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Epidemiology of lung cancer1. 
Lung cancer is a leading and increasing cause of cancer related deaths [1]. World-
wide some 1.4 million new cases of this disease are diagnosed each year (in 2002), 
accounting for 12% of all cancer cases [2]. Currently, smoking is still the major cause 
of lung cancer, 90% of male and 70% of female lung cancer patients being (former) 
smokers [3]. Due to the repressive smoking policy by the government, this number 
is likely to decline in Europe and America. However, in industrialized countries air 
pollution is reported to cause an increase in the number of lung cancer cases [4,5,6]. 
Clinical advances in the treatment of lung cancer therefore continue to be of essen-
tial importance. 

Treatment modalities2. 
Curative treatment options for lung cancer patients are surgery and radiotherapy, 
possibly in combination with adjuvant chemotherapy. Surgery is the treatment of 
choice for otherwise fit patients with small tumors and no nodal involvement or distant 
metastasis. Depending on the tumor stage, the 5-year survival rate after surgery is 
between 30 and 65%. Due to loco-regional tumor extension, extra-thoracic spread or 
poor physical condition at the time of diagnosis about 80% of the lung cancer patients 
are (medically or technically) inoperable [1]. For the vast majority of these patients 
radiotherapy is then the main treatment option. Radiotherapy uses electromagnetic 
ionizing radiation to kill cancer cells by causing irreversible damage to their DNA. 
DNA of unaffected healthy tissue may also be damaged in the process; however, 
healthy tissue is better capable to recover. The current prognosis for non-small-cell 
lung cancer (NSCLC) using conventional radiotherapy doses is poor, with a 5-year 
survival of only 15%, partly due to a high local recurrence rate [7]. 

Local tumor control and complications3. 
The aim of curative radiotherapy is to reach local tumor control (killing all primary 
tumor cells) resulting in a better failure-free and overall survival. Strategies to improve 
the local control include escalation of the (biological equivalent) radiation dose to 
the tumor (Figure 1-1a) [e.g., 8-15], altering fractionation schemes i.e., accelerated 
treatment and hypo-fractionation [16,17], and/or adding (radio-sensitizing) 
chemotherapy [18,19]. Dose escalation, however, is associated with an increased 
risk of complications. The surrounding healthy lung tissue, the heart, blood vessels, 
spinal cord and the oesophagus are sensitive to radiation and therefore these 
organs limit the prescription dose [20,21]. These risks can be reduced by making 
the treatment volumes smaller, i.e., excluding sensitive surrounding tissues from the 
irradiated volume. However, due to the geometrical uncertainties, associated with 
the limited precision of the radiation treatment preparation and delivery (see Section 
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1-6), substantial irradiated volumes are required since additional margins need to be 
taken into account to cover these uncertainties and prevent geometrical misses. 
For example the incidence of radiation pneumonitis, the most common complication 
of lung radiotherapy, is related to the mean lung dose (MLD; integral radiation 
dose to the lung divided by the total lung volume) [22]. Increasing the dose without 
reducing the irradiated volume results in an increase of the MLD, thereby increasing 
the incidence of complication (Figure 1-1b). A detailed description of the relation 
between the dose distribution and the radiation induced lung damage is given 
elsewhere [23-27]. 

Imaging modalities4. 
Computed Tomography (CT; Figure 1-2a) has become the standard imaging modality 
for three-dimensional (3D) target definition in radiotherapy. A CT scan consists of a 
stack of two-dimensional (2D) slices representing the anatomy of a patient in three 
dimensions. CT is used to identify and localize the tumor and the organs-at-risk, and 
to calculate and optimize the dose delivered to the patient. The gray-values in the 
CT image represent the local tissue density of the patient, which is necessary for 
accurate dose calculation. Other imaging modalities like 18-Fluoro-2-Deoxy-Glucose 
positron emission tomography (18FDG-PET; Figure 1-2b) and single photon emission 
computed tomography (SPECT; Figure 1-2c) represent functional information of the 
tumor and normal tissues, respectively. FDG-PET imaging is used for diagnosis and 
to specify the target. PET imaging can help to distinguish tumor from atelectasis 
and pleural effusion [28-30]. To take full advantage of the PET data in radiotherapy 
planning, the PET scan has to be co-registered to the CT scan [this thesis and 31], 
resulting in improved accuracy of tumor determination and segmentation [32-34]. 
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Figure 1‑1. A schematic representation of (a) the dose effect relation reported in the literature [8‑10] and 
(b) the relation between complications (radiation pneumonitis >= grade 2) and the mean lung dose (MLD) 
reported in the literature [8,10].
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SPECT imaging with 99mTc labeled microspheres can be used to determine the 
perfusion of the lung (“lung function”), which may be used in the optimization of the 
treatment beam directions [35]. SPECT is, however, not considered in this thesis. 
To determine and correct patient setup errors, 2D (Mega Volt –MV–) portal imaging 
prior to treatment delivery is used to measure the position of bony structures, as a 
surrogate for tumor position. However, the small bony structures in thoracic region 
and the low contrast of MV portal images often result in poor registration to the 
planning scan of the target and anatomy. In addition, bony structures and tumor can 
move differentially [36]. Cone beam computed tomography (CBCT; Figure 1-2d) is 

