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Chapter 1

1. Lung Cancer

Lung cancer is the most common cause of cancer mortality for both men and
women, causing approximately 1.2 million deaths per year worldwide [1]. More
than 90 percent of all lung cancers is caused by cigarette smoking [2]. A decreasing
prevalence of lung cancer is observed in men caused by a reduction of smoking [2].
Unfortunately, the incidence of lung cancer and lung cancer related death is still
increasing for women, and currently almost one half of all lung cancer related death
occurs in women. About 80 % of the lung cancers are diagnosed as non-small cell
lung cancer (NSCLC). The distinction between NSCLC and small cell lung cancer
(SCLC) is important for the treatment of choice. The studies included in this thesis
are focussed on the treatment of NSCLC.

Lung cancer is mostly diagnosed after presentation of clinical symptoms of the
patient. Complaints of the patients are caused by the primary tumour or its spread
(metastasis) and are presented by one or more symptoms like coughing, chest pain,
haemoptysis and dyspnoea [3]. To date, no screening test (e.g. chest X-ray, CT
thorax, sputum test) in smokers has been found to reduce the mortality in lung
cancer patients, but randomized screening trials are ongoing to evaluate the beneficial
effect of screening techniques [4,5].

Radiotherapy is the cornerstone of the treatment of the majority of NSCLC patients.
The first reason is that lung cancer is an aggressive disease whereby most patients are
diagnosed in an locally advanced stage of the disease. For these patients definitive
(chemo)radiation (i.e. technically inoperable) or neoadjuvant chemoradiation (i.e.
potentially technically operable) is indicated. Secondly, because lung cancer is so
strongly related with smoking, patients are often suffering from smoking induced
pulmonary and cardiovascular co-morbidities [6] resulting in a physical performance
that is insufficient for a major surgical procedure and/or removal of lung tissue
(i.e. medically inoperable) and also these patients are candidates for irradiation.
Thirdly, sometimes (older) patients refuse surgery and prefer radiotherapy (RT).
This third group of patients is increasing after the introduction of hypofractionated
RT (see later) for early stage NSCLC. A fourth group of lung cancer patients who
are often referred for RT are non-curable lung cancer patients (i.e. metastasized
disease) whereby symptoms caused by the tumour spread or metastasis can often be
(temporarily) relieved by irradiation.

2. Staging and Prognosis of NSCLC

The prognosis of lung cancer patients is dependent of tumour, patient and treatment
related characteristics. Higher tumour stages and larger tumour volumes are related
with worse outcome. Stage I patients have a five year survival of 73 percent. Five-year
survival of stages II and III are 36 to 46 percent and 9 to 24 percent, respectively. For
patients with clinical stage IV disease the five-year survival rate is 2 percent, with a
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median survival of 6 months [7].

The histopathology of the tumour also is of prognostic value and important for
the decision on treatment strategy [8]. Consequently, pathological verification (and
specification) of the tumour is aimed for all lung cancer patients. Unfortunately,
tumour material cannot always be obtained (biopsy failed or the biopsy is a too
invasive procedure). For patients who are candidates for radiotherapy (whereby
tumour material is not available in contrast to surgery), evaluation of the clinical
setting is important before a decision for treatment is made (e.g. tumour growing on
CT images and Positron Emission Tomography (PET) positive lesions) [9]. Patient
related factors (e.g. age, performance status, weight loss and co-morbidity) are also
influencing both the prognosis and treatment choice.

After appropriate tumour staging and assessment of the patient characteristics, a
multidisciplinary team (i.e. pulmonologist, surgeon, radiation oncologist, nuclear
medicine physician, pathologist, radiologist) should determine the most suitable
individually adapted treatment strategy because good patient selection for the often
multi-modality treatment is crucial to maximize the survival rate and minimize
toxicity.

3. Indication for Irradiation of NSCLC

3.1 Stage I and I1

For medically inoperable stage I patients with a centrally located tumour and
stage 11 patients, conventional fractionated (2-3 Gy / fraction) radiotherapy is the
treatment of choice. The addition of chemotherapy for stage II is depending on
the physical performance of the patient (which is deprived since the surgery could
not be performed for this reason). For small peripherally located stage I tumours
hypofractionated RT (i.e. >>2-3 Gy/fraction) is used in an increasing number of
institutes. This is a technique whereby a high dose to the lung tumour is delivered
with only a small number of fractions using high accuracy irradiation. This
technique is first described by Blomgren et al. in 1995 [10] and is derived from
stereotactic radiosurgery used for intracranial, orbital and base of skull malignancies
or non-malignant anatomical malformations (e.g. arteriovenous malformations).
Hypofractionated RT shows encouraging reports of good tumour control and little
toxicity resulting in an increasing number of RT departments treating early stage
lung cancer and lung metastases with hypofractionated RT [10-17]. Ongoing studies
are evaluating the differences between operable stage I patients undergoing surgery
or hypofractionated RT (ROSEL-study).

A meta-analysis evaluating postoperative radiotherapy (PORT) showed a detrimental
effect for patients irradiated after surgery for stage I/1I lung cancer patients [18].
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3.2 Stage III

The optimal treatment for stage I1I patients is a moving field subject to improvements
in staging and therapy. For stage T3N1 and T4NO-N1 (stage IIIA in the IASLC
proposals for the revision of the TNM staging [7]), surgery is recommended (with or
without (neo)adjuvant chemotherapy). If pathology shows positive margins, nodal
extra capsular extension or N2 disease, PORT can be considered [19-21]. Although
surgery is also performed for N2 disease, concomitant chemoradiation is increasingly
becoming the standard of care [22]. For operated N2 patients, PORT did not show
an adverse effect as was observed in stage I and II patients but only a small reduction
in local recurrence was observed [18]. This issue is currently prospectively studied
in the LUNG-ART trial [23]. For stage IIIB a recent phase II study of Stupp et
al. showed that chemoradiation followed by surgery is feasible with a favourable
outcome compared to historical stage IIIA patients [24].

For inoperable stage IIIA or stage IIIB patients (who are physically capable to
receive chemotherapy), concurrent radiation-chemotherapy (chemotherapy is given
as a radio-sensitizer) followed or proceeded by (neo)adjuvant chemotherapy is the
treatment of choice [25]. Patients for whom the physical performance is insufficient
for adding chemotherapy are treated by conventional fractionated radiotherapy
alone. (Marginally) operable stage I and II patients are treated similar to possibly
technical operable stage ITIA patients.

3.3 Stage IV

A large group of lung cancer patients are ineligible for a (irradiation) treatment
regimen with a curative intent. These are patients presenting with metastasized
disease or with a locoregional recurrence. Although these patients can be referred for
systemic treatment the survival remains very poor [7]. Especially these patients with
advanced tumour stage are often suffering from tumour induced complaints. These
patients should be optimally supported in the terminal phase of their life. Individually
adapted treatment regimen is often helpful for patients with haemoptysis, pain,
neurological complaints and sometimes dyspnoea.

4. New treatment strategies

To date, targeted therapies are introduced which attack the tumour cells without
affecting healthy tissue. Altered cell signalling and survival pathways are often
overexpressed or mutated in tumour cells and are identified as potential therapeutic
targets. Also tumour associated antigens are a potential target for immunotherapy.
Consequently, small molecule inhibitors, immunotherapy and gene therapy are
of great interest to improve outcome of lung cancer patients. The introduction of
targeted therapies has shown favourable results in the treatment of lung cancer. One
example is the administration of a recombinant humanized monoclonal antibody

12|




Introduction

(bevacizumab) that binds vascular endothelial growth factor (VEGF) and thereby
preventing its interaction with the VEGF receptor [27]. Another example is the
inhibition of the epidermal growth factor receptor (EGFR) pathway with small
molecule tyrosine kinase (TK) inhibitors (gefitinib, erlotinib) [28]. These molecules
have shown significant benefit in second line and are investigated in first line
treatment. Also combinations of small molecules with conventional chemotherapy
and radiotherapy are under clinical investigation.

5. Radiotherapy and Lung Cancer

5.1 Target Definition and Imaging

The definition of the target (tumour) and the position of the target is critical before
and during the irradiation. Consequently, appropriate imaging is of great importance
for RT. Computer tomography (CT) scans are often used to define and delineate the
tumour and to design the treatment plan. However, because CT images are based
on tissue density, discrimination of the tumour surrounded by other non-tumour
tissue with similar density (e.g. atelectasis, vasculature, mediastinum) is difficult.
Consequently, the probability of observer delineation variability and anatomical
misses (e.g. too small or too large irradiation volumes) is increased. The introduction
of the positron emission tomography (PET) scan, visualizing metabolic active tissue
using a radioactive labelled glucose analogue ([18F]fluorodeoxyglucose, FDG),
proved to have a major impact for staging and RT target defisecondnition for lung
cancer patients [29,30].

5.2 Irradiation Technique

Technical developments of irradiation equipment and treatment planning systems
improved the possibility to irradiate lung tumours more precise. In the early eighties,
CT-assisted 2-D treatment planning was introduced and proved to have significant
impact on the treatment planning [31]. 2-D planning was followed by 3-D treatment
planning later in the eighties. First, patients were treated with two (AP-PA) beam
directions whereby an additional boost was given to the tumour by oblique fields.
Subsequently, according to the 3-D planning system more advanced treatment plans
could be made using multiple beams resulting in the possibility to increase the dose
in the tumour [32].

Nowadays, Intensity Modulated Radiotherapy (IMRT) is used in an increasing
number of institutes. This treatment is given by multiple segments (i.e. individually
modified treatment fields created by multi leaf collimators) per beam whereby many
different beam angles are used according to coplanar and non-coplanar (off-axis of
the patient) gantry positions. Consequently, the high dose can be better given to
the defined target whereby the dose in the vicinity of the target can be spread to
surrounding tissue [33].
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5.3 Dose Delivery and Setup Correction

Indispensable for good tumour dose coverage during irradiation is knowledge
concerning the position of the tumour during the treatment, which is often based on
surrogate markers on (or bony anatomy of) the patient and on imaging prior to the
start of the irradiation. For decades, setup verification was performed using the 2-D
images (electronic portal image device, EPID) made by the linear accelerator (linac).
Nowadays, more advanced techniques are introduced improving the patient setup
variability and knowledge of the tumour position. For example, fiducial markers
inserted around the tumour can be imaged or ideally the tumour itself can be localised
using fluoroscopy [34]. An increasing number of radiotherapy departments do have
a linac equipped with a Cone Beam CT (CBCT) scan. A CBCT is an integrated
kV-source and imager enabling acquisition of radiographs, fluoroscopy and CBCT
scans (3-D/4-D images) [35-37]. Another technique is based on infra-red reflecting
markers on the patient and a stereoscopic X-ray imaging device placed in the floor
and two detectors mounted at the treatment room ceiling [38]. Other techniques are
the cyberknife [39] (whereby the accelerator is mounted on a robotic arm and X-ray
imaging cameras are located around the patient) and tomography [40] whereby a
small megavoltage X-ray source is mounted in a similar way to a CT X-ray source.

6. Normal Tissue Complications after Radiotherapy

6.1 Normal Tissue Complication Probability

In the decision whether to treat a patient, with what intent, and which treatment
would be feasible, the (possible) benefits are weighted against the (possible) negative
side effects. Therefore, a reliable estimation of the probability that a specific toxicity
occurs is important. Normal tissue complication probability (NTCP) models are
helpful in the daily clinic but also in the design of new treatment strategies to
formulate dose constraints. From clinical data, NTCP curves are fitted as a function
of the dose and/or volume. To develop robust NTCP models, objective well defined
endpoints, sufficient number of patients and events and coverage of a wide dose
range are needed.

6.2 Radiation Induced Lung Toxicity

Radiation pneumonitis (RP) is a serious side effect which might be life threatening.
For lung cancer patients treated with conventional fractionated RT (CFRT) the
relation between the lung dose and the incidence of radiation pneumonitis (RP) is
known [41,42], however, for patients treated with hypofractionated schemes this
relation is unknown.

Because lung cancer patients are often suffering from pulmonary co-morbidities it is a
challenge to discriminate whether an increase of pulmonary complaints is due to the
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irradiation or is due to an exacerbation of a pre-existing pulmonary disease. Therefore,
comprehensive collaboration with the pulmonologist is needed. Moreover, long term
follow up, pulmonary function tests, and comprehensively described clinical and
dosimetric characteristics might help to reveal the predictive and prognostic factors
to identify the patients at high risk for severe radiation induced lung toxicity.

6.3 Radiation Dose

From cell survival data it is known that the relation between dose and cell kill is
not linear and dependent on multiple factors. Cellular recovery (repair), cell-cycle
progression (redistribution), proliferation (repopulation), hypoxia (reoxygenation)
influences the response (i.e. radiosensitivity) of normal tissue and tumour after
irradiation. Clinically, the physical irradiation dose is converted into a biological
equivalent dose according to a mathematical model (i.e. the linear quadratic (LQ)
model) derived from the log cell survival as function of the dose. This model uses a
linear (o) and a quadratic (8) component to describe the radiosensitivity as function
of the dose. Thames et al. [43] published a survey of iso-effect curves for various
normal tissues in animals; the response of various normal tissues was plotted for a
range of doses per fraction. They showed that the LQ) model can be used to describe
the relationship between the the total iso-effective dose and the total physical dose,
the dose per fraction and the tissue specific radiosensitivty parameter (a/f ratio).
However, the bending curve of log cell survival as function of the dose as described
by the LQ-model becomes a linear line for higher dose levels [44]. Consequently, it
should be questioned whether the LQ-model can be applied for RT schedules using
a high dose per fraction. The consequences of these hypofractionated dose schedules
for the toxicity are still uncertain.

7. The purpose of this thesis
As described above, RT is an important treatment modality for lung cancer patients
but the prognosis of irradiated patients remains poor. To improve the prognosis
better patient selection, development of high accuracy irradiation techniques and
the optimization of predictive toxicity models are needed. These topics are subject of
studies included in this thesis.

I. Pre-RT PET scans are obtained primarily for tumour staging and can be helpful for
target delineation. The amount of FDG uptake in the primary tumour is correlated
with the metabolism of the tumour cells. If higher uptake of FDG is correlated with
worse outcome, the quantification of the FDG can be of great interest for patient
selection and future treatment strategies. We evaluated the prognostic value of FDG
in pre-RT scan for inoperable lung cancer patients (Chapter 2).
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II. The use of NTCP models is an important but complicated subject in the
treatment of lung cancer patients. Previous (validated) studies found a dose-response
analysis for RP after conventional fractionated RT. However, the variability within
the prediction of RP is substantial. We evaluated whether the prediction of RP can
be improved by the addition of pulmonary function test parameters (Chapter 3).

III. In contrast to conventional fractionated RT, for hypofractionated RT the relation
between dose and RP is still unknown. Moreover, the incidence and period of risk of
RP after hypofractionated RT is uncertain and are also evaluated (Chapter 4).

IV. Long term consequences of irradiation of large lung volumes is poorly studied
since clinical data is scarce because of the bad prognosis. The pulmonary function
of a group of lung cancer patients fortunate with a long term disease free survival
is indicative of what can be expected if the prognosis of lung cancer patients is
improving (Chapter 5).

V. The LQ model and NTCP calculations are important in the daily clinic to estimate
the complication probabilties after conventional fractionated RT. The relation
between the physical and biological lung dose (and the applicability of the LQ and
the NTCP model) after hypofractionated RT is evalulated in Chapters 4 and 6.

VI. More sophisticated irradiation techniques delivering higher doses to the tumour
are dependent of better imaging techniques to visualize the regions of interest. The
introduction of linear accelerators equipped with a CBCT was a major improvement
for safe and accurate RT treatment. Nevertheless, older verification techniques are still
in widespread use. Consequently, differences between the patient setup verification
using the CBCT and the EPID are of great interest (Chapter 7).
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Chapter 2

Abstract

The aim of this study was to investigate the relationship between standardized
uptake value (SUV), obtained from ['*F]fluorodeoxyglucose positron emission
tomography (FDG PET), and treatment response and survival of inoperable
NSCLC patients treated with high dose radiotherapy. Fifty-one patients were
included, recording stage, performance, weight loss, tumour volume, histology,
lymph node involvement, SUV, and delivered radiation dose. The maximum
SUV (SUV_ ) within the primary tumour was a sensitive and specific factor for
predicting treatment response. Apart from SUV__, stage and performance were
also independent predictive factors for treatment response. In a multivariate
disease-specific survival (DSS) analysis, SUV__ (p = 0.01), performances status
(p = 0.008) and stage (p = 0.04) were prognostic factors. For overall survival
(0S),SUV__ (p =0.001) and performance (p = 0.06) were important prognostic
factors. SUV__ was an important prognostic factor for survival of inoperable
NSCLC patients and a predictive factor for treatment response. Although
the number of patients was small, the treatment was inhomogeneous and the
use of FDG SUV may have constraints, we still conclude that the FDG SUV
is potentially a good indicator for selecting patients for different treatment
strategies.
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Introduction

TNM stage, performance status and weight loss are important prognostic factors
used to stratify NSCLC patients for the most optimal treatment regimen [1]. These
factors, however, do not always provide a satisfactory explanation for differences in
outcome between patients. Molecular markers and other features, such as tumour
doubling time, are also closely related to prognosis [2], although these factors are
not always available in case of inoperable NSCLC patients (e.g. no pathology).
A non-invasive prognostic classifier may improve selection of those inoperable
NSCLC patients, who are appropriate candidates for individually adapted therapy
(dose escalation, chemoradiation), potentially improving the poor prognosis of these
NSCLC patients.

