correcting for geometrical uncertainties including; setup
variation, organ motion and target volume delineation.
In conclusion, we demonstrated in this thesis that by using multimodality ima-
ging, improved delineation protocols and software, delineation quality among
radiation oncologists can be improved significantly, improving tumor coverage
and allowing dose-escalation. However, compared to other geometrical uncer-
tainties, like organ motion and setup variation, observer variation in delineation
is still large and there is need for further improvement.
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Hoofdstuk 1
De drie belangrijkste geometrische onnauwkeurigheden in de radiotherapie
zijn setup variatie, orgaanbeweging en het intekenen van het doelvolume. Het
belangrijkste doel van dit proefschrift was het evalueren en het verminderen
van deze geometrische onnauwkeurigheden met als speerpunt het intekenen
van het doelvolume. Het thorax gebied (longkanker) en bekken gebied
(prostaatkanker) zijn gekozen om dit te onderzoeken.

Hoofdstuk 2
In hoofstuk 2 werd, voor longkanker, het huidige niveau van intekenvariatie
van het Gros Tumor Volume (GTV) op alleen CT geëvalueerd. Dit werd
gedaan door middel van het onderzoeken van het intekenproces onder elf erva-
ren radiotherapeuten. Alle interacties tussen radiotherapeut en computer wer-
den opgenomen en geanalyseerd met het zogenaamde "Big Brother" program-
ma. Onder de radiotherapeuten werden grote verschillen gevonden, met name
bij de tumor - atelectase en lymfklier regio's. De meeste correcties waren het
gevolg van veranderingen van de level en window (L/W) instellingen. Verkeerd
gebruik van de L/W instellingen werd vaak gevonden, met name bij de tumor
- long regio. De intekenvariatie bij moeilijkere patiënten was kleiner wanneer
de sagittale en coronale CT reconstructies werd gebruikt. Dit onderzoek leid-
de tot aanbevelingen hoe de intekennauwkeurigheid kan worden verbeterd,
door middel van aanpassing van het intekenprotocol (richtlijnen voor L/W
gebruik) en intekensoftware (dubbel scherm met tegelijkertijd long en medi-
astinum L/W instellingen, verplicht gebruik van sagittale en coronale CT
reconstructies) en het gebruik van FDG-PET informatie (lymfklieren en ate-
lectase).

Hoofdstuk 3
In dit hoofdstuk werd de beeldkwaliteit van retrospectief attenuatie gecorri-
geerde FDG-PET scans onderzocht voor GTV intekeningen bij longkanker
patiënten. Hierbij werd gebruik gemaakt van vrije-adem plannings CT en PET
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transmissie beelden. De gemiddelde signaal-ruis verhouding en gemiddelde
tumor-achtergrond verhouding steeg significant (30% en 14%, respectivelijk)
wanneer de attenuatie correctie werd gedaan met CT in vergelijking met  PET
transmissie beelden. Dit betekent dat de beeldkwaliteit van FDG-PET scans
verbetert met behulp van CT attenuatie correctie. Retrospectieve attenuatie
correctie van een FDG-PET scan gebaseerd op geregistreerde CT is een goed
alternatief voor een geïntegreerde CT/PET scanner wanneer deze niet voor-
handen is.

Hoofdstuk 4
De aanbevelingen betreffende de intekenvariatie bij longkanker patiënten die
gevonden zijn in hoofdstuk 2 werden getoetst in dit hoofdstuk. Dezelfde elf
radiotherapeuten hebben het GTV eerst op CT alleen (fase 1) ingetekent en
meer dan één jaar later op een gematchte CT - FDG-PET (CT attenuatie
gecorrigeerd) (fase 2). Het fase 2 gebruikte intekenprotocol en intekensoft-
ware werden aangepast volgens de gevonden resultaten van fase 1 (hoofdstuk
2). De algehele 3-D intekenvariatie voor fase 1 was 1,0 cm (1 SD), welke redu-
ceerde naar 0,4 cm (1 SD) voor fase 2. De grootste reductie van de intekenva-
riatie werd gezien bij de tumor - atelectase regio (SD van 1,9 cm reduceerde
naar 0,5 cm). Alhoewel er een grote reductie van de intekenvariatie met
behulp van een gematchte CT - FDG-PET te zien was, blijft de overgebleven
intekenvariatie nog steeds groot ten opzichte van andere geometrische
onnauwkeurigheden (setup variatie en orgaanbeweging).