CT PET

SPECT CBCT

Figure 1‑2. Example of the most important imaging modalities used in radiotherapy of lung cancer. (a) 
Computed Tomography (CT). (b) 18‑Fluoro‑2‑Deoxy‑Glucose Positron Emission Tomography (18FDG‑
PET), (c) Single Photon Emission Computed Tomography (SPECT). (d) Cone Beam Computed Tomo‑
graphy (CBCT).
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therefore used widely nowadays. CBCT is an adapted CT technique for use on a 
linear accelerator to visualize the 3D anatomy of the patient just before treatment. 
CBCT allows image-guided radiotherapy (IGRT), i.e., using in-room acquired images, 
prior to delivery, to determine and correct geometrical errors in the position of the 
tumor and other concerned organs. 
 Conventionally in lung cancer imaging for radiotherapy planning, 2D CT slices of the 
thoracic region are acquired while the patient breathes freely and these are therefore 
not related to the respiration phase of the patient (for diagnostic imaging these 
scans are generally acquired during breath-hold). Since each slice corresponds to 
an arbitrary breathing phase, imaging artifacts and distortions are caused in the 
resulting 3D volume (Figure 1-2a). Together with this 3D CT scan, fluoroscopic 
imaging is then used to obtain tumor motion information. Note that conventional 
PET, SPECT and CBCT imaging are also affected by the respiration of the patient 
resulting in blurred image structures (Figure 1-2b,c,d).

Target volume description5. 
Usually, a CT scan is used to delineate the (visual) tumor volume (gross tumor 
volume –GTV–; Figure 1-3). According to the ICRU 62 report [37], the GTV should 
first be expanded into the clinical target volume (CTV) to account for microscopic 
tumor extensions (i.e., a small number of malignant cells in a small region around 
the visual tumor volume; Figure 1-3). For lung tumors, this margin is generally taken 
to be 0 or 5 mm [38,39]. Subsequently, geometrical uncertainties associated with 
radiotherapy may lead to a geographical miss and underdosage. In order to prevent 

Figure 1‑3. Construction of target volumes: Light red is the visible tumor (gross Target Volume; GTV). 
Mid red: The margin to cover the microscopic extensions representing the Clinical Target Volume (CTV). 
Deep red: Additional margin to cover the geometrical uncertainties, representing the Planning Target 
Volume (PTV)
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such geographical misses, a margin, added to the CTV, is needed, thereby defining 
the planning target volume (PTV; Figure 1-3). In our clinic, this margin ranges between 
7 and 16 mm, depending on the patient’s movements and treatment technique.

Geometrical uncertainties6. 
The position and shape of the tumor during treatment delivery can deviate from 
the position and shape during treatment-planning. These geometrical uncertainties 
can be attributed to treatment preparation, the treatment delivery, or anatomical 
changes as a result of treatment. The uncertainties are divided into systematic 
errors (a component of the deviation that is constant during the complete course 
of treatment) and random errors (daily variation in patient setup or organ position). 
There are four main error sources: (1) uncertainty in tumor definition/delineation 
(prior to irradiation); (2) tumor motion due to respiration; (3) tumor baseline variation; 
and (4) setup uncertainty. The latter three uncertainties are depicted in Figure 1-4.

Uncertainty in tumor delineation6.1. 

The uncertainty in tumor delineation is caused by the inability of CT imaging to 
distinguish tumor from atelectasis or inflammation, imaging artifacts due to respiration 
[40,41] and uncertainty in the observer’s interpretation of the images [42,43]. 
However, the last mentioned uncertainty is influenced by the first two uncertainties. 
Although the contribution of the delineation uncertainty is relatively large compared 
to the other uncertainties [44], it is not the topic of this thesis. 