Neoplastic cells demonstrate up-regulation of glucose metabolism in order to obtain
energy needed for proliferation [3]. Consequently, uptake of glucose or glucose
analogues like deoxy-glucose is increased. Labelling deoxy-glucose with the positron
emitting radionuclide F to form ["*F]fluorodeoxyglucose (FDG) renders these
cells detectable using positron emitting tomography (PET) because, in contrast to
glucose, FDG is no substrate for hexokinase and is therefore trapped in the cells.
The standardized uptake value (SUV) is a semi-quantitative method for assessing
glucose metabolism, which is often used in clinical studies. Higher SUV values
were observed in NSCLC with higher proliferation rates [4-6]. Moreover, it was
demonstrated that SUV was a significant prognostic factor in the survival analysis of
NSCLC patients [7-12].

The purpose of the present study was to investigate whether SUV could be used as a
classifier for predicting which patients will have favorable treatment response, and to
assess the significance of SUV as a prognostic factor in survival analysis of inoperable

NSCLC patients treated with high dose radiotherapy.

Patients and Methods

Patients

Patients included in this study were diagnosed and treated at the Department of
Radiation Oncology in The Netherlands Cancer Institute - Antoni van Leeuwenhoek
Hospital. The FDG scan was performed at the Department of Nuclear Medicine
and PET research of the VU University Medical Centre, Amsterdam. PET imaging
was requested for the evaluation of mediastinal lymph node involvement and as a
screening method for the presence of clinically unsuspected distant metastasis in
patients diagnosed with NSCLC. For patients with small progressive peripheral
lesions on computed tomography (where histology or cytology was not feasible)
increased FDG uptake was used as a criterion to confirm diagnosis.

From January 1999 and November 2001, data of 60 consecutive patients meeting
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the following eligibility criteria could be evaluated in the present analysis. Patients
had to have histologically proven NSCLC, or a progressive lesion on computed
tomography with increased FDG uptake on the PET image. Both transmission
and emission scan were required to analyze the SUV retrospectively. Nine of the
60 patients were suspected to have distant metastases on the PET images and were
excluded from this study because curative therapy was not feasible. Follow up of
patients was closed on 31 July 2004.

Recorded characteristics were age, gender, performance status, histology, tumour
volume, weight loss, treatment response, and tumour and- lymph node stage. Weight
loss was scored into 3 groups defined as 0 — 5 %, 5 % - 10 % or > 10 % loss of the
original weight during 3 months prior to therapy. Treatment response was scored 3
months after treatment and defined according to the Response Evaluation Criteria
in Solid Tumours (RECIST) criteria [13]. The performance status of the patient was
defined according to the World Health Organization (WHO) criteria.

The mean age of the 51 patients (34 men and 17 women) was 69 years. Fifteen
patients had WHO performance status 0, 33 performance status 1, and only 3 patients
performance status 2, respectively. Stage I disease was diagnosed in 21 patients and
11 patients had stage II disease. These patients were medically inoperable or refused
surgery. Nineteen patients had stage III disease and were technically inoperable.
Concerning the lymph nodes, 23 patients had NO disease, 10 patients N1 and 18
patients proved to have N2-3 disease based on CT and PET (Table 1). Tumour
volume was computed as the volume of the primary tumour delineated by the

Table 1. Pateint Characteristics

Characteristic Number of patients Characteristic Number of patients
Mean (Range) Mean (Range)
Total 51 Tumour volume (cm?) 80.0 (4.2 — 455.0)
Age 69 (32— 88) Histology
Squamous cell 17
Gender Adenocarcinoma 13
Male 34 Large Cell 10
Female 17 Unknown 11
WHO performance status SUVimac* 17.0 (3.4 — 40.8)
0 15
1 33 Chemotherapy
2 3 Sequential 6
Concurrent 4
Stage
I 21 Radiotherapy dose (Gy) 77 (60 - 94.5)
I 1
1 19
Lymph node
NO 23
N1 10
N2-3 18

*SUVimay is the maximum standardized uptake value within the primary tumour.
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radiation oncologist on the pre-radiotherapy CT scan. The mean tumour volume was
80 cm® (range: 4.2 - 455.6 cm®). The smallest and largest tumour had a maximum
diameter of 1.5 and 12.3 cm, respectively. Pathology was not available for 11 patients
with a small peripheral tumour, which was progressive on CT and positive on PET.
Seventeen patients had squamous cell carcinoma, 13 patients adenocarcinoma and
10 patients large cell carcinoma (Table 1).

Thirty-four patients were included in a Phase I/II dose escalation study [14] and
were treated with doses between 60.8 and 94.5 Gy (2.25 Gy per fraction, fixed
overall treatment time of 6 weeks). Six of these dose escalation patients had stage
ITIA or IIIB NSCLC and received induction chemotherapy (gemcitabin with either
carboplatin or cisplatin). Four patients received 66 Gy (2.75 Gy per fraction) with
concurrent daily intravenously Cisplatin (6 mg/m?). Two of those patients had
stage IIIB NSCLC and 2 patients had stage IIB NSCLC. Three patients received
70 Gy in 2 Gy fractions. Ten patients were irradiated with a total dose of 67.5 Gy
in 2.25 Gy per fraction. The mean dose was 77 Gy (range 60 — 94.5 Gy) (Table 1).
PET positive lymphnodes were included in the gross tumour volume together with
the primary tumour. Therefore these nodes were irradiated to the same dose as the
primary tumour.

FDG-PET

PET imaging was performed with a median of 19 days (minimum 4, maximum
66 days) before start of treatment. Scans were performed on a dedicated ECAT
EXACT HR+ PET scanner (Siemens/CT1, Knoxville, TN, USA). This scanner has
an axial field of view of 15 c¢m, divided into 63 contiguous planes. All patients fasted
for at least 6 hours before scanning. FDG was injected in the arm contra lateral to
the tumour and prior to injection a blood sample was taken from this arm for the
serum glucose measurement. Approximately 60 min after injection of FDG (5.5
MBq x body weight, with a minimum of 340 MBq, and a maximum of 550 MBq),
an emission scan (2D mode), and a 10-15 min transmission scan were acquired.
The FDG scan was corrected for dead time, decay, scatter, random coincidences
and photon attenuation. Scans were reconstructed using ordered subset expectation
maximization (OSEM) with 2 iterations and 16 subsets, followed by post-smoothing
of the reconstructed image using a Hanning 0.5 filter. An image matrix size of 256
x 256 was used.

Standardized Uptake Value (SUV)

FDG uptake was quantified using SUV. In this study SUV__ was defined as the
maximum tumour concentration of FDG divided by the injected dose and corrected
for the body weight of the patient: [SUV = maximum activity concentration /
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(injected dose / body weight)]. For the determination of the SUV_ , the maximum
FDG-uptake was searched within the region of the primary tumour on the PET
image. This region was manually drawn. The mean SUV (SUV,__ ) was defined as
the mean concentration of FDG divided by the injected dose and corrected for the
body weight of the patient. The mean FDG-uptake was determined by a threshold
method, whereby the mean of all pixel values above 50 % of the maximum value was
calculated. Assuming a normal fasting plasma glucose concentration [Glc] of 100 mg
dl' (i.e. 5.55 mmol I'"), both SUVs were corrected for glucose by multiplying the
SUV with the measured glucose concentration divided by this normal value [15].

Statistical analysis

For the disease-specific survival (DSS), an event was defined if lung cancer was the
cause of death. One patient with a partial response developed metastasis 5 months
after treatment and received palliative chemotherapy, which was complicated by
renal insufficiency. For this patient renal failure was the cause of death, but it was
still defined as an event in the DSS analysis. Death of any cause was defined as an
event in the overall survival (OS) analysis. Survival time was defined as the time
interval between the date of treatment and an event. These events were censored
in the DSS analysis. Correlations between two variables were calculated with the
Pearson correlation coefficient.

Logistic regression analysis was performed to assess which factors were significant
explanatory variables to predict treatment response. The sensitivity and specificity
of the SUV to predict therapy response was evaluated using the receiver operating
characteristic (ROC) curve. Survival probabilities were estimated using the Kaplan-

Table 2. Response and follow-up data of all patients

Response No evidence of  Local progression  Metastasis  Deatl due to - Death due to Median survival
Number of disease of disease disease other canse (months)
patients
Complete 38
response 10 5
15 1
1 1 1
1
Partial 14
response
9 7 6 1
7 5 5
5 4 4 3 1
4
Stable disease 11
2 1 1 1
2 2 2 1
Progressive 9
disease 4
5
Total 51 10 13 13 21 12 17
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Meier method. Significance of the difference between groups with respect to the
studied parameters was assessed using the log-rank test. To assess the joint effects
and interactions of the significant variables in the univariate analysis, multivariate
analysis was carried out with the Cox proportional hazards model. A significance
level of 0.05 was used for covariate entry. To avoid “over-interpretation” of the SUV
analysis, the median SUV was used for univariate analysis and SUV was incorporated
as a continuous variable in the multivariate analysis.

Results

Treatment response and follow up

Thirty-three percent (n = 17) of the patients experienced a complete response. These
patients had a median survival of 38 months. Fifty percent (n = 25) of the patients
had a partial response with a median survival of 14 months. Stable disease was
achieved in 8% (n = 4, 10 months median survival) of the patients and 10 % (n = 5)
of the patients suffered from progressive disease (9 months median survival) (Table
2). The overall median follow-up was 17 months (range: 3 to 57 months). Of the 17
patients with a complete response (CR), one developed local progression 6 months
after treatment and one patient developed distant metastasis at 24 months follow up.
Sixteen of the 25 patients with partial response (PR) developed disease progression
and/or metastases, diagnosed 9 months (median) after treatment. Ten months
(median) after treatment, 3 of the 4 patients with stable disease (SD) developed
metastases and 5 patients did not respond to therapy (progressive disease, PD). For
21 patients lung cancer was the cause of death after a median survival time of 12
months. Twelve patients died from other cause than lung cancer. Six patients died of
vascular diseases, 3 patients of respiratory diseases and 3 patients from other causes.
These 12 patients had a median survival of 14 months. At the end of the study the
19 surviving patients had a median survival time of 24 months.

Standardized Uptake Value

The median SUV__ was 15 (mean = 17, SD = 9) and the minimum and maximum
SUV__ values were 3 and 41, respectively. No statistical correlation was observed
between tumour volume and SUV_ (r = 0.17, p = 0.2), and between lymphnode
status and SUV__ (r = 0.15, p = 0.3). The mean SUV_  for squamous cell
carcinoma was 15. For adenocarcinoma and large cell carcinoma SUV__ was 16
and 20, respectively. The mean SUV __ was 17 for the 11 patients with unknown
histopathology. Stage I and II patients had a mean SUV__ of 14. Stage III patients
had a mean SUV__ of 16. The median SUV__ was 9 (mean = 11, SD = 6) and the
minimum and maximum SUV__values were 2 and 25, respectively.

Univariate response analysis
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therapy response is depicted by the
receiver operating curve (ROC) curve

e = shown in Figure 1. Using the median
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False postive fraction .
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Figure 1. Receiver operating characteristics curves contrast, chemotherapy, dose, tumour
using standardized uptake value (SUV) to predict volume, weight loss and histology

complete response. The maximum SUV (SUVmax)

and the mean SUV (SUVmean) were tested. were  not Slgnlﬁcant' The median

SUV__ had a sensitivity of 71 %
and a specificity of 65 % to predict
complete response, and the area under the curve was 77 % (95 % CI, 63 % - 91 %)

(Figure 1).

Multivariate response analysis

To assess whether SUV was an independent predictive factor for treatment response,
logistic regression analysis was used. Because the predictive value of SUV __ was better
than the predictive value of SUV__ ,we included only SUV__in the multivariate
analysis. SUV__ was incorporated as a continuous parameter. Because stage was
strongly correlated with the lymph node status (r* = 0.86, p < 0.001) only SUV_,
stage and performance status (and not the lymph node status) were included in this
model. Stage (p =0.02), performance status (p = 0.01) and SUV__(p = 0.05) were
independently associated with complete response (Table 3). The odds ratio (OR) of

Table 3. Logistic regression analysis to predict treatment response.

Odds ratio 95% CI*  p
SUV pa** 1.13 1.01-1.27 0.05
Stage, I-11 v 11T 3.29 1.23-8.77 0.02
Performance (WHO),0v 1v2 6.92 1.53-31.32 0.01

*95 % Confidence interval of the odds ratio. ** SUVmax is the maximum
standardized uptake value within the primary tumour; SUVmax is incorpo-
rated as a continuous variable
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SUV__ was 1.13, which number indicates the relative increase in odds of having no
complete response when the SUV,__ value increased by one-unit. The ORs of stage
and performance status were 3.29 and 6.92, respectively (Table 3)

Univariate survival analysis

Kaplan Meier plots for the disease-specific survival (DSS) and overall survival (OS)
illustrate large survival differences between patients with SUV < 15and SUV__ >
15 in favor of the low SUV, group (Figure 2). Survival differences werestatistically

significant for both the DSS (p <
0.001) and OS (p < 0.001) (Table
4).  The survival benefit for
patients of the low SUV__ group
(SUV__ < 9) was less significant
than the survival benefit observed
for the low SUV__ group (DSS,
p = .0.04 and OS p = 0.02). For
DSS and OS median survival
times were 39 and 17 months,
respectively. The 2-year survival
rates for DSS and OS were 57
% and 43 %, respectively. Stage
(p = 0.04), performance status
(p = 0.01), lymphnode status (p
= 0.04), treatment response (p =
0.02), chemotherapy (p = 0.01)
and tumour volume (p = 0.03)
were  significantly  associated
with DSS. A trend for a better
DSS was observed in patients
irradiated with doses of 70 Gy or
higher compared with patients
irradiated with doses lower than
70 Gy (p = 0.06). Significant
factors for OS were performance
status (p = 0.04), chemotherapy
(p=0.01) and treatment response
(p = 0.01) (Table 4). Weight loss
and histology were not significant
factors.

10—t
8 SUV <15
-L'I
6
s 1
g Lﬁ-&#-&#
§ 4 -: SUV > 15
K]
S Leeemy
g 1
o 2 p < 0.001 L
2 -
@
[
172}
A 0o
0 10 20 30 40 50 60

Time (months)

SUV <15

o 4 -I-|
E A
g -1
) <0.001 L SUV 2 15
@ p<0. |
= |\ Fmm=- !
o f— -
3 00 1
0 10 20 30 40 50 60

Time (months)

Figure 2. Kaplan—Meier survival curves for the disease-
specific survival and the overall survival and the P values of
the log-rank test.
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Table 4. Univariate analysis of the disease-specific survival and overall survival

Factor Nmr/.brr 4 Disease-specific survival Overall survival
patients
Median survival 2-year survival  log-rank Median survival 2-year survival  log-rank
(months) (%) p) (months) (%) ()
Total group 51 39 57 17 43
SUVimax
<15 26 NR 72 < 0.001 38 60 <0.001
=15 25 12 43 12 27
Treatment response
Complete 17 NR 92 0.02 38 50 0.01
Partial 25 12 40 14 26
Stable/Progressive 9 12 41 10 33
disease
Stage
L1l 32 NR 68 0.04 25 50 0.3
il 19 16 41 16 32
Performance (WHO)
0 15 NR 81 0.01 38 61 0.04
1 33 20 51 16 39
2 3 12 0 12 0
N stage
NO 23 NR 72 0.04 25 54 0.2
N+ 28 16 44 16 34
Chemotherapy
No 41 NR 64 0.01 20 50 0.01
Yes 10 12 26 12 13
Dose (Gy)
<70 17 17 42 0.06 16 37 0.4
=70 34 NR 65 20 47
Tumour volume (cm?)
=18 17 NR 69 0.03 12 56 0.3
[19, 74] 17 NR 67 17 44
=75 17 12 36 31 34
Weight loss (Vo)
<5 41 17 60 0.6 17 42 0.8
[5-10] 10 40 48 17 48
>10 0
Histology
Squamous 17 NR 50 0.5 14 32 0.8
Adenocarcinoma 13 27 7 20 39
Large cell 10 20 60 17 50
Unknown 11 NR 79 31 64

NR = not reached.

Multivariate survival analysis

For the multivariate survival analysis the significant variables in the log-rank test
(p < 0.05) were examined in the Cox proportional hazards model to evaluate their
interaction and joint effect on DSS and OS. The SUV,_  was included in this
analysis because SUV__ was more significant in the log-rank test than the SUV__ .
This SUV,__ was incorporated as continuous parameter. We excluded the treatment
response as a parameter in the multivariate analysis, since this parameter is not
known prior to therapy. Chemotherapy, tumour volume and lymph node status

were not included, because of the strong correlation of these factors with stage. For
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DSS, all significant factors in the univariate analysis (SUme, performance status
and stage) remained significant in the Cox proportional hazard model (SUV_ , p =
0.01; performance status, p = 0.008; stage, p = 0.04, Table 5).