Hoofdstuk 5
Bij prostaatkanker is het bekend dat de prostaat op CT gemiddeld genomen
groter wordt ingetekend dan op MRI met een ratio van ongeveer 1.3. In dit
hoofdstuk werd onderzocht of dit verschil in prostaat intekenvolume zou
resulteren in een radiotherapeutisch dosisverschil gegeven aan het doelvolume
en kritieke bekkenorganen (rectumwand en bulbus van de penis). Om dit te
onderzoeken, tekenden drie radiotherapeuten de prostaat van 18 patiënten
onafhankelijk in op CT en MRI. Radiotherapie plannen gebaseerd op deze
ingetekende prostaten werden automatisch vervaardigd. In vergelijking met
radiotherapie plannen gebaseerd op de CT ingetekende prostaat was de gege-
ven dosis op de rectumwand en bulbus van de penis aanzienlijk minder bij de
radiotherapie plannen gebaseerd op de MRI ingetekende prostaat. Bij gelijk-
blijvende dosis op de rectumwand, kan de prostaat dosis verhoogd worden met
2,0 - 7,0 Gy. Er werd een statistisch positieverschil gevonden tussen CT en
MRI ingetekende rectumwand. Dit is waarschijnlijk het gevolg van het vorm-
verschil van de tafel en/of het wel gebruik van een kniesteun.
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Hoofdstuk 6
In hoofdstuk 5 werd een positieverschil gevonden tussen de CT en MRI inge-
tekende rectumwand. In die studie was niet bekend of deze rectumwand ver-
schuiving veroorzaakt werd door de vorm van de tafel (rond versus. vlak) en/of
het gebruik van een kniesteun (aanwezig versus. afwezig). In dit hoofdstuk
werden van 10 mannelijke vrijwilligers 5 MRI scans gemaakt in 4 verschillen-
de posities. De rectumwand en de prostaat werden significant naar dorsaal ver-
schoven wanneer er een kniesteun werd gebruikt. De rectumwand verschoof
meer dan de prostaat, met als gevolg een significante dosis reductie op de rec-
tumwand in vergelijking met een bestraling zonder kniesteun. De vorm van de
tafel had geen invloed op de rectumwand- en prostaatpositie.

Hoofdstuk 7
In dit hoofdstuk werden de vormveranderingen van prostaat en vesiculae semi-
nalis (zaadblaasjes) gedurende het verloop van de radiotherapie onderzocht.
Specifieke software werd ontwikkeld om volume variaties bij complexe vor-
men in 3-D te analyseren (ook gebruikt in hoofdstukken 2 en 4). Gedurende
de conformatie radiotherapie werden herhaal-CT scans (gemiddeld 11)
gemaakt van 19 patiënten met prostaatkanker. Vorm verandering van prostaat
en zaadblaasjes werden in 3-D geanalyseerd. Deformatie van prostaat en zaad-
blaasjes gedurende de radiotherapie serie is klein. De gemeten vormverande-
ring (inclusief intekenvariatie) was het grootst aan de tip van de zaadblaasjes
(2,0 mm, 1 SD). Hierdoor mag gesteld worden dat voor beeld-geleide (image-
guided) radiotherapie van prostaatkanker alleen voor setup variatie en orgaan
beweging gecorrigeerd moet worden. Orgaandeformatie kan hierbij genegeerd
worden.

Hoofdstuk 8
In hoofdstuk 8, de discussie, worden de resultaten van de voorgaande hoofd-
stukken besproken. Aanbevelingen en toekomst plannen worden gegeven om
geometrische onnauwkeurigheden tijdens de radiotherapie te minimaliseren.
Verder, worden ongepubliceerde data over de invloed van intraveneus contrast
(longkanker) en gematchte CT-MRI (prostaatkanker) op intekenvariatie bedis-
cussieerd, welke beide beperkt zijn. Bovendien, worden voor zowel longkanker
en prostaatkanker CTV-PTV marges gepresenteerd die corrigeren voor de drie
belangrijkste geometrische onnauwkeurigheden; setup variatie, orgaanbewe-
ging en intekenen van het doelvolume.
Concluderend, hebben we in dit proefschrift laten zien dat de kwaliteit van
intekenen van het doelvolume onder radiotherapeuten significant verbeterd
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kan worden met behulp van meerdere beeld modaliteiten en verbeterde inte-
kenprotocollen en intekensoftware. Dit leidt tot verbetering van het omvatten
van de tumor door bestraling en laat dosis escalatie toe. Echter, in vergelijking
met andere geometrisch onnauwkeurigheden zoals setup variatie en orgaanbe-
weging, blijft de intekenvariatie nog steeds groot. Hiermee blijft de noodzaak
om deze te verbeteren bestaan.
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