Tumor motion due to respiration6.2. 

Lung tumors can move up to 40 mm due to breathing [45,46]. However, on most 
cases the motion is less than 20 mm. Respiratory motion causes an uncertainty in the 
tumor position and tumor shape in conventional imaging modalities. In conventional 
3D CT, artifacts are generated since the CT slices are arbitrary snapshots acquired 
without any time-information of the moving tumor [40,43,this thesis].  Due to the long 
acquisition time, conventional 3D PET is also subject to uncertainties with respect 
to respiratory tumor motion, resulting in (motion-) blurring of the tumor activity and 
uncertainty in tumor size, position and measured tracer uptake. 
During treatment delivery, the tumor can move into and out of the irradiation beam 
due to respiration as well as the surrounding organs (tissue density variation), 
causing a blur of the delivered dose to the target.

Baseline, amplitude and phase variation6.3. 

Besides the variation in tumor position over the respiratory cycle (respiratory tumor 
motion), there is also variation in the mean tumor position [46]. The mean tumor 
position (baseline) is defined as the time-weighted average position of the tumor 
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Figure 1‑4. Schematic overview of the different uncertainties related to external beam radiotherapy of 
lung tumors. From a 4D CT scan (10 frames from 0% (inhale) to 90%) the time‑weighted mean position of 
the tumor is computed and the corresponding CT representation is used to plan the treatment. However 
during treatment, the patient’s position, mean tumor position and amplitude can vary, which introduces 
geometrical uncertainties. In addition, the mean‑position tumor state is physically not available when the 
tumor moves in an ellipsoid (hysteresis). Therefore, a simplification is currently clinically applied by using 
the 4D CT frame where the tumor is closest to that mean position. However, this only introduces a small 
additional error (smaller than suggested in this figure).
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over the observed respiratory cycle(s) with respect to the bony anatomy (the center 
of this trajectory; depicted in Figure 1-4 as the red-dotted plus-sign). Differences in 
baseline position over the course of treatment are referred to as baseline variation 
(Figure 1-4, black arrow). 
The amplitude of the respiration (respiration depth) can also vary during and between 
fractions or CT scanning (Figure 1-4, varying ellipsoid size) [45,47]. Finally, a phase 
shift can occur between different internal lung structures or internal structures and 
external body features (respiratory signals that are used to drive the gated imaging 
or treatment) [48,49]. These phase shifts can differ from day-to-day. 
The (physiologic) processes causing these variations are not well understood. 
Baseline variation has a weak correlation with motion amplitude, which implies 
some diaphragm position interference that may be caused by differences in stomach 
filling. Phase shifts can occur when the tumor grows into the thoracic wall or the 
mediastinum or due to change from abdominal to thoracic breathing and vice versa. 
Change in atelectasis, pleural effusion, stress or cardiac status might also play a 
role [46].

Setup uncertainty6.4. 

Setup uncertainties are the variation in patients’ position during the course of treatment 
compared to the position of the patient during treatment preparation (planning CT 

Figure 1‑5. (Top row) Example of a 4D CT scan, showing the moving anatomy of the thorax in 10 different 
phases. (Middle row)) Example of a 4D PET scan, showing functional information in the moving anatomy. 
(Bottom row) Example of fused 4D PET and CT images.
The red dashed lines are guides.

CT

PET

CT/
PET

1 2 3 4 5
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scan in combination with a defined iso-center; Figure 1-4, black-dotted arrow). 
These setup errors can also be described by systematic and random components. 
Generally, this displacement is determined using alignment of the bony anatomy by 
portal imaging or CBCT. Current CBCT image quality is good enough to register soft 
tissues (especially the tumor) to the corresponding tissue in the planning CT scan 
(which is not well possible with MV portal images). Using CBCT an accurate value 
of the tumor position displacement compared to the planning position [36] can be 
determined, correcting both setup uncertainties and baseline shift.

 Uncertainty margins7. 
To cover the above-mentioned geometrical uncertainties, additional margins need to 
be applied to the CTV. For each patient individually, the margin necessary to deliver 
a dose of at least 95% of the prescribed dose to the CTV (to statistically cover 90% 
of the population) can be computed by the (statistic) margin recipe of van Herk et 
al. [50-52] in its simplified form: MCTV-PTV = 2.5Σ+0.7σ, where Σ and σ denote the 
standard deviations (SDs) of the systematic errors and random errors, respectively. 
It is clear that the influence of systematic errors is much larger than those of the 
random errors. The various systematic and random uncertainties are summed in 
quadrature to generate the margin. 