The hazard ratio (HR) of SUV__ was 1.06, which indicated that a one-unit increase
of SUV__ correspond to a 6 % increase of hazard of lung cancer related death.
The HRs for stage and performance status were 1.6 and 3.86, respectively. For OS,
SUV,_ (p = 0.001) and performance status (p = 0.06) remained significant factors
in the Cox proportional hazard model (Table 6). Equally to the DSS, a one-unit
increase of SUV__ corresponded with a 6 % increase of hazard of death due to any
cause.

Table 5. Cox proportional hazards model for the disease-specific survival
Hagard ratio  95% CI*  p
Performance (WHO),0v 1 v 2 3.86 1.43-10.43 0.008
Stage I, IT v IIT 1.60 1.02-2.51 0.04
SUV ma™* 1.06 1.01-1.10 0.01

Table 6. Cox proportional hazards model for the overall survival
Hazard ratio  95% CI*  p

Petformance (WHO), 0 v 1 v 2 1.93 1.41-3.86 0.06
SUV ¥ 1.06 1.02 - 1.10 0.001

*95 % Confidence interval of the hazard ratio
** SUVmax is the maximum standardized uptake value within the primary tumour;
SUVmax is incorporated as a continuous variable

Discussion

In the present study FDG SUV_ was predictive for treatment response and the
median SUV__ was a good variable to predict complete response in inoperable
NSCLC patients. The multivariate survival analysis proved that SUV__ was an
explanatory prognostic factor for both disease-specific (DSS) and overall (0S)
survival. We could not perform a disease free survival analysis because only 2 patients
with complete response (n = 17) developed metastases or progression of disease.

Differences in patients selection makes it difficult to compare our results with
previous studies. Most studies included mainly surgically treated NSCLC patients
and observed better survival rates than in the present study [8-10]. Ahuja et al. [11]
found poorer survival rates, however 20 % of those patients had stage IV disease
and were treated palliatively. Only Sasaki et al. [7] evaluated the prognostic value
of SUV_for radiotherapy patients. They found that a cut off value of 5 (median
SUV__ was 8) provided the most significant survival difference between patients
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above and below this cut off value. Their radiotherapy patients had a high 2-year
OS of 71 %, which was not different from the 2-year OS of surgically treated
patients. The importance of SUV for inoperable NSCLC patients was confirmed in
our analysis, where SUV__ was statistically associated with both treatment response
and survival. The lower survival rate in the present study may be explained by both
higher SUV__values and higher incidence of medical inoperability observed in our
patients. Downey et al. [10] incorporated SUV__ also as a continuous variable in
the Cox proportional hazards model, and observed a 7 % increase in hazard of death
after a one-unit increase in SUV_ . This is in agreement with the present dara. It is
important to note that Downey et al. observed SUV__ values in the same range as
in the present study.

Difference in PET scanning techniques is another potential problem, while comparing
studies that attempt to evaluate the prognostic value of SUV. Differences in injected
FDG -dose, scanning time (i.e. time after injection), reconstruction algorithms,
filters, scanner characteristics, sinogram noise and quantification methods might
lead to (structural) inter-institutional SUV differences [16].

Even the calculation of a SUV may differ between SUV studies. SUV__ calculated
with a threshold method was shown to be slightly better reproducible than the
SUV__.However, the SUV__ might include pixel values of non-tumour tissue [17].
We observed that the SUV__ was better predictive for treatment response than the
SUV__, which might be due to the fact that the maximum SUV represents better
the most metabolic active (i.e. most aggressive) part of the tumour. Another factor
that influences the SUV is the level of plasma glucose of the patient during PET
scanning. Two studies observed a reduced variability and improved reproducibility
of SUV after glucose correction [18, 19]. In our study we did observe a similar
predictive value for both glucose corrected SUV and uncorrected SUV and also for
survival analysis glucose correction did not influence the results (data not shown).
Notwithstanding the mentioned constraints of SUV, it is a clinical feasible and often
used quantification parameter of PET images. Hoekstra et al. compared different
SUV calculation methods with the nonlinear regression method, which is used as
a golden standard to quantify FDG uptake (but this is not clinically feasible) [20].
To verify the best possible quantification method with the appropriate cut off values
for NSCLC, similar studies are required with prospective clinical patients data. In
addition, PET-scanning techniques and quantification methods should be more
uniform, before guidelines for general use of a particular SUV can be implemented
[21].

Currently, the application of FDG PET in the treatment of NSCLC patients has
become increasingly important. First, detection of otherwise unknown metastases
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and distinction of benign from malignant lymphnodes improves staging, and thereby
potentially also the choice of treatment of NSCLC patients [22, 23]. Secondly, for
inoperable NSCLC patients, the information obtained from FDG PET is important
to delineate the gross tumour volume [24]. The third reason is that studies have
shown that PET was a sensitive method for evaluating tumour response [25], even
more accurate than response monitoring by CT [26]. Apart from these diagnostic,
treatment and response monitoring purposes, the prognostic value of SUV adds
another dimension to PET imaging of inoperable NSCLC patients. Prognostic
information obtained from a tumour biopsy is not always available in inoperable
NSCLC patients (in our study we did not have pathology in 11 patients). Pathology,
tumour doubling time, glucose transporter proteins (Glut 1 and Glut 3) and
proliferation markers (Ki-67) are prognostic factors obtained from biopsy material [1,
27, 28] . SUV was associated with these prognostic factors; squamous cell carcinoma
did have a higher SUV than adenocarcinoma [10, 12] and strong correlations were
observed between SUV and tumour doubling time, glucose transporters (Glutl and
Glut 3) and the proliferation marker Ki-67 [4, 6, 29].

SUV could have an important impact for inoperable NSCLC patients because their
poor prognosis. Although the poor prognosis is also due to the co-morbidity of
inoperable NSCLC patients, better selection for individually adapted treatment
strategies will undoubtedly improve outcome. SUV was accurately predictive
for treatment response and may contribute to select patients for the appropriate
treatment strategies. Confirmation of our results by prospective clinical data is
important. Quantification of PET images, in combination with conventional
prognostic factors, might indicate which patients are appropriate candidates for
more aggressive treatment strategies (chemo radiation, dose escalation) or should
better be treated in a palliative setting.

Conclusion

FDG SUV__ was an important complementary prognostic factor for survival in
51 irradiated inoperable NSCLC patients. Moreover, this SUV provided good
prediction of response to radiotherapy. In current diagnostic and treatment settings of
(inoperable) NSCLC patients, the use of FDG PET imaging is increasing. The FDG
SUV__ obtained from these images might help to determine the most appropriate
treatment strategy, and consequently improve treatment efficiency. Because of the
limited number of patients in this study a prospective clinical study, in a larger group
of patients, is necessary to determine the optimal cut off values.
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Abstract

Purpose: Clinical and 3D dosimetric parameters are associated with symptomatic
radiation pneumonitis rates in retrospective studies. Such parameters include:
mean lung dose (MLD), radiation (RT) dose to perfused lung (via SPECT),
and pre-RT lung function. Based on prior publications, we defined pre-RT
criteria hypothesized to be predictive for later development of pneumonitis. We
herein prospectively test the predictive abilities of these dosimetric/functional
parameters on 2 cohorts of patients from Duke and The Netherlands Cancer
Institute (NKI).

Methods and Materials: For the Duke cohort, 55 eligible patients treated
between 1999 and 2005 on a prospective IRB-approved study to monitor RT-
induced lung injury were analyzed. A similar group of patients treated at the
NKI between 1996 and 2002 were identified. Patients believed to be at high
and low risk for pneumonitis were defined based on: (1) MLD; (2) OpRP (sum
of predicted perfusion reduction based on regional dose-response curve); and
(3) pre-RT DLCO. All doses reflected tissue density heterogeneity. The rates
of grade >2 pneumonitis in the “presumed” high and low risk groups were
compared using Fisher’s exact test.

Results: In the Duke group, pneumonitis rates in patients prospectively deemed
to be at “high” vs. “low” risk are 7 of 20 and 9 of 35, respectively; p = 0.33 one-
tailed Fisher’s. Similarly, comparable rates for the NKI group are 4 of 21 and 6
of 44, respectively, p = 0.41 one-tailed Fisher’s.

Conclusion: The prospective model appears unable to accurately segregate
patients into high vs. low risk groups. However, considered retrospectively, these
data are consistent with prior studies suggesting that dosimetric (e.g., MLD)
and functional (e.g., PFTs or SPECT) parameters are predictive for RT-induced
pneumonitis. Additional work is needed to better identify, and prospectively
assess, predictors of RT-induced lung injury.
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Introduction

Radiation (RT)-induced shortness of breath occurs in approximately 5-30% of
patients receiving thoracic RT for lung cancer [1-8]. Despite the large number of
patients receiving thoracic RT, there are currently no validated and standardized
means of predicting an individual patient’s risk of developing pulmonary toxicity.
We and others have developed predictive models based primarily on dosimetric
parameters such as the mean lung dose (MLD). Indeed, the rates of pneumonitis
appear to increase with MLD in several, largely retrospective, trials [2-6][8]. Further,
our data suggest that predictive models are improved if they consider both the three-
dimensional (3D) dose distribution plus the pre-RT functional state [9]. Based on
this, we developed a physiologic-based method to identify patients who we believe
are at relatively high risk of developing clinical relevant pulmonary symptoms, based
on 3D dosimetric parameters and pre-RT pulmonary function.

It is the purpose of the current study to evaluate this physiologic-based method in
patients with lung cancer. Therefore, we first derived a model using the same dataset
and method as previously described by Lind, selecting only the lung cancer subset[9].
Subsequently, we prospectively tested this approach in a new cohort of patients treated
at Duke as well as in a separate group of patients treated at the Netherlands Cancer
Institute. The rate of symptoms in the groups considered being at high vs. low risk
was compared to assess the accuracy of the predictive model. Further, alternative
dosimetric-based models are considered.

Methods and Materials

Eligibility and patient population

Between 1991 and 2005, 340 patients were enrolled into a prospective clinical study
at Duke to assess RT-induced lung injury. Informed consent was obtained from all
patients. Patients were eligible if they were about to receive thoracic RT for primary
or metastatic disease to the thorax, with a minimum life expectancy of 6 months.
Patients unable to give consent, with a history of prior RT, or who were planned
to have thoracic surgery after RT, were not eligible. As part of this study, patients
had pre- and post-RT assessments of lung function including symptom assessment,
pulmonary function tests, computed tomography (CT), and single-photon emission
computed tomography (SPECT) lung perfusion imaging.

In an analysis performed in 1999, based on 162 (62 had lung cancer and SPECT
imaging) evaluable patients treated between 1991 and 1999, the risk of symptomatic
radiation-induced lung injury appeared to be best predicted by a model considering
the 3D dose distribution and pre-RT pulmonary function tests [9]. Based on that
analysis, and other published data [3-5, 8], we defined criteria to prospectively
identify patients who were believed to be at increased risk for radiation pneumonitis
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(RP) (criteria defined below).

Since that analysis, 94 additional patients have been enrolled onto our study.
Fifty-five of these 94 patients with lung cancer are evaluable with a minimum of
6-month post-RT follow-up. Thirty-nine patients were excluded from the analysis
for the following reasons: death within 6 months after RT—18; intrathoracic
disease progression within 6 months after RT—8; pulmonary emboli—1; pleural
effusion—1; post-RT surgery—3; hard to score patients—5 (tumor regrowth,
exacerbation of preexisting lung disease, and infection); discontinued treatment
due to the bilateral diaphragmatic nerve paralysis—1; and no SPECT imaging—2.
To assess the utility of these predictive models, the previously retrospective-defined
predictive factors were tested in the new 55 evaluable patients.

Further, the model was also tested in a separate group of 65 patients treated for
lung cancer at the NKI. These patients had medically inoperable or locally advanced
disease treated between 1996 and 2002. Other inclusion criteria were a minimum
6-month post-RT follow-up, good prognostic criteria (weight loss less than 10%
and ECOG performance status <2), and availability of CT and SPECT data before
RT. The demographic information for the initial 62 patients who were treated at
Duke, the second Duke cohort of 55 evaluable patients, and the NKI group are
shown in Table 1.

Table 1. Clinical characteristics for three groups: Initial patients treated at Duke
(‘91-’99) and the two newer groups from Duke (‘99—05), and the NKI (‘96—02)

Duke (%) (n = 55) NKI (%) (n = 65) Duke (%) (n = 62)

Characteristics

1999-2005 1996-2002 1991-1999
Mean age (range) 64 (46-81) 72 (48-86) 62 (40-87)
Gender (female/male) 23/32 15/50 26/36
Histology
Non-small cell 45 (82) 65 (100) 57 (92)
Small cell 10 (18) — 5(8)
Stage
I-11 24 28 (43) 16 (26)
-1V 48 (87) 37 (57) 41 (66)
Recurrent 50 — 5(8)
Baseline PFT's % predicted
Mean FEV1 (range) 68 (21-127) 63 (17-121) 62 (17-121)
Mean DLCO (range) 74 (28-129) 70 (20-128) 65 (23-114)
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Table 2. Treatment characteristics for three groups: Initial patients treated at Duke
(‘91-’99), and the two newer groups from Duke (‘99-’05), and the NKI (‘96-°02)
Radiotherapy: dose/ fraction

Institution (total dose in Gy) No (%) Chemotherapy No (%)
Duke (n = 55) 1.5-1.6 (45-86.4)* 9(16)  Pre-RT * concurrent £ post-RT 31 (56)
(1999-2005) 1.8-2.0 (45-74) 46 (84) Concurrent  post-RT 19 (35)

NKI (n = 65) 2.0 (70) 34 (52) No chemotherapy 509
(1996-2002) 2.25 (60.8-87.8) 31 (48) No chemotherapy 65 (100)
Duke (n = 62) 1.5-1.6 (54.6-74.2)* 16 (26)  Pre-RT * concurrent = post-RT 22 (35)

(1991-1999) 1.8-2.0 (24-80) 45 (72) Concurrent £ post-RT 35
2.5 (50) 12 No chemotherapy 37 (60)

*Typically treated B.I.D

Treatment and pre- and post-RT evaluations

The treatment parameters for the three groups of patients are summarized in Table
2. At both Duke and the NKI, the patients underwent CT and SPECT imaging
in the treatment position, and PFTs, before RT as previously described [10][11].
Clinical evaluation to assess for RT-induced pulmonary symptoms was performed
approximately 1.5, 3, 6, 9, and 12 months post-RT, then at 6-month intervals.

The average lung doses are as follows: Duke 91-99: MLD = 18.1 Gy; MpLD =
15.8 Gy; NKI: MLD = 15.5 Gy; MpLD = 14.5 Gy; Duke 99-05: MLD = 18.7 Gy;
MpLD =17.5 Gy.

Pulmonary function tests (PF15) and scoring pulmonary symptoms

Pulmonary function tests included the forced expiratory volume (FEV1) and
diffusion capacity for carbon monoxide (DLCO), and were measured as described
previously [12][13]. Both were expressed as the percent of predicted value based on
age, height, and gender.

Pulmonary complications were scored based on the common toxicity criteria [14].
To minimize the subjectivity, both the treating and another physician scored patients
with suspected complications. The endpoint in this study was the development of
grade >2 pneumonitis, i.e., necessitating start of steroids (Grade 2) and oxygen
(Grade 3). This same scoring system was used to evaluate the patients treated at both

Duke and the NKI.

Treatment planning, dose calculation, and dose-volume histogram (DVH)
The pre-treatment CT scan was performed as previously described [10][11]. At
Duke, treatment planning was done using PLUNC (Plan University of North
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Carolina) to define the desired beams, per the treating radiation oncologist [15].
At NKI, treatment planning was performed by using U-M plan (University of
Michigan) [16]. Radiation was typically delivered with 6-15 MV photon beams by
linear accelerators.

The 3D dose distributions were calculated with tissue density inhomogeneity
corrections, using either an equivalent pathlength algorithm or the power law tissue-
air ratio method. The dose-volume histograms were calculated based on the absolute
total dose without adjustments for fraction size or overall treatment time in Duke.
At NKI, all doses were corrected for fractionation. The local dose was converted to
the normalized total dose, defined as the biologically equivalent dose delivered in 2
Gyl/fraction. The linear quadratic model with an alpha/beta ratio of 3 Gy was used.
The details of treatment planning, dose-volume histogram and calculations in both
Duke and NKI were previously published [11][17][18].

Dose-function histogram (DFH) and overall perfusion weighted response parameter
(OpRP)

SPECT images were obtained following i.v. injection of (99)mTc-labeled macro
aggregated albumin as previously described [13][19]. The 3D SPECT data were
transferred electronically from Radiology to Radiation Oncology via an internal
network, and stored on computer disk for quantitative analysis. Software in PLUNC
(X Fusion) was used to visually superimpose the SPECT images with pre-RT lung
contours. After a SPECT scan was adequately registered with the CT data set, the
SPECT image was resampled by tri-linear interpolation to match the spatial sampling
of the CT data set. The entire 3D RT dose distribution was overlaid on to the SPECT
scan. The percentage of SPECT counts in each dose bin was used to generate a “dose
SPECT-count histogram”. As it is assumed that perfusion is proportional to function
[10][18], this histogram is termed a dose-function histogram [13][20]. In general,
the bin size used for the DFH calculation is equal to the maximum radiation dose
divided by 100. From the dose-function histograms, the percent of lung perfusion
receiving 225 Gy, the P25, and mean-perfused lung dose (MpLD) were obtained. A
similar method was used at the NKI [10][21].