6 7 8 9 10
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To determine correct uncertainty margins, information about the (residual) error 
distributions of geometrical uncertainties, such as organ (target) movement, setup 
error, and delineation uncertainty must be available. These uncertainties differ from 
institution to institution and on the image guidance procedures in use, and it is 
therefore essential that they are quantified accurately for each institute. 

Reduction of respiration-induced geometrical uncertainties8. 
To enable safe dose escalation (for improved treatment outcome), uncertainty 
margins (CTV-to-PTV) and the associated target volumes should be minimized. To 
do so, the systematic and random geometrical errors need to be reduced. The first 
step is reduction of the influence of respiration on imaging (i.e., reducing imaging 
artifacts), which reduces the systematic geometrical errors. By correlating the imaging 
techniques to the respiration, these respiration imaging artifacts are reduced [53,54].  
The resulting respiration-correlated scan is a set of 3D scans each corresponding 
to a different breathing phase, therefore often referred to a 4D scan. This 4D scan 
contains the motion information of all structures, including the tumor (Figure 1-5). 
Respiration-correlated scanning techniques have been developed for all imaging 
modalities (PET and CT are considered in this thesis). For PET images there is, 
due to the reduction of image blurring, also an improvement in the quantification of 
the tracer uptake. The 18FDG tracer uptake (standardized uptake value –SUV–) is a 
strong predictor for the treatment outcome and therefore it is important to determine 
this value accurately [55].  
To deal with tumor motion during treatment delivery several authors have investigated 
voluntary breath-hold [56,57], active breathing control (ABC) [58] and respiratory 
gating [59-61]. These methods aim to irradiate only during a portion of the respiratory 
cycle (usually maximum exhale phase for gating, or maximum inhale phase for breath-
hold), thereby reducing some geometrical uncertainties. Other studies suggest to 

Slow CT MIP CT Mid-ventilation CT

Figure 1‑6. Examples of a slow CT, a maximum intensity projection (MIP) CT and a mid‑ventilation CT 
representation for the same patient.
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use a single suitable CT scan in combination with a margin to account for the effects 
of respiratory motion based on analytical determinations and simulations [51,62,63]. 
These last mentioned approaches only affect the acquisition process of the planning 
CT and not the actual radiation delivery. Three methods are reported in literature 
and will be discussed in this thesis: Use of a slow CT (a respiratory-blurred scan; 
Figure 1-6) [64,65] in which the target is defined by a certain gray-value threshold 
applied to the image; a maximum intensity projection (MIP) CT scan [66,67] (Figure 
1-6) in which the target is defined as a tumor volume encompassing the complete 
motion extent as visible in the 4D scan; and the mid-ventilation (or mid-position) CT 
scan, which represents the tumor in the time-weighted average position over the 
respiratory cycle [68, this thesis] (Figure 1-4, red circle; Figure 1-6).

Background of this thesis at the institution9. 
Each year the department of radiation oncology at the Netherlands Cancer Institute 
(NKI) treats approximately 200 new lung cancer patients using nine accelerators, 
five of which have an integrated CBCT. Research of the department is focused on 
the interaction between clinical research and radiation physics and radiobiology, with 
much expertise in introducing new techniques and applications into daily practice 
with extensive quality control.
The department has a long history in lung research on various topics: Radiation-
induced toxicity [69], local dose-effect relations for radiation-induced perfusion and 
ventilation loss [23,24,70], overall response parameters for optimization of the 3D 
dose [25], dose-escalation trials [12] and, currently, hypo-fractionated stereotactic 
body radiotherapy [71].
An important research line is the development of image-guided radiotherapy using 
electronic portal imaging devices (EPIDs) and CBCT scanners. In-house developed 
software is running clinically to assess bony movements (with EPIDs) or soft-tissue 
variation in position and shape (with CBCTs). Strategies to deal with correction 
and guidance in the presence of these anatomical changes are also developed. 
Specifically, for lung treatment, 4D imaging tools and techniques have been 
developed to handle and analyze respiration-correlated 4D data, of which this thesis 
is a result.

Objective of this thesis10. 
The main objective of the work described in this thesis is to reduce the geometrical 
uncertainties related to patient respiration by improved imaging for radiotherapy 
planning (anatomical CT and functional/biological PET). The study involves the 
technical realization of 4D imaging (Chapter 2) and clinical implementation (Chapter 
3). The methodology and workflow to obtain high image quality treatment-planning 
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scans of lung cancer patients are developed and evaluated in terms of image quality 
(Chapter 5), uncertainty (PTV) margin reduction (Chapter 6) and planned dose delivery  
(Chapter 7). As a result of the work described in this thesis, an individualized 
optimization of the treatment plan and more accurate delineation of the tumor is 
made possible. The methodology must be easy to implement in the clinic in advanced 
radiotherapy centers (in combination with IGRT protocols based on soft-tissue 
alignment) as well in less utilized radiotherapy centers (in combination with IGRT 
protocols based on bony anatomy alignment). 
 



 Introduction | 21 

References

IKC, “www.IKCnet.nl - grafieken en tabellen”, 2008;1. 
Ferlay Jeal, “GLOBOCAN 2002. Cancer Incidence, Mortality and Prevalence Worldwide”, ARC 2. 
CancerBase 2004;No.5, Version 2.0:
WrongDiagnosis.com, “Statistics about lung cancer”, http://wrongdiagnosis.com/l/lung_cancer/3. 
stats.htm 2008;
Pope CA, III, Burnett R T, Thun M J et al., “Lung cancer, cardiopulmonary mortality, and long-term 4. 
exposure to fine particulate air pollution”, JAMA 2002;287:1132-1141
Krewski D, Burnett R, Jerrett M et al., “Mortality and long-term exposure to ambient air pollution: 5. 
ongoing analyses based on the American Cancer Society cohort”, J.Toxicol.Environ.Health A 
2005;68:1093-1109
Eftim SE, Samet J M, Janes H et al., “Fine Particulate Matter and Mortality: A Comparison of 6. 
the Six Cities and American Cancer Society Cohorts With a Medicare Cohort”, Epidemiology 
2008;19:209-216
Jemal A, Siegel R, Ward E et al., “Cancer statistics, 2006”, CA Cancer J.Clin. 2006;56:106-1307. 
Arriagada R, Le Chevalier T, Quoix E et al., “ASTRO (American Society for Therapeutic Radiol-8. 
ogy and Oncology) plenary: Effect of chemotherapy on locally advanced non-small cell lung car-
cinoma: a randomized study of 353 patients. GETCB (Groupe d’Etude et Traitement des Cancers 
Bronchiques), FNCLCC (Federation Nationale des Centres de Lutte contre le Cancer) and the 
CEBI trialists”, Int.J.Radiat.Oncol.Biol.Phys. 1991;20:1183-1190
Martel MK, Ten Haken R K, Hazuka M B et al., “Estimation of tumor control probability model 9. 
parameters from 3-D dose distributions of non-small cell lung cancer patients”, Lung Cancer 
1999;24:31-37