A dose-response curve (DRC) for regional lung injury has been presented [18].
Briefly, for the Duke patients, 0% effect was assumed for doses <15 Gy, and 100%
effect for doses >60 Gy. For the NKI data, the dose-effect relationship was assumed
to be sigmoid-shaped according to a logistic model with a D50 of 63 Gy and k of 1.7
[21]. For the purpose of this paper (a comparison of the Duke and NKI data), the
NKI data were re-analyzed using the DRC curve from Duke. Based on the DFH and
DRC, the sum of expected perfusion reduction, also termed the overall perfusion
weighted response parameter (OpRP) or integrated injury, is calculated as OpRP =
>(Pd x Rd), where Pd is the percent of perfused lung irradiated to dose d, and Rd is

44 |




Prospective assessment of models for predicting radiation pneumonitis
the expected reduction in regional perfusion at dose d (from the DRC).

Identifying patients predicted to be ar “high risk”

From an analysis performed in 1999, a subgroup of 62 patients with lung cancer and
the SPECT-related parameter OpRP are identified and shown in Fig. 1 [9]. Using the
same methods as the prior study (bi-dimensional modeling with discriminant analysis,
i.e., the Mahalanobis distances), we derived a line that segregates this subgroup of
lung cancer patients into high and low-risk for pneumonitis [22]. Subsequently, we
prospectively tested this model for a new cohort of patients treated at Duke as well
as in a separate group of patients treated at The Netherlands Cancer Institute. Each
patient’s score (i.e., high vs. low-risk for pneumonitis) was not computed during the
planning/treatment process, and, therefore, patient management was not changed as
a result of this study.

The association between pre-RT PFTs (y axis) and the SPECT-based overall
response parameter (OpRP) (x axis) and the incidence of pneumonitis from the
62 evaluable patients with lung cancer and SPECT imaging in the 1999 analysis
[9]. The line represents the

“optimal” segregation of the 140

patients with and without = 120 - a
.. . K o
pneumonitis and was derived $ .00
. © 1
retrospectively from the data. 8
o
2 80+
. o
Assessing the concordance of the S 60
predictive model for post-RT E 40 1
pulmonarysympmms. g 20{ mm® B 0 No Symptoms
For the test patients treated ® Grade >=2 Symptoms
at both Duke and the NKI, 0 ' ' ' '

0 10 20 30 40 50
the rate Of gfade 22 RP was OpRP: Sum of Predicted Perfusion Reduction

determined in the patient
Figure 1. The association between pre-RT PFTs (y axis) and

groups that were predicted
to be at high and low risk.
The rates of RP in the low-
risk and high-risk groups
were compared to assess the
accuracy of the model by

the SPECT-based overall response parameter (OpRP) (x axis)
and the incidence of pneumonitis from the 62 evaluable
patients with lung cancer and SPECT imaging in the 1999
analysis [9]. The line represents the “optimal” segregation of
the patients with and without pneumonitis and was derived
retrospectively from the data.

using a one-tailed Fisher’s exact test (since we were explicitly predicting that one
group would have a higher [not just a different] rate of pneumonitis than the
other group).The predictive abilities of a variety of different dosimetric/functional
parameters were also tested in the patients treated in Duke and NKI using receiver
operating characteristic (ROC) curves.
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Figure 2. Comparison between different patient groups as well as dosimetric and functional parameters. Pa-
tients are divided into three groups: Duke 1991-1999 patients used to derive the model for predicting high-
risk pneumonitis, and Duke 1999-2005, and NKI patients used to test the model prospectively. Panels (a)
through (c) compares mean perfused lung dose (MpLD) against the overall perfusion weighted response pa-
rameter (OpRP) for the 3 patient groups. Panels (d) through (f) compares mean perfused lung dose (MpLD)
against mean lung dose (MLD).
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Results

Deriving a model for predicting risk of pneumonitis

The subgroup of 62 patients with lung cancer and the SPECT-related parameter
OpRP treated from 1991 to 1999 is shown in Figure 1 [9]). Based on this dataset
and other published works ([3-6][9]), patients are predicted to be at relatively “high
risk” of post-RT pulmonary symptoms if they have: (1) An MLD of 225 Gy, or (2)
A pre-RT percent predicted DLCO and OpRP that falls below the line shown in
Figure 1. Mathematically, these patients have a pre-RT DLCO that is less than (1.0
x OpRP + 38), derived with bi-dimensional discriminant analysis. When this model
is used in the group of patients that the model is derived from, the dividing line is
highly significant with p = 0.03 in one-tailed Fisher’s exact test.

Comparing the different datasets

Before testing the model for predicting pneumonitis risk in a second cohort of
Duke and NKI patients, a comparison between the 3 datasets is made. First, the
relationship between MLD and MpLD is examined (Figure 2). The range of the
MpLD and MLD for the 2 Duke datasets (1991-1999 and 1999-2005) are very
similar. For the NKI data set, MpLD and MLD are restricted to values lower than 25
Gy. The correlation (R?*) between MLD and MpLD ranges from 0.51 to 0.69. The
slopes of the regression lines through zero are very similar for the 3 datasets (1.09,
1.03, and 1.05 for Duke 91-99, Duke 99-05, and NKI datasets, respectively).
The large spread of the data around these regression lines indicates the impact of
perfusion weighting.

The relationship between the OpRPs and MpLD is also examined (Figure 2). There
is a very tight correlation between the 2 parameters with R* ranging from 0.95 to
0.98. The slopes of the regression lines are 1.16, 1.42, and 1.35 for Duke 91-99,
Duke 99-05, and NKI datasets, respectively. This means that the DRC used in the
calculation of the OpRP could be well approximated by a DRC linearly dependent
on the dose with a slope of 1.16, 1.42, and 1.35 for the 3 datasets, respectively.

Testing the model prospectively

The incidence of pneumonitis in the second cohort of Duke patients is illustrated
in Figure 3. As shown using the line, 18 of 55 patients are prospectively considered
high risk and 37 of 55 patients are low risk. In addition, applying the MLD >25
Gy criteria, 2 more patients from the low-risk group move into the high risk-group
(shown by dashed circles in Figure 3). Therefore, 20 of 55 patients are high risk, and
35 of 55 patients are low risk. The rates of pneumonitis in the high and low-risk
groups are 7 of 20 and 9 of 35, respectively, p = 0.33 one-tailed Fisher’s.

Similarly, the data for The Netherlands group is shown in Figure 4. No patients
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Figure 3. The relationship between the pre-RT PFTs (y axis),
OpRP (x axis) and pneumonitis in the new cohort of 55 pa-
tients treated at Duke between 1999 and 2005. The line de-
rived from the data in Figure 1 is shown. Three patients with
MLD »>25 Gy are indicated with dashed circles. The rates of
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below the line or MLD >25 Gy) were 7 of 20 and 9 of 35, p
=0.33.
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Figure 4. The relationship between the pre-RT PFTs (y axis),
OpRP (x axis) and pneumonitis in the 65 patients from the
NKI. The rates of pneumonitis in the “high” vs. “low” risk
patients (i.e., below and above the line, respectively) were 4 of

21 and 6 of 44, p = 0.41.

have MLD >25 Gy in The
Netherlands  group.  The
comparable pneumonitis
rates are 4 of 21 in the high-
risk group and 6 of 44 in the
low-risk group, p = 0.41 one-
tailed Fisher’s.

The data from Duke, but not
NKI, suggest that there is an
interaction between pre-RT
PFTs, OpRP, and subsequent
risk of pneumonitis. This is
illustrated in Figure 3. The
cases of pneumonitis within
the low-OpRP patients tend
to have lower pre-RT DLCO.
If one limits the analysis to
those patients with a pre-
RT DLCO >60%, the rates
of radiation pneumonitis in
patients with an OpRP >20
vs. 20 are 11 of 31 and 0 of
7 (p=0.07), respectively. The
similar rates of pneumonitis
in patients with an MLD >20
Gy vs. <20 Gy were 10 of 23
vs. 1 of 18 (p = 0.007) for the
Duke patients, and 2 of 12
vs. 5 0f 29 (p = 0.67) for the
NKI patients.

The interaction between
PFTs and OpRP is also seen
in the ROC analysis (Table
3). In the Duke data, bi-

parameter models considering both a dosimetric DVH/DFH-based parameter and
the PFT parameter FEV1 tend to have higher ROC areas than the corresponding uni-
parameter models (0.65-0.72 vs. 0.56-0.62, respectively). However, bi-parameter
models using DLCO do not perform better than uni-parameter models. For the NKI
data, bi-parameter models have equivalent ROC areas as uni-parameter models, both
for FEV1 and DLCO. In fact, bi-dimensional modeling with OpRP and DLCO
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Table 3. Area under the ROC curves for uni- and
bi-parameter-based models predicting radiation
pneumonitis

Parameter Area under the ROC curve

Dufke (1999-2005) NKI

Pulmonary function tests (%o
Pre-RT DLCO 0.53 0.52

Pre-RT FEV1 0.61 0.53

Single DVH-based parameters

V20 0.54 —
V25 0.52 —
V30 0.51 —
MLD 0.62 0.01

Single SPECT-based parameters

P20 0.55 —
P25 0.54 —
P30 0.54 —
MpLD 0.59 0.71
OpRP 0.56 0.72

Multiparameter-based models

MLD and DLCO 0.62 0.60
MLD and FEV1 0.72 0.62
MpLD and DLCO 0.59 0.71
MpLD and FEV1 0.65 0.70
OpRP and DLCO 0.56 0.72
OpRP and FEV1 0.65 0.72

leads to less significant results (p
= 0.04) compared to OpRP alone

(p = 0.01).
Furthermore, in the Duke
data, perfusion weighted

parameters have lower ROC
areas than nonperfusion weighted
parameters (0.62-0.72 for MLD
models, 0.56-0.65 for MpLD
and OpRP models). This is in
contrast to the NKI data, where
models using MpLD and OpRP
have higher ROC areas than
models using MLD (0.70-0.72
vs.  0.60-0.62, respectively).
In the NKI data, OpRP and
MpLD also appear as the most
significant  predictors in uni-
dimensional modeling (p = 0.01
and 0.03, respectively), better
than the nonperfusion weighted
parameters OpRP (p = 0.3) and
MLD (p = 0.4).

If the Duke 1999-2005 and
NKI data are examined again
retrospectively, new  segregating
lines that optimally divide
patients into high and low risk for
pneumonitis can be calculated.
For the Duke data, the best
discriminant line retrospectively
is shown in Figure 5 as the

dashed line with equation DLCO = (4 * OpRP - 10). For the NKI dataset, a new
discriminant line that uses both OpRP and DLCO could be drawn, but it is nearly
vertical because only the OpRP contributes to the discriminant value (Figure 6). The
better predictive value of OpRP alone is also displayed in Figure 6.

Discussion

The prospective identification of patients at relatively high risk for RP is challenging
since a variety of treatment/patient-related factors appear to influence this risk.
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Figure 6. The data shown in Figure 4 is reproduced here,
with retrospectively-defined new segregations lines that
are superior to the prospective line in Figure 4. The solid
line (DLCO = 11 * OpRP -173) considers both the OpRP
and DLCO in segregating patients into high and low risk,
the dashed line (OpRP = 24) uses only the OpRP.

In  particular, dosimetric
parameters, such as the mean
lung dose, have been most
consistently linked with the
risk of pneumonitis in many
studies [2-6][8]. Furthermore,
several studies suggest that
patients with relatively poor
pre-RT lung function are more
likely to experience toxicity
than are patients with better
lung function [7][9][23][24].

Based on a 1999 analysis of the
patients treated at Duke [6][9],
and the data from others [3-
5], we developed a functional/
dosimetric model to attempt
to  prospectively  segregate
patients into high- and low-
risk groups. The present report
demonstrates that the model
was unsuccessful when applied
to aset of new patients treated at
Duke, and a contemperaneous
group from the NKI. The
selection of the line in Figure 1
is central to the results. The line
herein used was derived from
bi-dimensional  discriminant
analysis using Mahalanobis
distances. We recognize there
are alternative methods to select

an appropriate “division line”. Further, we have reassessed the 1991-1999 data and
identified additional lines that might have been considered “optimal” based on visual
inspection or ROC curves. The use of alternative discriminant lines was still unable
to accurately segregate patient outcomes in the more recent dataset (2000-2005).

While unsuccessful, the Duke data show that combining dosimetric parameters
with FEV1 might improve outcome prediction compared to the use of dosimetric
parameters alone, although this is not seen with DLCO. The NKI data shows no
improvement when PFTs are combined with dosimetric parameters, although
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prediction does improve with the use of functional/perfusion imaging (vs. CT-
based dosimetric parameters). The present analysis highlights the challenges of the
prospective identification of high- vs. low-risk patients.

The present analysis is not contradictory with prior studies from our group and
others. The patients with the highest MLD are at greater risk of pneumonitis
than are patients with lower MLD. In the Duke data, patients with low pre-RT
pulmonary function have a higher rate of pneumonitis at low lung doses than do
patients with better pre-RT lung function. Thus, if we were to analyze these patients
“retrospectively” the conclusions would be similar to what we and others have noted
before. However, the present analysis demonstrates the challenges associated with
prospectively identifying specific high- and low-risk groups of patients. Indeed, if
done retrospectively, one could define the dashed line on Figure 5 as a “new” PFT/
OPpRP ratio that well segregates Duke patients into high vs. low risk.

One factor that contributed to this present study’s inability to prospectively segregate
patients into high- and low-risk groups is that we are underpowered. The prospective
model is derived from the first group of Duke patients (1991-1999), where
pneumonitis rates are 26% and 5% in the high- and low-risk groups, respectively.
For a study to have 80% power to detect a 20% difference between the high- and
low-risk groups, approximately 80 patients are needed for the 2 arms (assuming
alpha = 0.05 for one-sided test). The second group of Duke patients (2000-2005)
has 20 high-risk patients and 35 low-risk patients, and the NKI group has 21 high-
risk patients and 44 low-risk patients. The 2 groups each have approximately 70%
power to detect a 20% difference. There is certainly a trend in both the Duke and
NKI groups toward a higher pneumonitis rate in the high-risk group compared to
the low-risk group, but the trend is not statistically significant. Combining the data
from Duke 1999-2005 and the NKI to increase the power yields pneumonitis rates
in the high-risk and low-risk groups of 11 of 41 vs. 15 of 79; p = 0.22; one-tailed
Fisher’s exact tests.

A tool to prospectively identify patients at increased risk for pneumonitis would
be extremely useful. Presently, there are interventions that may reduce patients risk
for pneumonitis (e.g., Amifostine). However, the toxicity of such interventions has,
at least in part, hindered its widespread use. If patients at particularly high-risk for
pneumonitis could be identified, such interventions might be effectively applied in
particular patient subgroups. On the other hand, patients who are deemed to be at a
relatively low risk for pneumonitis might be candidates for dose escalation.

There have been very few attempts to prospectively identify patients’ risk for
radiation-induced lung injury [2][3]. The University of Michigan is performing a dose
escalation study wherein the prescribed dose is dependent on the anticipated normal
tissue complication probability (NTCP). In this study, the observed and predicted
complication rates were fairly divergent [2]. Among patients with a predicted >95%
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risk for pneumonitis, only 5 of 13 developed clinical pneumonitis. Nevertheless, the
patients that they deemed to be at “high risk” for pneumonitis did have a higher rate
of pneumonitis than did the patients that they deemed to be at low risk. However,
the absolute magnitude of the predicted vs. observed rates were different. Similarly,
Oetzel et al. noted the rates of pneumonitis to be 13% and 29% for patients with a
calculated NTCP of <30% and 230%, respectively [3]. In this regard, these findings
are similar to ours. On the other hand, in the dose escalation study by Belderbos et
al., the observed incidence of radiation pneumonitis was not statistically different
from the estimated probability using results from Kwa et al. [4][25]. However, the
authors do comment that the observed data seemed to indicate a higher incidence of
RP than predicted, but the difference is not statistically significant due to the limited
number of cases.

The model we used to identify patients at high vs. low risk for pneumonitis may seem
cumbersome. We used a 2-threshold approach. Patients were considered to be at high
risk if their MLD exceeded 25 Gy. This threshold was selected based on studies from
multiple institutions [3][4]. Among patients who had MLD below 25 Gy, they were
expected to be at high risk for pneumonitis if their pre-RT lung function was poor
relative to the planned radiation dose distribution. In other words, patients were
considered “high risk” if their PFTs were relatively low compared to the anticipated
degree of lung injury (OpRP). This relationship between pre-RT lung function and
expected lung injury is the second component of our prospective model, and is more
difficult to explain and apply clinically than the MLD. Nevertheless, we believe that
this second component is, in many ways, more physiologically sound than the MLD
alone.The MLD considers only the radiation dose distribution, and ignores the
possible impact of pre-RT lung function distribution. Indeed, in our initial data set,
from which the threshold PFT/OpRP ratio was defined (i.e., the line in Figure 1),
we did not observe a strong impact of MLD alone. The MLD threshold was included
due to the number of studies that show the importance of this parameter [2-6][8].
Similarly, we elected to use the OpRP as our dosimetric parameter to compare to the
PFTs since we believe that the OpRP provides a useful metric of anticipated global
lung effects. However, the simpler parameter MpLD could probably have been used
instead of the OpRP, given the very tight correlations between these 2 parameters
(Figure 2). Prior studies from Duke and the NKI have suggested that SPECT-based
dosimetric parameters may predict RT-induced symptomatic lung injury better than
CT-based dosimetric parameters that do not incorporate functional information.
This trend continues to be seen in the NKI data in this study but not the Duke
data [9][21]. One could have defined similar ratios between the PFTs and other
dosimetric parameters such as V20 or MLD.