Vijayakumar S, Low N, Chen G T et al., “Beams eye view-based photon radiotherapy I”, 10. 
Int.J.Radiat.Oncol.Biol.Phys. 1991;21:1575-1586
Rosenzweig KE, Fox J L, Yorke E et al., “Results of a phase I dose-escalation study using three-11. 
dimensional conformal radiotherapy in the treatment of inoperable nonsmall cell lung carcinoma”, 
Cancer 2005;103:2118-2127
Belderbos JS, Heemsbergen W D, De Jaeger K et al., “Final results of a Phase I/II dose 12. 
escalation trial in non-small-cell lung cancer using three-dimensional conformal radiotherapy”, 
Int.J.Radiat.Oncol.Biol.Phys. 2006;66:126-134
Kong FM, Ten Haken R K, Schipper M J et al., “High-dose radiation improved local tumor control 13. 
and overall survival in patients with inoperable/unresectable non-small-cell lung cancer; long-term 
results of a radiation dose escalation study”, Int.J.Radiat.Oncol.Biol.Phys. 2005;
Schaake-Koning C, van den B W, Dalesio O et al., “Effects of concomitant cisplatin and radio-14. 
therapy on inoperable non-small-cell lung cancer”, N.Engl.J.Med. 1992;326:524-530
Sibley GS, Jamieson T A, Marks L B et al., “Radiotherapy alone for medically inoperable stage I 15. 
non-small-cell lung cancer: the Duke experience”, Int.J.Radiat.Oncol.Biol.Phys. 1998;40:149-154
De Ruysscher D., Wanders R., van Haren E. et al., “HI-CHART: A Phase I/II Study on the Fea-16. 
sibility of High-Dose Continuous Hyperfractionated Accelerated Radiotherapy in Patients with 
Inoperable Non-Small-Cell Lung Cancer”, Int.J.Radiat.Oncol.Biol.Phys. 2007;
Cheung PC, Yeung L T, Basrur V et al., “Accelerated hypofractionation for early-stage non-small-17. 
cell lung cancer”, Int.J.Radiat.Oncol.Biol.Phys. 2002;54:1014-1023
Auperin A, Le P C, Pignon J P et al., “Concomitant radio-chemotherapy based on platin com-18. 
pounds in patients with locally advanced non-small cell lung cancer (NSCLC): a meta-analysis of 
individual data from 1764 patients”, Ann.Oncol. 2006;17:473-483
Belderbos J, Uitterhoeve L, van Z N et al., “Randomised trial of sequential versus concurrent 19. 
chemo-radiotherapy in patients with inoperable non-small cell lung cancer (EORTC 08972-
22973)”, Eur.J.Cancer 2007;43:114-121
Belderbos J, Heemsbergen W, Hoogeman M et al., “Acute esophageal toxicity in non-small cell 20. 
lung cancer patients after high dose conformal radiotherapy”, Radiother.Oncol. 2005;75:157-164
Kong FM, Ten Haken R, Eisbruch A et al., “Non-small cell lung cancer therapy-related pulmonary 21. 
toxicity: an update on radiation pneumonitis and fibrosis”, Semin.Oncol. 2005;32:S42-S54
Seppenwoolde Y, Lebesque J V, De Jaeger K et al., “Comparing different NTCP models that pre-22. 
dict the incidence of radiation pneumonitis. Normal tissue complication probability”, Int.J.Radiat.
Oncol.Biol.Phys. 2003;55:724-735