To further test the applicability of such predictive models in another venue, we
also studied patients irradiated at the NKI. Similar methods were used to compute
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radiation dose, define the overall response parameter, and assess pre-RT pulmonary
function. As was the case with the Duke test set, the model was not able to accurately
identify patients at high vs. low risk in the NKI data set. While it is clearly important to
demonstrate the utility of a prognostic factor in diverse patient population, applying
predictive model developed at one institution to a second institution is potentially
problematic. For example, several studies demonstrated an association between a
variety of dosimetric parameters and the incidence of pneumonitis. We and others
have suggested that the precise dosimetric parameter selected is not critical as there
is a strong correlation between the different dosimetric parameters. For example, in
the study by Graham et al. from
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when a more varied radiation derived from the relationship between the OpRP and

MpLD, shown in Figure 2. A line with a smaller slope
R X means more patients in that dataset were treated with
most of the patients in the Duke higher doses, which flattens out the line since the DRC

series were treated with fairly flattens out at >60 Gy.

conventional beams (e.g., AP/

PA followed by off cord oblique

opposed fields). Within that construct, there is a strong association between the
different dosimetric parameters. When more varied beam arrangements are used,
e.g., 5 or 7 non-opposed beams, the V20 tends to decrease, but the MLD stays
relatively constant. Thus the V5 and V10 tend to increase. It appears reasonable to
consider The Netherlands data in this context since the radiation techniques used at
the NKI and Duke are similar. An important difference in the 2 institutions is that
91% of patients treated in Duke were given chemotherapy, but none in the NKI.
The dosimetric parameters for the initial 62 Duke patients are somewhat different
than the subsequent group from Duke and the NKI patients. Our original prospective
model used an MLD greater than 25 Gy to define high risk. In the subsequent
groups, very few patients had this high dosimetric parameter (3 of 55 and 0 of

technique is used. For example,
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65 at Duke and NKI, respectively). This difference in the patient groups appears
reflected in slopes of the OpRP vs. MpLD plots (Figure 2). The slopes of these plots
are mathematically equal to the linear approximation of the DRC curve underlying
the OpRP calculation. Since the DRC used to compute the OpRP has a threshold
at low doses (<15 Gy), and a plateau at high dose (>60 Gy), the slope of the MpLD
vs. OpRP graphs differ from one. The linear approximation of the Duke DRC had
a slope of 1.16 for the Duke 91-99 data, whereas the slopes for the Duke 99-05 and
NKI data were steeper (1.42 and 1.35, respectively). A flatter slope is consistent with
a larger portion of the lung being treated to a higher dose (because the DRC saturates
at 100% when doses > 60 Gy), and/or a larger portion of the lung being treated to
<15 Gy (due to the threshold). Indeed, a relatively large fraction of the Duke 91-
99 patients were treated to higher doses (i.e. beyond saturation), and/or received a
concurrent BID boost technique that typically increases the fraction of irradiated
lung exposed to low doses of RT. Thus, the differences in slope of the MpLD vs.
OpRP graphs reflect differences in the RT doses and techniques used.

One variable that may be predictive of radiation pneumonitis that was not taken into
consideration in this study is the effect of the region of lung irradiated. A number of
clinical studies, including Yorke et al. from Memorial and Seppenwoolde et al. from
NKI, have shown that radiation dose to the lower lung may be more associated with
lung injury than radiation dose to the upper lung [16][26]. Other studies such as
Hope et al. from Washington University and Yamada et al. from Japan have found
that the incidence of pneumonitis is higher in patients with lower lobe tumors [27]
[28]. Our group has also looked for this effect in our data and has not seen this [29].
We are uncertain why we achieve different results in this regard, and this is a topic
of ongoing study. A number of other research groups also did not find different
rates of pneumonitis based on tumor location [7][30][31]. The model tested in this
study was DVH-based, which discards all spatial information. Alternative predictive
models that consider such spatial information can certainly be developed and tested.
The diagnostic uncertainty of radiation pneumonitis may be a factor that makes the
prediction of RT-induced lung injury difficult. In a study of 251 lung cancer patients
treated with RT at Duke between 1991 and 2003, 47 of 251 (19%) were thought
to have RP and 13 of 47 (28%) had concurrent medical diagnoses (e.g., possible
infection, exacerbation of pre-existing lung disease, tumor regrowth/progression,
and/or cardiac disease) that confounded the diagnosis [32].

In conclusion, the prospective model was unable to accurately segregate patients
into high- vs. low-risk groups. However, the data continue to suggest that dosimetric
(e.g., MLD) and functional (e.g., PFT) parameters are potentially important in the
prospective identification of patients at high and low risk of RP. Additional work is
needed to better identify, and prospectively assess, predictors of RT-induced lung
injury.

54 |




Prospective assessment of models for predicting radiation pneumonitis

References

1. McDonald S, Rubin B, Phillips TL, et al. Injury to the lung from cancer therapy: Clinical
syndromes, measurable endpoints, and potential scoring systems. Inz J Radiat
Oncol Biol Phys 1995;31:1187-1203.

2. Martel MK, Ten Haken RK, Hazuba MB, et al. Dose-volume histogram and 3-D treatment
planning evaluation of patients with pneumonitis. /nz / Radiar Oncol Biol Phys
1994;28:575-581.

3. Oetzel D, Schraube B, Hensley F, etal. Estimation of pneumonitis risk in three-dimensional
treatment planning using dose-volume histogram analysis. /nz | Radiar Oncol
Biol Phys 1995;33:455— 460.

4. Kwa SL, Lebesque JV, Theuws JC, ez al. Radiation pneumonitis as a function of mean lung
dose: An analysis of pooled data of 540 patients. /nt | Radiat Oncol Biol Phys
1998;42:1-9.

5. Graham MYV, Purdy JA, Emami B, ez a/. Clinical dose-volume histogram analysis for
pneumonitis after 3D treatment for non-small cell lung cancer (NSCLC). fnz
J Radiat Oncol Biol Phys 1999;45:323-329.

6. Hernando ML, Marks LB, Bentel GC, e al. Radiation-induced pulmonary toxicity: A
dose-volume histogram analysis in 201 patients with lung cancer. /nt J Radiat
Oncol Biol Phys 2001; 51:650—-659.

7. Robnett TJ, Machtay M, Vines EFE ez al. Factors predicting severe radiation pneumonitis
in patients receiving definitive chemoradiation for lung cancer. nt J Radiat
Oncol Biol Phys 2000;48:89 —94.

8. Seppenwoolde Y, Lebesque JV, de Jaeger K, ez al. Comparing different NTCP models that
predict the incidence of radiation pneumonitis. Normal tissue complication
probability. /nt J Radiat Oncol Biol Phys 2003;55:724 —735.

9. Lind PA, Marks LB, Hollis D, er al. Receiver operating characteristic curves to assess
predictors of radiation-induced symptomatic lung injury. Int J Radiat Oncol
Biol Phys 2002; 54:340 —347.

10. Boersma LJ, Damen EM, de Boer RW, er a/. A new method to determine dose-effect
relations for local lung-function changes using correlated SPECT and CT data.
Radiother Oncol 1993; 29:110 —116.

11. Marks LB, Hollis D, Munley M, ez 4/. The role of lung perfusion imaging in predicting
the direction of radiationinduced changes in pulmonary function tests. Cancer
2000; 88:2135-2141.

12. Borst GR, De Jaeger K, Belderbos JS, ez al. Pulmonary function changes after radiotherapy
in non-small-cell lung cancer patients with long-term disease-free survival. /nz ]
Radiat Oncol Biol Phys 2005;62:639-644.

13. Marks LB, Munley MT, Spencer DD, ez al. Quantification of radiation-induced regional
lung injury with perfusion imaging. /nt J Radiat Oncol Biol Phys 1997;38:399—
409.

14. Common Toxicity Criteria Version 2.0, in Cancer Therapy Evaluation Program. 1998,
National Cancer Institute.

15. Sailer SL, Chaney EL, Rosenman ]G, et al. Treatment Planning at the University of

| 55




Chapter 3

North Carolina at Chapel Hill. Semin Radiat Oncol 1992;2:267-273.

16. Seppenwoolde Y, De Jaeger K, Boersma L], ¢t al. Regional differences in lung
radiosensitivity after radiotherapy for nonsmall-cell lung cancer. /nt J Radiat
Oncol Biol Phys 2004;60:748-758.

17. Lebesque JV, Keus RB. The simultaneous boost technique: The concept of relative
normalized total dose. Radiother Oncol 1991;22:45-55.

18. Fan M, Marks LB, Hollis D, ez /. Can we predict radiationinduced changes in pulmonary
function based on the sum of predicted regional dysfunction? J Clin Oncol
2001;19:543-550.

19. Marks LB, Spencer DP, Bentel GC, et al. The utility of SPECT lung perfusion scans in
minimizing and assessing the physiologic consequences of thoracic irradiation.
Int ] Radiat Oncol Biol Phys 1993;26:659-668.

20. Marks LB, Spencer DB, Sherouse GW, ez al. The role of three dimensional functional
lung imaging in radiation treatment planning: The functional dose-volume
histogram. Int J Radiat Oncol Biol Phys 1995;33:65-75.

21. De Jaeger K, Seppenwoolde Y, Boersma L], ez al. Pulmonary function following high-
dose radiotherapy of non-small-cell lung cancer. Int | Radiat Oncol Biol Phys
2003;55:1331-1340.

22. Rao CR. Contributions to statistics. Presented to PC Mahalanobis on the occasion of his
70th birthday. New York: Pergamon Press; 1965.

23. Choi NC, Kanarek DJ, Kazemi H. Prospective study of pulmonary tolerance to
radiotherapy or radiotherapy plus multi multidrug chemotherapy for loco-
regional lung carcinoma. Antibiot Chemother 1988;41:213-219.

24. Marks LB, Munley MT, Bentel GC, et al. Physical and biological predictors of changes
in whole-lung function following thoracic irradiation. /nt J Radiat Oncol Biol
Phys 1997;39: 563-570.

25. Belderbos JS, De Jaeger K, Heemsbergen WD, et al. First results of a phase I/II dose
escalation trial in non-small cell lung cancer using three-dimensional conformal
radiotherapy. Radiother Oncol 2003;66:119 —126.

26. Yorke ED, Jackson A, Rosenzweig KE, ez al. Correlation of dosimetric factors and radiation
pneumonitis for non-smallcell lung cancer patients in a recently completed
dose escalation study. /nt J Radiat Oncol Biol Phys 2005;63:672— 682.

27. Hope AJ, Lindsay PE, El Naqga I, ¢ a/. Modeling radiation pneumonitis risk with clinical,
dosimetric, and spatial parameters. /nt / Radiat Oncol Biol Phys 2006;65:112—
124.

28. Yamada M, Kudoh S, Hirata K, ez a/. Risk factors of pneumonitis following chemo
radiotherapy for lung cancer. Eur J Cancer 1998;34:71-75.

29. Yu X, Zhou S, Kahn D, et al. Relating RT-induced pulmonary symptoms based on the
dose to the superior vs. inferior lung in patients irradiated for lung cancer. /nz
J Radiat Oncol Biol Phys 2003;57:5415.

30. Tsujino K, Hirota S, Endo M, ¢t a/. Predictive value of dose-volume histogram parameters
for predicting radiation pneumonitis after concurrent chemoradiation for lung
cancer. Int | Radiat Oncol Biol Phys 2003;55:110 —115.

31. Fay M, Tan A, Fisher R, ¢t al. Dose-volume histogram analysis as predictor of radiation

56 |




Prospective assessment of models for predicting radiation pneumonitis

pneumonitis in primary lung cancer patients treated with radiotherapy. nt J
Radiat OncolBiol Phys 2005;61:1355-1363.

32. Kocak Z, Evans ES, Zhou SM, et al. Challenges in defining radiation pneumonitis in
patients with lung cancer. Int / Radiat Oncol Biol Phys 2005;62:635— 638.

| 57







Radiation pneumonitis for patients treated for
malignant pulmonary lesions with
stereotactic body radiation therapy

Gerben R. Borst M.D.!, Masayori Ishikawa Ph.D.?, Jasper Nijkamp M.Sc.!,
Michael Hauptmann Ph.D.?, Hiroki Shirato M.D. Ph.D.?, Rikiya Onimaru
M.D.2, Michel M. van den Heuvel M.D. Ph.D.*, Jose Belderbos M.D.
Ph.D.%, Joos V. Lebesque M.D. Ph.D.!, Jan-Jakob Sonke Ph.D.!

'Department of Radiation Oncology, The Netherlands Cancer Institute-Antoni van Leewenhock
Hospital, Amsterdam, The Netherlands
2Department of Radiation Oncology, Hokkaido University School of Medicine, Sapporo, Japan.
3Department of Bioinformatics and Statistics, * Department of Thoracic Oncology,
The Netherlands Cancer Institute - Antoni van Leeuwenhoek Hospital, Amsterdam, The Nether-
land.

Radiotherapy & Oncology
Volume 91, Issue 3, 1 June 2009, Pages 307-13.




Chapter 4

Abstract

Purpose: We evaluated the relationship between the mean lung dose (MLD) and
the incidence of radiation pneumonitis (RP) after SBRT and compared this with
conventional fractionated radiation therapy (CFRT).

Material and Methods: For both SBRT (n=128) and CFRT (n=142) patients,
RP grade > 2 was scored. Toxicity models predicting the probability of RP as a
function of the MLD were fitted using maximum log likelihood analysis. The
MLD was NTD (Normalized Total Dose) corrected using an o/ 8 ratio of 3 Gy.

Results: SBRT patients were treated with 6 Gy to 12Gy per fraction with a
median MLD of 6.4 Gy (range:1.5 Gy to 26.5 Gy). CFRT patients were treated
with 2 Gy or 2.25Gy per fraction, the median MLD was 13.2Gy (range:3.0Gy
to 23.0 Gy). The crude incidence rates of RP were 10.9% and 17.6% for the
SBRT and CFRT patients, respectively. A significant dose-response relationship
for RP was found after SBRT that was not significantly different from the dose-
response relationship for CFRT (p=0.18).

Conclusion: We derived from clinical data a significant dose-response
relationship between the risk of RP and the MLD for SBRT. This relation was
not significantly different from the dose-response relation for CFRT although
statistical analysis was hampered by the low number of patients in the high dose
range.
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Introduction

Stereotactic body radiation therapy (SBRT) for pulmonary lesions is becoming more
widely used following the first clinical experiences described by Blomgren et al. in
1995 [1]. Collaboration of Japanese radiation departments resulted in the publication
of encouraging outcomes among stage I lung cancer patients after SBRT [2,3]. In
addition, SBRT proved to be an effective treatment for metastases in lung and liver
with high tumour control rates being achieved [4,5]. With respect to healthy tissue
injury, Timmerman et al. [6] observed a significantly higher toxicity for centrally
located tumours compared to peripherally located tumours using similar irradiation
schedules. In an analysis of Lagerwaard et al. [7], lowering the fraction dose for
centrally located tumours resulted in similar toxicity for central and peripheral
tumours. A recent review of Brock et al. [8] evaluating SBRT studies showed limited
toxicity whereas between these studies a large heterogeneity of treatment techniques,
dose parameters and clinical endpoints is observed. To extend the applicability
of SBRT, knowledge of the dose-toxicity relationship is necessary. However, dose
response evaluations are hampered by the restricted dose range and (consequently)
the low number of toxicity events following SBRT. Moreover, the influence of larger
fraction dose, shorter overall treatment time and differences in dose distribution on
existing radiobiological models is rather unknown. In addition, patients receiving
pulmonary SBRT are a select group of patients with a high comorbidity.

Radiation pneumonitis (RP) is a serious complication which was fatal after SBRT in
3 of the 25 patients in a recent study of Yamashita et al [9] after 48Gy in 4 fractions.
The incidence of RP requiring clinical intervention ranges from 0% to 29% after
SBRT [9-14]. Unfortunately, no predictive model to assess the probability of RP is
available for SBRT.

The goal of our study was to evaluate the relation between the radiation dose and
the occurrence of RP after SBRT. In addition, since for CFRT the relation between
lung dose and radiation pneumonitis (RP) is extensively evaluated (e.g. [15]), we
compared the dose relationship of SBRT and CFRT patients.