22 | Chapter 1

Boersma LJ, Damen E M, de Boer R W et al., “Dose-effect relations for local functional and 23. 
structural changes of the lung after irradiation for malignant lymphoma”, Radiother.Oncol. 
1994;32:201-209
Boersma LJ, Damen E M, de Boer R W et al., “Estimation of overall pulmonary function after ir-24. 
radiation using dose-effect relations for local functional injury”, Radiother.Oncol. 1995;36:15-23
Kocak Z, Borst G R, Zeng J et al., “Prospective assessment of dosimetric/physiologic-based 25. 
models for predicting radiation pneumonitis”, Int.J.Radiat.Oncol.Biol.Phys. 2007;67:178-186
Ricardi U, Filippi A R, Guarneri A et al., “Dosimetric predictors of radiation-induced lung injury in 26. 
stereotactic body radiation therapy”, Acta Oncol. 2008;1-7
Tucker SL, Liu H H, Liao Z et al., “Analysis of radiation pneumonitis risk using a generalized Ly-27. 
man model”, Int.J.Radiat.Oncol.Biol.Phys. 2008;72:568-574
Nestle U, Walter K, Schmidt S et al., “18F-deoxyglucose positron emission tomography (FDG-28. 
PET) for the planning of radiotherapy in lung cancer: high impact in patients with atelectasis”, 
Int.J.Radiat.Oncol.Biol.Phys. 1999;44:593-597
Lavrenkov K, Partridge M, Cook G et al., “Positron emission tomography for target volume defini-29. 
tion in the treatment of non-small cell lung cancer”, Radiother.Oncol. 2005;77:1-4
Fitton I, Steenbakkers R J, Gilhuijs K et al., “Impact of anatomical location on value of CT-PET 30. 
co-registration for delineation of lung tumors”, Int.J.Radiat.Oncol.Biol.Phys. 2008;70:1403-1407
Nehmeh SA, Erdi Y E, Pan T et al., “Four-dimensional (4D) PET/CT imaging of the thorax”, Med.31. 
Phys. 2004;31:3179-3186
Giraud P, Grahek D, Montravers F et al., “CT and (18)F-deoxyglucose (FDG) image fusion 32. 
for optimization of conformal radiotherapy of lung cancers”, Int.J.Radiat.Oncol.Biol.Phys. 
2001;49:1249-1257
Brianzoni E, Rossi G, Ancidei S et al., “Radiotherapy planning: PET/CT scanner performances 33. 
in the definition of gross tumour volume and clinical target volume”, Eur.J.Nucl.Med.Mol.Imaging 
2005;32:1392-1399
Fox JL, Rengan R, O’Meara W et al., “Does registration of PET and planning CT images de-34. 
crease interobserver and intraobserver variation in delineating tumor volumes for non-small-cell 
lung cancer?”, Int.J.Radiat.Oncol.Biol.Phys. 2005;62:70-75
Seppenwoolde Y, Engelsman M, De Jaeger K et al., “Optimizing radiation treatment plans for 35. 
lung cancer using lung perfusion information”, Radiother.Oncol. 2002;63:165-177
Borst GR, Sonke J J, Betgen A et al., “Kilo-voltage cone-beam computed tomography setup 36. 
measurements for lung cancer patients; first clinical results and comparison with electronic portal-
imaging device”, Int.J.Radiat.Oncol.Biol.Phys. 2007;68:555-561
International Commission on Radiation Units and Measurements, “Prescribing, Recording and 37. 
Reporting Photon Beam Therapy, ICRU Report 62”, ICRU 1999;
Yuan S, Meng X, Yu J et al., “Determining optimal clinical target volume margins on the basis 38. 
of microscopic extracapsular extension of metastatic nodes in patients with non-small-cell lung 
cancer”, Int.J.Radiat.Oncol.Biol.Phys. 2007;67:727-734
Giraud P, Antoine M, Larrouy A et al., “Evaluation of microscopic tumor extension in non-small-39. 
cell lung cancer for three-dimensional conformal radiotherapy planning”, Int.J.Radiat.Oncol.Biol.
Phys. 2000;48:1015-1024
Balter JM, Ten Haken R K, Lawrence T S et al., “Uncertainties in CT-based radiation therapy treat-40. 
ment planning associated with patient breathing”, Int.J.Radiat.Oncol.Biol.Phys. 1996;36:167-174
Chen GT, Kung J H, and Beaudette K P, “Artifacts in computed tomography scanning of moving 41. 
objects”, Semin.Radiat.Oncol. 2004;14:19-26
Steenbakkers RJ, Duppen J C, Fitton I et al., “Observer variation in target volume delineation 42. 
of lung cancer related to radiation oncologist-computer interaction: A ‘Big Brother’ evaluation”, 
Radiother.Oncol. 2005;
Van de SJ, Linthout N, de Mey J et al., “Definition of gross tumor volume in lung cancer: inter-43. 
observer variability”, Radiother.Oncol. 2002;62:37-49
Steenbakkers RJ, Duppen J C, Fitton I et al., “Reduction of observer variation using matched 44. 
CT-PET for lung cancer delineation: a three-dimensional analysis”, Int.J.Radiat.Oncol.Biol.Phys. 
2006;64:435-448
Seppenwoolde Y, Shirato H, Kitamura K et al., “Precise and real-time measurement of 3D tumor 45. 
motion in lung due to breathing and heartbeat, measured during radiotherapy”, Int.J.Radiat.
Oncol.Biol.Phys. 2002;53:822-834
Sonke JJ, Lebesque J, and van H M, “Variability of four-dimensional computed tomography 46. 
patient models”, Int.J.Radiat.Oncol.Biol.Phys. 2008;70:590-598