Material & Methods

Patients

SBRT patients were irradiated with hypofractionated schedules at the Department
of Radiation Medicine of the Hokkaido University School of Medicine, Sapporo,
Japan. Clinical data and treatment plans were retrievable for 128 patients, treated
between April 1998 and December 2005. Follow up was performed at the outpatient
clinic of the Department of Radiation Medicine. Irradiation regimens were 35 Gy in
4 fractions, 40 Gy in 4 fractions, 48 Gy in 8 fractions, 60 Gy in 8 fractions and 48 Gy
in 4 fractions. A subgroup of these patients with a schedule of 40 Gy and 48 Gy in
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4 fractions (n = 41) was previously described in a tumour dose-response study [16].
The approach to define appropriate doses and margins for the SBRT patients can be
described as a continuous reassessment approach which was dependent on tumour
control and toxicity. This has been accurately described previously [16]. Patients with
a schedule of 35 Gy in 4 fractions, 48 Gy and 60 Gy in 8 fractions (irradiated before
2000) and patients treated for multiple targets were treated in a similar manner.

Ninety-five SBRT patients were irradiated on one single target. The treatment
schedule, diagnosis of RP and the MLD of these patients are given in Table 1.
Thirty-three patients received irradiations on multiple targets. For 20 patients,

Tablel. The total dose, fraction dose, median tumor volume, median MLD and the incidence
of RP for each treatment schedule of the SBRT patients.

Number of Total dose Fraction Median tumor Median Number of
patients (Gy) dose volume MLD RP
(Gy) (cm?) Gy)
3 35 8.75 32.8 5.1 1
29 40 10 15.9 5.4 2
15 48 6 12.0 5.5 0
39 48 12 7.7 7.0 4
9 60 7.5 2.6 3.5 0
20 = 2 successively treated lesions 19.5 10.1 5
13 = 2 treated lesions (minimum 30.6 7.5 2

time interval of 2.8 months)

the initial radiation treatment consisted of multiple targets that were successively
treated (Table 2). For 13 patients a new treatment plan was made some time after
the initial treatment because of additional pulmonary lesions (Table 3). No time-
related recovery of lung tissue was taken into account for these 13 patients. These 33
patients received an individually adapted (i.e. restricted) dose schedule. For all plans
(and summed plans in case of re-irradiations) a maximum dose of 46 Gy and 60 Gy
(recalculated into 2 Gy per fraction with an o/ ratio of 2 Gy) for the spinal cord
and oesophagus, respectively was allowed. A total dose of 60 Gy/8 fr or equivalent
dose calculated using LQ model with an «/8 ratio = 2 Gy was allowed as maximum
dose in the lung.

Patients with a conventional dose per fraction (CFRT) schedule were treated at the
Department of Radiation Oncology of the Netherlands Cancer Institute — Antoni
van Leeuwenhoek Hospital (NKI-AVL), Amsterdam, The Netherlands. We updated
our previous analysis (with 106 patients) by Seppenwoolde [17] to a total of 142
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Table2. Treatment schedule, number of irradiated targets, diagnosis of
RP and the MLD of SBRT patients with multiple targets incorporated
in one single treatment plan.

MI.D
Pt Nooftagess D1(Gy) fr1 D2(Gy) fr2 D3(Gy fr3 RP (G
1 2 48 8 48 12 55
2 2 40 4 35 4 + 80
3 2 48 8 48 8 16.1
4 2 48 4 48 4 15.8
5 2 48 4 48 8 + 192
6 2 40 4 40 4 17.0
7 2 48 4 48 4 11.0
8 2 40 4 40 4 11.0
9 2 40 4 40 4 8.9
10 2 35 4 35 4 37
11 2 35 4 45 15 6.4
12 2 60 8 60 8 45
13 2 40 4 50 16 6.9
14 2 48 4 40 8 11.1
15 2 48 3 48 8 10.7
16 2 48 4 60 8 + 103
17 2 48 4 48 4 6.9
18 2 48 8 48 8 + 162
19 3 40 4 40 4 48 8 53
20 3 40 8 35 4 35 4 7.1

Table3. Treatment schedule, time between subsequent treatments, diagnosis of RP and the MLD
of SBRT patients with multiple targets incorporated in different treatment plans.

e D1(@) F1 D2 52 W2 D3@) f3 0T DAG) 4 RPOMLD (G
1 2 48 8 30 8 13.3 7.6
2 2 35 4 40 4 9.8 8.9
3 2 40 4 30 8 8.3 + 7.5
4 2 40 4 35 4 4.4 9.2
5 2 60 8 40 4 2.8 8.6
6 3 48 8 35 8 6.3 48 8 6.7 + 18.1
7 3 48 4 30 10 1.4 48 8 13.2 20.6
8 3 60 8 60 8 0.6 60 8 9.1 9.7
9 3 48 8 25 5 0.1 25 5 16.9 8.4
10 4 60 8 40 4 0.7 48 8 10.8 25 5 15.7 13.3
11 4 60 8 35 4 9.7 35 4 9.7 35 4 9.7 10.6
12 4 40 4 40 4 0.1 40 4 0.6 40 4 33 26.5
13 4 60 8 48 8 0.0 48 8 21.5 35 4 28.8 13.5

patients. Our update included 86 patients of the dose escalation (DE) study of
Belderbos et al [17] ) (with 88 patients).For 2 patients included in this study dose
data were lost. Of the 58 non-DE patients included in the Seppenwoolde study,
we excluded 2 patients, of which the treatment was interrupted and not finished.
Therefore, we were able to include 86 patients of the DE study (who were irradiated
to a dose of 60.8 and 94.5 Gy with 2.25 Gy per fraction) and 56 patients who were
irradiated with a dose of 70 Gy in 2 Gy per fraction).
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For both SBRT and CFRT patients, three dimensional (3-D) treatment plans were
made. To correct for the effect of dose per fraction, the local dose was converted to
the 2 Gy equivalent Normalized Total Dose (NTD) [18] using the linear quadratic
(LQ) model [19] with an o/ ratio of 3 Gy. The «/ ratio of 3 Gy was used because a
detailed analysis (see companion paper [20]) revealed that for SBRT this was the best
value to correct for the dose per fraction evaluating RP. For the 33 SBRT patients
irradiated on multiple lesions, individual plans were summed after NTD corrections
and image registration had been performed. From the 3-D dose data, the MLD was
calculated as the average corrected dose over the total lung volume (based on CT)
excluding the gross tumour volume.

For the SBRT plans, a convolution superposition algorithm for tissue density
heterogeneity was used. For the CFRT patients the inhomogeneity correction
was performed using the equivalent-path length inhomogeneity-correction (EPL).
The MLD,, was converted to the MLD according to convolution superposition
algorithm using the conversion factor determined by De Jaeger et al (MLD=
0.64(MLD,, )"1%) [21].

The dose response relationship in the lungs between RP and MLD was modelled by
a sigmoid-shaped relation according to Lyman [22] using the TD, representing the
dose for a 50 % complication probability. The slope of the dose response relationship
is proportional to the reciprocal value of m-TD, . Using this model and parameter
values, the normal tissue complication probability (NTCP) (i.e. RP) can be calculated
from the MLD [23].

with t=MD-TDg

1 &=
NTCP =——— |e 2 dx
\/21T:L m-TDy,

Radiation pneumonitis (RP) was prospectively scored for both SBRT and CFRT
patients and classified according to the NCI-CTC (CTC 2.0) or SWOG criteria.
Grade 2 RP was scored for both SBRT and CFRT after steroids had been prescribed
for RP symptoms. Grade 3 RP was scored after oxygen was required and grade 4 for
assisted ventilation. Grade 5 was scored after death due to RP.

None of the included SBRT patients that were scored with RP grade 2 used steroids
for other pulmonary morbidities than RP before or after the irradiation. For the
CFRT patients, information on pre-treatment use of steroids was not available. For
all patients the diagnosis and grade of RP was determined by the radiation oncologist
and a pulmonologist experienced in the diagnosis of R

Statistics

By maximizing the logarithm of the likelihood function of a dataset containing N
patients where P_ (i=1,..., N) represents the NTCP of a patient i, and ep, is the
binary outcome (0=no RP, 1=RP), the parameters TD, and m of the NTCP model
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were estimated.

In(L)= In(lﬂ[LiJ =3 In(L) =3 epin(R) + (1-ep n(1-P,]
i=1 i=1 i=1

95% confidence intervals around m and TD,  were calculated using a profile
likelihood approach [22]. For each parameter, the confidence interval includes a
certain value if twice the difference of the log likelihood evaluated at the maximum
likelihood estimate and at the value of interest do not exceed the quantile of a
chi-square (X?) distribution with one degree of freedom [24]. To determine the
confidence interval of the NTCP curve, a similar approach was performed, however,
this test was performed with two degrees of freedom.
To test the difference between the fitted NTCP model of SBRT and CFRT the data
of both models was pooled. The NTCP model based on the pooled data (i.e. one
TD,, and one m) was compared to the NTCP model whereby the data set-specific
optimized parameters of SBRT and CFRT were included in a 2 degree of freedom
likelihood ratio test [22]. We also compared the empirical incidence of RP across
data sets for several non-overlapping dose intervals using Fisher’s exact test.
The Hosmer-Lemeshow Goodness-of-Fit Test [25] was used to estimate the goodness
of the fit of the fitted NTCP model. Patients were divided into 10 equal bins in
increasing order of the estimated NTCP. The chi square test statistic was calculated

-~ N (O;-N, 'NTCPi)2
izt N.*NTCP, «(1-NTCP,)

by X where N, is the total number of patients in
the i group, O, is the total number of events in the i group, and NTCP, is the
mean calculated NTCP in the i group. The test statistic is compared to chi square
distribution with 8 degrees of freedom (by definition of the Hosmer-Lemeshow
goodness of the fit test). The null hypothesis is that there is no difference between
the observed and expected values of RP. (i.e. large values of chi square(and small p
values) indicate a lack of fit by the model). A two-tailed p < 0.05 was considered to
be statistically significant.

Results

Radiation Pneumonitis

Median follow up was 16.1 months for the SBRT patients and 13.0 months for the
CFRT patients. All 39 events occurred within 6.2 months following treatment for
both SBRT and CFRT within a similar time frame. Within this period 4 SBRT and
18 CFRT patients were censored (Figure 1).

For the SBRT the crude incidence of RP grade 2 or higher was 10.9% (14 events
in the group of 128 patients). Only 1 SBRT patient was diagnosed with grade
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3 RP 'Three SBRT patients
included in the analysis, received
" crr oxygen within the first year after
y, irradiation and were not scored
Fd as having RP because of the
uncertainty of diagnosis (one
i patient had cardiac problems,
{ SBRT one patient had a medical history
oy of receiving oxygen before
f treatment and one patient had
i ‘ ‘ ‘ ‘ ‘ fibrosis and tumour progression).
° : * Folow up rentns) ° " i For CFRT the crude incidence
o _ ??z W w e of RP was 17.6 % (25 events in
et the group of 142 patients). Four

Figure 1. The incidence of RP as a function of the follow up CFRT patients experienced a

(mot'nhs). Vertical axif: one m.inu's the cumulative RP free grade 3 RP and one patient died
survival. Censored patients are indicated by crosses. The fol-

low up is given in months on the horizontal axis. due to Plﬂmonary tOXiCity (grade

5 RP).

Incidence of RP (%)
"

10

Tumour volume and Mean Lung Dose

The median MLD for SBRT was 6.4 Gy (range: 1.5 Gy to 26.5 Gy). The median
tumour volume of the SBRT patients was 9.6 cm? (range: 0.2 cm®to 106.9 cm?). For
CFRT patients, the median MLD was 13.2 Gy (range: 3.0 Gy to 23.0 Gy) and the
median tumour volume was 61.2 cm® (range: 3.8 cm?® to 789.9 cm?).

Normal Tissue Complication Probability

SBRT

For SBRT the observed incidence of RP as a function of the MLD is plotted in
Figure 2a. The error bars represent the 68% confidence interval (CI) of the observed
incidence in 4 Gy dose bins. The observed number of RP and the total number of
patients within each dose bin are indicated. The solid line represents the best fit of
the NTCP model based on the MLD. The best parameter values of the NTCP model
were TD, = 19.6 Gy (95%CI: 16.0 Gy to 30.0 Gy) and m=0.43 (95%CI: 0.33 to
0.59). The dashed lines represent the 68% CI of the fitted curve.

CFRT
For the CFRT the observed incidence of RP as a function of the MLD is plotted in
Figure 2b. The optimal fit of the NTCP model using MLD resulted in a TD, of
28.6Gy (95%ClI: 21.5 Gy to 125.0 Gy) and an m value of 0.56 (95%ClI: 0.39 to
0.99).
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100]
CFRT

NTCP (%)

Figure2a + b.

MLD (Gy)

The incidence of grade > 2 RP of SBRT

(2a) and CFRT (2b) irradiated patients as a function
of the MLD. The error bars represent the 68 % con-
fidence intervals (CI) of the observed incidence. The
solid lines represent the probability of RP accordingly
to the NTCP model with the optimized parameters
m and TD50 (as shown in Table 5). The dotted lines
represent the 68 % CI of the fitted NTCP curve.

SBRT versus CFRT

Both the SBRT model and the CFRT
model fitted the clinical data well
(X2, =8.27, p=0.41 and X?, =4.30,
p=0.82, respectively).

A comparison of the dose-specific
observed RP incidence between
SBRT and CFRT revealed that there
was no significant difference for any
of the 6 dose ranges covering 4 Gy
each. However, RP occurred more
frequently in the 2 highest dose
ranges for SBRT compared to CFRT
but this difference was not significant
(Table 4). Importantly, lower
numbers of patients were included
in the higher dose ranges for both
SBRT and CFRT limiting the power
of statistical comparison of these
particular high dose groups.
Evaluating the whole dose range,
the NTCP curve of SBRT is steeper
for the high dose range suggesting
an increased risk for RP after SBRT
compared to CFRT for patients with
a higher MLD. However, there was
no statistical evidence that the ficted
NTCP model (with the parameters

Table 4. Incidence of RP by MLD range and treatment type (SBRT, CFRT).

Dose bin (Gy)

SBRT

CFRT
- valne

Nuntber of RP events | total nuntber of Nunber of RP events | total number of

Fisher’s exact test

patients Ppatients
0-4 0/23 (0%) 0/3 (0%) 0.99
4-8 4/60 (7%) 3/22 (14%) 0.38
8-12 4/28 (14%) 3/32 (%) 0.70
12-16 1/8 (13%) 4/46 (9%) 0.99
16 - 20 4/7 (57%) 9/31 (29%) 0.20
20-28 1/2 (50%) 2/8 (25%) 0.46
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m and TD,)) differed between SBRT and CFRT (p=0.37, likelihood ratio test).
Again, we would like to stress that the statistical power was limited due to lower
number of patients in the high dose range.

The optimal fit of the SBRT and CFRT together resulted in a TD, of 24.4 Gy
(95%CI: 21.0Gy to 32.0Gy) and m of 0.49 (95%CI: 0.42 to 0.61) (Figure 3).

Discussion

A significant relationship between the MLD and the incidence of RP following SBRT
was observed. Moreover, the NTCP model fitted the SBRT data well. We observed
no significant difference between the NTCP models predicting RP in SBRT and
CFRT patients. Furthermore, no significant difference between SBRT and CFRT
was observed in the incidence of RP in any dose range. Nevertheless, an increased
risk for SBRT in higher dose ranges was suggested by both the NTCP model fit and
the observed RP incidences. However, because fewer patients were available in the
high dose range no firm conclusions can be made concerning these differences.
At the Department of Radiation Medicine of the Hokkaido University School of
Medicine, different SBRT dose schedules have been used since 1998. The first applied
schedule was 35 Gy in 4 fractions that was escalated to 48 Gy in 4 fractions. Between
these schedules, interim doses of 40 Gy in 4 fractions and 48 Gy and 60 Gy in 8
fractions were given. In addition, tumours located near to critical structures were more
fractionated than peripheral tumours. The absence of severe toxicity strengthened
the approach of re-treating patients with tumour recurrence or irradiating multiple
lesions sequentially. Consequently, a dose-response analysis could be performed with
a dose range similar to the dose range of the CFRT. The comparison of SBRT with
CFRT was performed with an

100 update of previously evaluated

" serT NKI-AVL CFRT patients.
] As expected, the m and TD50
crRT for these CFRT patients
- were similar to a previous

publication [18] and the
meta-analysis of Semenenko

etal. [15].

T Previous  SBRT  studies
. T : reported a 0 % to 29 %
’ WD (o) * incidence of RP grade 2
Figure 3. Fitted NTCP curves (solid lines) and their 68 % or higher [3 9-14 26] .

confidence intervals (CI) intervals (dashed lines) as a func- T
tion of the MLD for SBRT (dark grey), CFRT (grey) and Unfortunatel}” Only a limited
combined data (black). number of studies reported
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dose parameters to describe the lung dose. Yamashita et al [9] reported a high
incidence of RP grade 2 or higher in 7 of the 25 patients treated with 48 Gy in 4
fractions. The mean MLD was only 4.3 Gy (ranging from 1.72 Gy to 5.85 Gy).
However, for the calculation of the lung dose, which was not NTD corrected, not
only the tumour volume was subtracted from the total lung volume but also an extra
margin surrounding the tumour, resulting in an underestimation of the lung dose.
Nagata et al [13] reported a 4 % incidence of RP grade 2 in patients treated with 48
Gy in 4 fractions with a mean V20 (percentage volume of the whole lung receiving
more than 20 Gy) in this patient group of only 4.5 %. In the study by Ng et al. [26],
no RP grade 2 or higher was observed. However, this study included only 20 patients
with 80 % of the patients having a V20 < 20 % (GTV ranged from 4.27 cm® to 74
cm?).

The clinical applicability of our results in relation to other SBRT schedules may
be questionable as many institutions in Europe and the USA use fraction doses
of 18 Gy or 20 Gy. In our study, 48 Gy in 4 fractions was the most commonly
used fractionation schedule having 8 different beam angles (i.e. 1.5 Gy per beam).
For fraction doses of 18 Gy, at least 12 different beam angles are used [6], which
results also 1.5 Gy per beam. Therefore, the major part of the lung tissue will receive
equivalent doses per fraction. Moreover, in the 18 Gy or 20 Gy per fraction schedule,
the percentage of lung tissue receiving the highest proportion of the dose is small
because smaller dose planning margins of 5 mm to 10 mm around the tumour are
used [6] (most of our patients had 11 mm to 13 mm margins [16]). Therefore, large
deviations in the lung tissue response of these hypofractionated schedules are not
expected.

Because the collaboration encompassed two different radiotherapy departments,
a lot of effort was invested in standardizing methods for dose planning and dose
calculation between the patient groups. A recent study by Gershkevish [27] showed
that deviations between different treatment planning systems decrease with the use
of more advanced calculation algorithms. For all patients included in this analysis,
the superposition or collapsed cone algorithm was used for treatment planning. The
clinical variability in the prescribing of steroids between the two institutes was limited
as only patients who were diagnosed by both radiotherapists and pulmonologists
experienced with the diagnosis of radiation pneumonitis were included. Patients
were excluded if the diagnosis of RP was hampered or accompanied by pulmonary
comorbidity (e.g. infection, tumour progression, previous use of oxygen).
Nevertheless, the uncertainties of including patients from 2 different institutes
should be taken into account, and a similar one single-institute validation would be
of interest.

We observed a similar time frame for RP occurrences in both SBRT and CFRT;
RP occurred several weeks to 6 months after irradiation as both Guckenberger et
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al. [10] and Yamshita et al. [9] reported for SBRT and Graham et al. [28] reported
for CFRT. Further toxicity may be observed with a longer follow up. In the study
by Timmerman [6] et al. four of the six treatment related deaths occurred after 12
months. Four of the patients suffered from a bacterial pneumonia and 1 patient
experienced tumour recurrence adjacent to the carina. Evidently, both short and long
term toxicity may conceivably be obscured by pulmonary comorbidity or tumour
progression. Therefore, these patients, who are often suffering from pulmonary
comorbidities, should be intensively followed by both radiation oncologists and
pulmonologists.

For lung cancer patients or patients with pulmonary metastases, the critical
prognostic importance of controlling RP risks must be balanced against not only the
patient’s physical condition, but also against tumour control. A strong consequential
component between acute and long term pulmonary toxicity after lung irradiation
is observed in animal studies [29,30]. Consequently, even though grade 2 RP might
not be life-threatening, it may substantially contribute to a cascade of pulmonary
deterioration in patients with pulmonary comorbidity. Moreover, a long-term dose
dependent progressive decline of pulmonary function is observed in patients treated
with CFRT [31] with MLD up to 21.9 Gy (mean MLD 13.9 Gy). In a recently
published SBRT phase II study [32] no relationship was observed between toxicity
and lung dose. In this study a mean MLD of 7 Gy for 60 patients was found. Our
retrospective study encompassed a larger dose range for a larger number of patients
but no pulmonary function data or follow up CT’s were evaluated. A prospective
study with a large dose range with long term follow up should reveal the predictability
of any radiation induced toxicity after hypofractionated schedules.

To date, there is no clinical data available which compares the prognosis (survival) of
lung cancer patients experiencing clinical relevant radiation induced toxicity versus
non-symptomatic patients. With regards to the optimal treatment, the clinical
evaluation of the risk of tumour recurrence and the probability of toxicity is a matter
of concern in a patient group with a poor tumour related prognosis and a high
incidence of co-morbidity. Our retrospective evaluation can serve as a guideline
estimating the probability of RP for the clinical decision making (i.e. staying on the
safe side for pulmonary compromised or palliative patients and accepting a higher
risk of toxicity for curable patients without pulmonary comorbidities). Nevertheless,
prospective studies are needed to reveal the relation of short and long term toxicity
and tumour control.

Time related recovery of lung tissue was not taken into account in our patients who
had received multiple treatment schemes. A mouse study by Terry et al. [33] showed
that irradiation induced lung injury tissue could (partly) recover, suggesting an early
target cell depletion and regeneration which was dependent on the size of the initial
injury (i.e. dose). For a single dose of 10 Gy, less recovery was observed than for 6 Gy.
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Clinical studies, evaluating toxicity after re-irradiations for lung cancer patients
are limited due to poor prognosis. Okamoto et al. [34] studied 34 lung cancer
patients re-irradiated because of a local recurrence. The large number of patients
(19 patients, i.e. 56%) experiencing grade 2 or higher RP suggest limited (or no)
time related recovery. Moreover, from the long term survivors (20 to 58 months
after re-irradiation) 71% of the patients experienced a grade 2 RP. However, no lung
dose characteristics were reported and RP risk estimating could therefore not be
performed.

To predict normal tissue complication probabilities (NTCP) after radiotherapy
treatment, the delivered dose has to be re-calculated into a biological-effective dose
using a mathematical model (Linear Quadratic model) [35,36] derived from in-
vitro and animal studies [37]. The clinical applicability of this model is a historical
cornerstone in assessing tumour doses and dose tolerance of normal tissues. Although
the use of SBRT is increasing, no study validated the clinical applicability of the LQ
model for SBRT. We evaluated the applicability of the LQ model in this patient
group in the accompanying paper [20].

Although there were numerous limitations in our study we were able to show a
relationship between the lung dose and the incidence of RP for SBRT that was not
significantly different from CFRT.
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Chapter 5

Abstract
Purpose: To evaluate the changes in pulmonary function after high-dose

radiotherapy (RT) for non—small-cell lung cancer in patients with a long-term
disease-free survival.

Methods and Materials: Pulmonary function was measured in 34 patients with
inoperable non—small-cell lung cancer before RT and at 3 and 18 months of
follow-up. Thirteen of these patients had a pulmonary function test (PFT)
36 months after RT. The pulmonary function parameters (forced expiratory
volume in 1 s [FEV1], diffusion capacity [Tlcoc], forced vital capacity, and
alveolar volume) were expressed as a percentage of normal values. Changes were
expressed as relative to the pre-RT value. We evaluated the impact of chronic
obstructive pulmonary disease, radiation pneumonitis, mean lung dose, and
PFT results before RT on the changes in pulmonary function.

Results: At 3, 18, and 36 months, a significant decrease was observed for the
Tlcoc (9.5%, 14.6%, and 22.0%, respectively) and the alveolar volume (5.8%,
6.6%, and 15.8%, respectively). The decrease in FEV1 was significant at 18 and
36 months (8.8% and 13.4%, respectively). No recovery of any of the parameters
was observed. Chronic obstructive pulmonary disease was an important risk
factor for larger PFT decreases. FEV1 and Tlcoc decreases were dependent on
the mean lung dose.

Conclusion: A significant decrease in pulmonary function was observed 3
months after RT. No recovery in pulmonary function was seen at 18 and 36
months after RT. The decrease in pulmonary function was dependent on the
mean lung dose, and patients with chronic obstructive pulmonary disease had
larger reductions in the PFTs.
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Long-term pulmonary function changes after RT in NSCLC patients

Introduction

Lung cancer is still one of the leading causes of cancer mortality [1]. About 80 % of
these tumors are histologically non-small cell lung cancers (NSCLC). Eighty percent
of these NSCLC patients receive radiotherapy because many patients are inoperable
due to metastases, loco regional spread (technically inoperable) or because of a poor
pulmonary function (medically inoperable) [2].

Radiotherapy to the thoracic region is associated with important side effects. Several
investigators found various parameters such as the Mean Lung Dose (MLD), or the
percentages of lung volume receiving more than a threshold dose of 13 Gy, 20 Gy
or 30 Gy to be predictive for radiation pneumonitis [3-7]. These parameters can
currently be taken into account to estimate the risk of this type of complication.

It is more complicated to estimate graded responses in the lung such as changes in
pulmonary function. For patients with healthy lungs (breast cancer and lymphoma
patients) Theuws et al. [8] was able to show a significant recovery in pulmonary
function tests (PFTs) at 18 months after an initial reduction at 3 months following
irradiation. For lung cancer patients it is more difficult to estimate PFT changes.
First, lung cancer patients are often suffering from pulmonary comorbidities such as
chronic obstructive pulmonary disease (COPD) and emphysema, mainly due to the
high incidence of smokers. These underlying lung diseases increase the variability of
PFTs [9], and therefore makes it more difhicult to objectify the pulmonary toxicity
of irradiation. Secondly, the estimation of pulmonary function changes on the long
term is hampered by the poor prognosis of NSCLC patients.

Radiotherapy modalities, such as dose escalation [10-13] and combined chemo-
radiation [14-18] may improve local control and even the prognosis of NSCLC
patients. Long-term toxicity following irradiation in medically inoperable NSCLC
patients is of great interest, especially if tumor control improves in these patients.
Long-term follow-up data are however scarce for this group of patients. Seven
patients experienced a progressive decrease of PFTs 3 years after radiotherapy in a
study by Miller et al. [7]. But clearly, data of more patients is needed to clarify the
respiratory condition following irradiation of inoperable NSCLC patients with a
long-term disease free survival.

To investigate the development of pulmonary function in the long term, we evaluated
the PFT changes of inoperable NSCLC patients with locally controlled disease
with at least a follow up of 18 months. We investigated the impact of patient- and
treatment- related factors on the PFTs.

Material and Methods

Patient, tumor, and treatment characteristics
Patients with baseline pulmonary function tests (PFTs) 2 weeks before the start of
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radiotherapy, and at 3 and 18 months follow up were included. Patients with tumor
recurrence, progression and/or metastases were excluded. One hundred and sixty-
nine patients with medically or technically inoperable non-small cell lung cancer
(NSCLC) were referred to the department for radical or curative RT between 1996
and 2002. According to these inclusion criteria, 34 patients were eligible. In 13 of
these 34 patients PETs were evaluated at 36 months, as well.

Patient and tumor characteristics are shown in Table 1. The majority of patients were
former (47 %) or current (41 %) smokers. Half of the patients suffered from chronic
obstructive pulmonary disease (COPD). COPD was diagnosed according to the
Global Initiative for Obstructive Lung Disease (GOLD) criteria [19]. COPD was
defined in patients having symptoms of cough, sputum production, or dyspnea, and/
or a history of exposure to risk factors (smoking) for the disease. A postbronchodilator
forced expiratory volume (FEV ) of less than 80 % and a ratio of FEV / forced vital
capacity (FVC) of less than 70 % can confirm the diagnosis.

Thirteen patients received a standard radiotherapy regimen of 70 Gy delivered in 35
fractions in 7 weeks. The remaining 21 patients were included in a Phase I/II dose
escalation study (10) and were treated with doses between 60.8 and 94.5 Gy (2.25
Gy per fraction, fixed overall treatment time of 6 weeks).

Three radiotherapy patients received chemotherapy, which was administered at least
6 weeks before the start of the irradiation. Radiation pneumonitis (RP) was scored
according to the Southwest Oncology Group (SWOG) toxicity criteria. Five patients
developed RP grade 2 and one patient developed grade 3 RP (grade 2 is scored when
steroids are required for treatment, grade 3 is scored when oxygen is needed).

Pulmonary function tests

Pulmonary function tests (PFTs) were performed using the Jaeger Masterlab
equipment (Wiirzburg, Germany). In this study, we evaluated the FEV , forced
vital capacity (FVC), transfer factor for carbon monoxide corrected for the actual
hemoglobin (Hb) level in the peripheral blood (Tlcoc) and the alveolar volume
(VA) The transfer factor for carbon monoxide (Tlco) was corrected for the actual
hemoglobin (Hb) level according to the formula Tlcoc=Tlco*(6.12+Hb)/(1.7*Hb)
[mmol / min/ kPa]. PFTs were expressed as a percentage of the normal value (based
on weight, height and gender) [20]. Changes of the PFTs 3, 18 and 36 months post-
RT were expressed as the difference between the pre-RT and post-RT PFT relative
to the pre-RT value: (PFTpre — PFTpost) / PFTpre (%).

Lung dose

CT based dose calculations were performed as previously described [21] using a
3-D treatment planning system [U-Mplan, University of Michigan]. Corrections for
tissue inhomogeneities were based on an equivalent path length algorithm.
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Table 1. Patient, tumor, and
treatment characteristics

Age )
Median
Range
Gender (n)
Male
Female
Smoking history (n)
Current smoker
Former smoker
Nonsmoker
COPD (n)
Yes
No
Radiation pneumonitis (n)
SWOG Grade 2
SWOG Grade 3
SWOG Grade 4
Tumor stage (n)
1
11
111
Tumor location (n)
Right upper lobe
Right middle lobe
Left upper lobe
Left lower lobe
Main bronchus
Total tumor dose (Gy)
Median
Range
Mean lung dose (Gy)
Mean

Range

72,5

48-82

23

74.3

60.8-94.5

13.9

2.9-21.9

Abbreviations: COPD = chronic

obstructive
SWOG =
Group.

pulmonary  disease;
Southwest  Oncology

All doses reported in this paper were corrected for
fractionation. The local dose was converted to the
normalized total dose (NTD) [22], defined as the
biologically equivalent dose delivered in 2 Gy per
fraction. The linear quadratic model with an o/ ratio
of 3 Gy was used [23]. For calculating the mean lung
dose (MLD), the gross target volume (GTV) was
excluded from total volume of both lungs. The lung
was defined on the CT scan by a binary threshold.
The mean perfusion weighted lung dose (MpLD),
a parameter correlating better with PFT changes
at 3 months compared to the MLD [24], was not
evaluated because perfusion data were not available for
a significant number of patients.

Statistical analysis

To evaluate changes in the PFT parameters following
irradiation, we compared the pre-RT values with the
3, 18 and 36 months follow-up values using the paired
t-test. To study whether a parameter remained constant
or changed after 3 months, we compared the values
at 18 months with both pre-RT and 3-month values.
Similarly, the values at 36 months were compared
with the measurements at earlier points (i.e. pre-RT, 3
months and 18 months). To investigate whether PFT
values and the PFT changes were different between
specific subgroups, the unpaired t-test was used.

To assess the impact of various parameters on the
change of the PFTs, an univariate linear regression
analysis was performed. Significant (and borderline
significant) factors in the univariate analysis were
explored in the multivariate linear regression analyses
to evaluate their association with PFT changes. A
stepwise backward approach was used. Differences
were considered significant when the p-value was <
0.05. Analyses were carried out using SPSS version
10.0.0 (statistical package for the social sciences).
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Figure 1. Mean relative change of the FEV1, Tlcoc, FVC and VA values at 3, 18 and 36 months following
irradiation. The error bars indicate the standard error of the mean. n = number of patients, p = significance
of the paired t-test.

Results

Pulmonary function before radiotherapy

Values for the FEV, and FVC were available for all patients. The Tlcoc and VA values
were available in 25 of the 34 patients. The absolute FEV/ values ranged between 0.7
to 3.7 L/s. The mean values for FEV,, FVC, Tlcoc and VA were 60 %, 84 %, 69 %

and 85 %, respectively.

Pulmonary function after radiotherapy

The mean values for FEV,, FVC, Tlcoc and VA, 3 months following irradiation,
were 56 %, 80 %, 62 % and 80 %, respectively. Eighteen months after radiotherapy
the mean values for FEV , FVC, Tlcoc and VA were 54 %, 80 %, 59 % and 80 %,
respectively. For the PFT at 36 months the mean values for FEV, FVC, Tlcoc and
VA were 56 %, 76 %, 58 % and 75 %, respectively. The time trend of the mean
relative change of all the different PFT parameters is illustrated in Figure 1. Tlcoc
and VA showed a statistically significant decrease at all points compared to the pre-
RT values. The FEV, decreased significant at 18 and 36 months. The FVC did not
decrease significant.

In addition, the PFT values at 18 and 36 months were compared with the PFT
values of previous PFTs (i.e. 3 and 18 months, respectively), using the paired
t-test. Decreases were observed for all parameters although these decreases were not
significant with respect to each other in the period from 3 to 36 months.

Patients with an improvement or deterioration of more than 10 % of the PFT
parameters after 18 and 36 months are indicated in Figure 2.
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A change of 10 % was regarded as no change, since the reproducibility of PFT
measurements is approximately 10 % (20,25). For Tlcoc and FEV , the majority
of the patients showed a decrease of more than 10 %. After 36 months none of the
patients showed an improvement in Tlcoc, FEV, and VA of 10 % or more, but the
number of patient was smaller.