 Introduction | 23 

Juhler NT, Korreman S S, Pedersen A N et al., “Intra- and interfraction breathing variations during 47. 
curative radiotherapy for lung cancer”, Radiother.Oncol. 2007;84:40-48
Hoisak JD, Sixel K E, Tirona R et al., “Correlation of lung tumor motion with external surrogate 48. 
indicators of respiration”, Int.J.Radiat.Oncol.Biol.Phys. 2004;60:1298-1306
Ozhasoglu C and Murphy M J, “Issues in respiratory motion compensation during external-beam 49. 
radiotherapy”, Int.J.Radiat.Oncol.Biol.Phys. 2002;52:1389-1399
van Herk M, Witte M, van der G J et al., “Biologic and physical fractionation effects of random 50. 
geometric errors”, Int.J.Radiat.Oncol.Biol.Phys. 2003;57:1460-1471
van Herk M, Remeijer P, and Lebesque J V, “Inclusion of geometric uncertainties in treatment 51. 
plan evaluation”, Int.J.Radiat.Oncol.Biol.Phys. 2002;52:1407-1422
van Herk M, “Errors and margins in radiotherapy”, Semin.Radiat.Oncol. 2004;14:52-6452. 
Ford EC, Mageras G S, Yorke E et al., “Respiration-correlated spiral CT: a method of measuring 53. 
respiratory-induced anatomic motion for radiation treatment planning”, Med.Phys. 2003;30:88-97
Vedam SS, Keall P J, Kini V R et al., “Acquiring a four-dimensional computed tomography data-54. 
set using an external respiratory signal”, Phys.Med.Biol. 2003;48:45-62
Borst GR, Belderbos J S, Boellaard R et al., “Standardised FDG uptake: A prognostic factor for 55. 
inoperable non-small cell lung cancer”, Eur.J.Cancer 2005;41:1533-1541
Kim DJ, Murray B R, Halperin R et al., “Held-breath self-gating technique for radiotherapy of non-56. 
small-cell lung cancer: a feasibility study”, Int.J.Radiat.Oncol.Biol.Phys. 2001;49:43-49
Mah D, Hanley J, Rosenzweig K E et al., “Technical aspects of the deep inspiration breath-hold 57. 
technique in the treatment of thoracic cancer”, Int.J.Radiat.Oncol.Biol.Phys. 2000;48:1175-1185
Wong JW, Sharpe M B, Jaffray D A et al., “The use of active breathing control (ABC) to reduce 58. 
margin for breathing motion”, Int.J.Radiat.Oncol.Biol.Phys. 1999;44:911-919
Kubo HD, Len P M, Minohara S et al., “Breathing-synchronized radiotherapy program at the 59. 
University of California Davis Cancer Center”, Med.Phys. 2000;27:346-353
Kubo HD and Hill B C, “Respiration gated radiotherapy treatment: a technical study”, Phys.Med.60. 
Biol. 1996;41:83-91
Shirato H, Shimizu S, Shimizu T et al., “Real-time tumour-tracking radiotherapy”, Lancet 61. 
1999;353:1331-1332
Stroom JC, de Boer H C, Huizenga H et al., “Inclusion of geometrical uncertainties in radio-62. 
therapy treatment planning by means of coverage probability”, Int.J.Radiat.Oncol.Biol.Phys. 
1999;43:905-919
van Herk M, Remeijer P, Rasch C et al., “The probability of correct target dosage: dose-popu-63. 
lation histograms for deriving treatment margins in radiotherapy”, Int.J.Radiat.Oncol.Biol.Phys. 
2000;47:1121-1135
Lagerwaard FJ, van Sornsen de Koste JR, Nijssen-Visser M R et al., “Multiple “slow” CT scans 64. 
for incorporating lung tumor mobility in radiotherapy planning”, Int.J.Radiat.Oncol.Biol.Phys. 
2001;51:932-937
van Sornsen de Koste JR, Lagerwaard F J, Schuchhard-Schipper R H et al., “Dosimetric conse-65. 
quences of tumor mobility in radiotherapy of stage I non-small cell lung cancer--an analysis of 
data generated using ‘slow’ CT scans”, Radiother.Oncol. 2001;61:93-99
Rietzel E, Liu A K, Doppke K P et al., “Design of 4D treatment planning target volumes”, 66. 
Int.J.Radiat.Oncol.Biol.Phys. 2006;66:287-295
Underberg RW, Lagerwaard F J, Slotman B J et al., “Use of maximum intensity projections 67. 
(MIP) for target volume generation in 4DCT scans for lung cancer”, Int.J.Radiat.Oncol.Biol.Phys. 
2005;63:253-260
Engelsman M, Damen E M, De Jaeger K et al., “The effect of breathing and set-up errors on the 68. 
cumulative dose to a lung tumor”, Radiother.Oncol. 2001;60:95-105
De Jaeger K, Seppenwoolde Y, Kampinga H H et al., “Significance of plasma transforming growth 69. 
factor-beta levels in radiotherapy for non-small-cell lung cancer”, Int.J.Radiat.Oncol.Biol.Phys. 
2004;58:1378-1387
Boersma LJ, Damen E M, de Boer R W et al., “A new method to determine dose-effect rela-70. 
tions for local lung-function changes using correlated SPECT and CT data”, Radiother.Oncol. 
1993;29:110-116
Sonke JJ, Rossi M, Wolthaus J et al., “Frameless Stereotactic Body Radiotherapy for Lung Can-71. 
cer Using Four-Dimensional Cone Beam CT Guidance”, Int.J.Radiat.Oncol.Biol.Phys. 2008;
De Jaeger K, Seppenwoolde Y, Boersma L J et al., “Pulmonary function following high-dose 72. 
radiotherapy of non-small-cell lung cancer”, Int.J.Radiat.Oncol.Biol.Phys. 2003;55:1331-1340 