18 months 36 months
100% 100%
—~  80% —~  80%
S S
2 60% 2 60%
=4 =4
()
5 40% £ a0%
o o
20% 20%
0% 0%
FEV1 Tlcoc FVC VA FEV1 Tlcoc FVC VA

B Deterioration > 10% [ No change (< 10 %) O Improvement > 10%

Figure 2. Bar graphs of the relative pulmonary function changes at 18 and 36 months following
irradiation.

Changes of PFT parameters and patient related factors

The pulmonary function of COPD patients was worse than that of non-COPD
patients. The mean pre-RT FEV, was as expected, statistically significantly different
in COPD vs. non-COPD patients (50 % and 67 %, respectively, p = 0.006). The
FEV, also remained significantly different between the non-COPD and COPD
patients at 3 (43 % vs. 67 %, p < 0.001), 18 (42 % vs. 64 %, p < 0.001) and 36
months (45 % vs. 66%, p = 0.03). For the FVC and Tlcoc, at all time periods, the
mean values were lower for COPD patients compared to non-COPD patients. The
difference was significant for FVC at 18 months (72 % vs. 87 %, p = 0.02) and for
the Tlcoc at 36 months (44 % vs. 72 % p = 0.03). For the VA a significantly lower
mean value was observed for COPD compared to non-COPD patients at 36 months
(62 % vs. 87 %, p = 0.03),

In Figure 3, the mean of the relative changes for COPD and non-COPD patients
is given. For the FEV | a (borderline) significant larger decrease for COPD patients
compared to non-COPD patients was observed at 3 months 13 % vs. 0 % (p =
0.02), at 18 months 14 % vs. 4 % (p = 0.09) and at 36 months 23 % vs. 5% (p =
0.03). The difference between the relative Tlcoc changes in COPD vs. non-COPD
patients showed a trend at 3 months (18 % vs. 5 %, p = 0.09), 18 months (19 % vs.
12 %, p = 0.3) and at 36 months (33 % vs. 11 %, p = 0.01). The difference between
the relative FVC changes in COPD versus non-COPD patients was significant at 3
months (p = 0.04) and at 18 months (p = 0.008) and for the VA at 36 months (p =
0.03).
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Figure 3. Mean relative change of the FEV1, Tlcoc, FVC and VA values for COPD and non-COPD patients.
'The error bars indicate the standard error of the mean. The indicated p-values are calculated with the unpaired
t-test comparing the changes of the COPD patients with the changes of the non-COPD patients.

We compared patients with pre-RT FEV| values above the median to patients with
pre-RT FEV, values below the median value. The median FEV | before treatment
was 57 %. The higher FEV  pre-RT group experienced a (borderline) significant
decrease for 18 and 36 months for all parameters (p = 0.01 - 0.08) except for the
FVC. However, these decreases were not significantly larger than the decreases of the
lower FEV, pre-RT group. The decreases for the lower pre-RT FEV | were significant
for the FEV, and FVC at 36 months (p = 0.05 and p = 0.02, respectively) and for
the Tlcoc at 18 months (p = 0.003).

Patients who developed radiation pneumonitis did not experience a larger decrease
of the pulmonary function at any of the follow-up PFTs. No conclusion can be made
because of the small number of radiation pneumonitis events. No analyses could
be performed to evaluate the influence of smoking on PFT changes because only 4
patients were non-smokers.

Changes of PFT parameters and treatment related factors.

The average of the mean lung dose (MLD) was 13.9 Gy (range 2.9 - 21.9 Gy). A
statistically significant correlation was found between the MLD and the decrease
in FEV, at 3 (p = 0.03) and 18 months (p = 0.01). The same correlation, but not
significant, was found at 36 months (Figure 4). The correlation between the MLD
and decrease in Tlcoc was (borderline) significant at 3 (p = 0.03) and 36 (p = 0.00)
months, but not significant at 18 months (Figure 4). For the FVC and VA no
significant correlations were observed. No analyses could be performed to evaluate
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the influence of chemotherapy because only 3 patients received chemotherapy.
Estimation of PFT changes

For the time periods where a trend was observed between the PFT changes and
the variables MLD and COPD a multivariate analysis was performed to test their
joint effect on the reduction of the PFTs (Table 2). The decrease of FEV,| remained
dependent of the MLD and COPD at 3 and 18 months following irradiation.
Regarding the Tlcoc changes, a trend was observed for the MLD and COPD at 3
months (p = 0.08) and at 36 months (p = 0.07), respectively. Because the reductions
of FVC and VA were only correlated with COPD, no multivariate analyses were
performed for these parameters.
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Figure 4. Correlation of the relative reduction (rr) of FEV1 and Tlcoc and the mean lung dose (MLD) at 3,
18 and 36 months following irradiation. Positive values indicate an impairment of pulmonary function. The
correlation coefficient (r), and p-value are shown. The number of patients in each dose bin is indicated on
the right vertical axis.

Discussion

Non-small cell lung cancer (NSCLC) patients referred for curative radiotherapy
experienced a statistically significant decrease of their pulmonary function following
irradiation. The decrease observed 3 months following irradiation was additional to
a relative poor pulmonary function. Our data showed that the pulmonary function
did not recover in patients with a long-term disease free survival. This long-term
information is extremely important for inoperable NSCLC patients, especially for
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patients with a poor pulmonary function. In the long-term study of Miller ez al. [7],
a significant progressive decrease was reported for 7 patients with a follow-up of 3 to
8 years. This decrease was observed after a partial recovery, or plateau, by 12 months.
We did not observe this phenomenon in our larger patient group.

We observed a significant decrease of the FEV, and Tlcoc at 18 and 36 months in
patients with higher pre-RT FEV, which was also observed by Choi ez a/. [26]. They
observed a significant decrease at 12 months following irradiation in patients with a
pre-RT FEV value > 50 %. We did not observe a significant difference between the
decreases of the FEV for the two pre-RT FEV subgroups as was observed by Gopal
et al.[27]. They observed a significant difference between the FEV, decrease of 9.9 %
for patients with a pre-RT FEV | 2 50 % and the increase of 8.4 % for patients with a
pre-RT FEV, <50 %. Both the studies of Choi ez al. and Gopal et al. used a pre-RT
FEV, of 50 % as cut off value which was not feasible in our study because the low
number of patients with a FEV, < 50 %. In our study, 10 of the 15 COPD patients
were in the lower pre-RT FEV, group. These 10 patients might be responsible for
observing no significant difference between the pre-RT FEV, groups.

COPD is a common co-morbidity in NSCLC patients. COPD is a progressive
disease characterized by obstructive pulmonary function. Chronic inflammation,
oxidative stress and an imbalance of proteinases and antiproteinases are present
throughout the airway, parenchyma, and pulmonary vessels. The significant lower
baseline FEV, in COPD patients is the consequence of the airflow limitation
characteristic for COPD. The significant larger decrease of the FEV | at 36 months
could be due to the progression of COPD. However, the larger decrease of FEV | and
Tlcoc in COPD patients at 3 months may not (because of the small time interval)
be due to COPD alone. Only a very few studies evaluated the influence of COPD
on pulmonary function after treatment in lung cancer patients. Maas e 2/. [28] did
not observe a different PFT outcome for COPD patients compared to non-COPD
patients after three cycles of gemcitabine and cisplatin in NSCLC patients. This
suggests that COPD did not have an influence on PFTs following this particular
chemotherapy. The pathogenesis of COPD might reinforce the damage caused by
irradiation. Radiation injury, responsible for an early inflammatory and a late fibrotic
response in normal lung tissue might be more pronounced in patients suffering
from COPD. It could explain both, the significant correlation between COPD and
radiation pneumonitis in the study of Rancati ez a/. [29] and the initial large decrease
in FEV, and Tlcoc already 3 months following irradiation, observed in our study.
We observed that patients receiving a high MLD, experienced a decrease of the FEV|
and Tlcoc in the order of 1 % per Gy MLD at all follow-up periods. A similar
relation was found for the Tlcoc by Theuws ez 2/.[30] for 81 lymphoma and breast
cancer patients. They observed a Tlcoc reduction at 3 months (1.1 % per Gy MLD)
that remained unchanged at 18 months (0.9 % per Gy MLD). The decrease of the
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volume parameters (FEV,, VA and FVC) at 3 months (0.8 — 0.9 % per Gy MLD)
improved significantly at 18 months (0.3 — 0.4 % per Gy MLD) for these lymphoma
and breast cancer patients. We did not observe a recovery for any of the parameters
for our lung cancer patients at 18 or 36 months.

The NSCLC patients experienced a significant decrease of the pulmonary function
following irradiation. The decrease was observed in the acute phase following
irradiation and did not recover after a longer follow-up. Dose-escalation and chemo-
radiation trials show promising results with better tumor control for inoperable
NSCLC patients. For these patients, a sufficient respiratory outcome is important to
ensure a satisfying quality of life. The respiratory condition of inoperable NSCLC
patients should be optimized before and after radiotherapy and more consideration
is required for patients with pulmonary comorbidities like COPD.

Conclusion

A significant decrease of the pulmonary function was observed 3 months following
irradiation. There was no recovery at 18 and 36 months after radiotherapy. The
decrease in pulmonary function was dependent on the mean lung dose and patients
with pre-existing lung disease (COPD) had larger reductions in PFTs.
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Chapter 6

Abstract

Purpose: To evaluate the Linear Quadratic (LQ) model for hypofractionated
radiotherapy (RT) within the context of predicting radiation pneumonitis (RP)
and to investigate the effect if a linear model in the high region (LQL model) is
used.

Methods and Materials: The radiation dose of 128 patients treated with
hypofractionated RT was converted to the equivalent dose given in fractions of
2Gy for a range of «/§ ratios (1Gy to infinity) according to the LQ(L) model.
For the LQL model different cut off values between the LQ model and the linear
component were used. The Lyman model parameters were fitted to the events
of RP grade 2 or higher to derive the Normal Tissue Complication Probability
(NTCP). The lung dose was calculated as the mean lung dose (MLD) and as
percentages of lung volume receiving doses higher than a threshold dose xGy

V)

Results: The best NTCP fit was found if the MLD or V_was calculated with an
/B ratio of 3 Gy. The NTCP fits of other

o/ B ratios and the LQL model were worse but within the 95%CI of the NTCP
fit of the LQ model with an «/f ratio of 3 Gy. The V, NTCP fit was better
compared to the NTCP fit of lower threshold doses.

Conclusion: For high fraction doses, the LQ model with an «/8 ratio of 3 Gy
was the best method for converting the physical lung dose to predict RP.
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Introduction

An increasing number of radiotherapy departments implement hypofractionated
radiotherapy (RT) regimens for pulmonary malignant lesions, encouraged by reports
of good tumor control and little toxicity. Consequently, clinical questions concerning
the normal tissue tolerance dose, the possibility to include multiple targets or to
irradiate larger lung volumes (e.g. applying multiple treatments or irradiation of
larger tumors) are important.

For conventional fractionated radiotherapy the physical dose can be converted into a
biological equivalent dose using the linear quadratic (LQ) model[1,2]. Historically,
the strength of the LQ model for conventional fraction doses is twofold. First, it is
a simple mathematical model fitting log cell survival data as function of the dose.
Secondly, this model enables iso-effect calculations of fractionation schemes with
different doses per fraction. However, already in 1954 Puck et al. observed that for the
high dose regions the log cell survival was linear[3]. As a result, some modifications
have been derived from NSCLC cell lines[4] and other tumor cell lines and animal
iso-effect data[5]. In general, a non-linear part (LQ) in the low dose region and a
linear (L) part for the high dose region differentiated by a transition dose (d,) was
proposed (i.e. LQL model)[6]. Since clinical data is lacking, the clinical iso-effect
calculations by the LQ model at higher fraction doses remains uncertain as was
comprehensively discussed previously[7-11]. Using the LQ model with an «/8 ratio
of 3Gy, it was observed that the normal tissue complication probability (NTCP)
model predicting radiation pneumonitis (RP) after hypofractionated RT was not
different compared to the NTCP model after conventional fractionated RT[12].
For conventional fractionated RT, the relation between lung dose and radiation
pneumonitis (RP) is extensively evaluated (e.g.[13]). RP is a serious complication
after irradiation, and also after hypofractionated schemes fatal RP toxicities are
observed[14].

To evaluate the applicability of the LQ(L) model and normal tissue complication
models for higher dose per fraction, we evaluated the prediction of RP after
hypofractionated RT. Different «/§ ratios and different d values of the LQ(L)
models were analyzed modeling the probability of RP after hypofractionated RT as
function of the dose.

Material & Methods

Patients

Patients and treatment schedules were comprehensively described elsewhere[12].
In summary, 128 patients irradiated with hypofractionated RT at the Department
of Radiation Medicine of the Hokkaido University School of Medicine, Sapporo,
Japan, with 35 Gy in 4 fractions, 40 Gy in 4 fractions, 48 Gy in 8 fractions, 60 Gy
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in 8 fractions and 48Gy in 4 fractions. Twenty patients had multiple targets in one
treatment plan (18 patients had 2 targets, 2 patients had 3 targets). For 13 patients
multiple treatment plans were made for different targets because of metastasis or
recurrence (5 patients had 2 plans, 4 patients had 3 plans and 4 patients had 4 plans)
(for time schedule, dose schedule and tolerated maximum dose for organs at risk
see[12]).

Toxicity

Radiation pneumonitis (RP) was prospectively scored according to the NCI-CTC
version 2, whereby grade 2 RP is scored after prescribing steroids for treatment
related toxicity. Grade 3 RP is scored after requiring. None of the patients scored
with RP grade 2 used steroids before. Radiation pneumonitis (RP) was prospectively
scored according to the NCI-CTC version 2 whereby grade 2 RP is scored after
prescribing steroids for treatment related toxicity, like progressive shortness of breath
combined with typical RP changes on the X-thorax . Grade 3 RP is scored after
requiring oxygen. None of the patients scored with RP grade 2 used steroids before
radiotherapy. For all patients the diagnosis and grade of RP was determined by the
radiation oncologist and a pulmonologist experienced in the diagnosis of RP. Patients
whereby the diagnosis of RP was unlikely were not included (progressive cardiac
problems, medical history of receiving oxygen before treatment, tumor progression).

Dose

Three dimensional (3-D) treatment plans were made using Focus (CMS, St Louis,
MO), XiO (CMS) or Pinnacle. A convolution superposition algorithm for tissue
density heterogeneity was used (plans initially planned with the Clarkson method
were re-calculated). Normal lung tissue was defined in the CT scan by binary
thresholding (thus excluding the gross tumor volume). Both lungs together were
considered as one organ. Four to six non—coplanar beams were used. The beam
energy was 4, 6 or 10MV. Plans were further analyzed with in-house developed
software. The physical dose-distribution was converted into the Normalized Total
Dose (NTD) distribution[15] using the linear quadratic (LQ) model. The NTD is
defined as the equivalent total dose given in fractions of 2 Gy:

d+a/B

NTD =D 7o (1)

whereby the total dose (D) is the number of fractions multiplied by the dose per
fraction (d).

The dose distributions were converted according to formula (1) for o/ ratios of 1Gy;,
2 Gy, 3 Gy, 4 Gy, 5 Gy, 7.5 Gy, 10 Gy and infinity (i.e. physical dose) to evaluate

the effect of different /B ratios. After this conversion for the dose per fraction,
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we determined different dose-volume parameters from the dose volume histograms
(DVHs): the mean lung dose (MLD) and the lung volume percentage receiving
doses higher than 5 Gy(V,), 13 Gy(V ), 20 Gy(V,), 40 Gy(V, ) and 50 Gy(V,) or
in general higher than x Gy(V ). For the 33 patients irradiated on multiple lesions,
individual plans were summed after NTD corrections and image registration had
been performed. Time-related recovery of lung tissue was not taken into account for
multiple treatments.

The dose response relation between RP and MLD was modelled by a sigmoid
shaped dose effect relation according to Lyman[16]. The normal tissue complication
probability (NTCP) can be calculated from the MLDI[17] according to

_MLD-TD,,

NTCP = 2 dx i
with t m-TD,, 2)

1 je
N
whereby the TD, represents the dose for a 50 % NTCP and m is the (inverse)
steepness parameter in the standard formulation of the Lyman model. Similar for the
V_parameter, formula (2) was used with

— Vx - Vx50

t=
me V.

whereby the V  represents the V_for a 50 % NTCP.

Modification of the LQ model to the LQL model
We adapted the LQ model (LQL) by applying a two component model proposed by
Park et al[4] (Figure 1). For the low dose range, the total dose is corrected according
to the LQ model using equation (1)
b, according to the best /B ratio. For
“, o Dose (d) the high dose range, the log survival
> curve is assumed to be linear. The
slope of the linear part is determined
by the derivative of the LQ curve at
the cut off value between the linear-
quadratic part and the linear part (i.e.
the transition dose d,) (Figure 1 and
Appendix) resulting in
dr
a/f+2d; -

NTD = DW (3)

Log SF

>

Figure 1. Schematic representation of the log
survival curve as a function of the dose accord-

ing to the LQL model. Below the transition
dose (d,) the curve is linear quadratic (the LQ
model). Above d . the log survival curve is linear
whereby the slope is determined by the asymp-
tote of the LQ model at dose d .

In contrast to the literature, we propose
to use the denotation of a lower case
letter (d,) because this transition dose
refers the dose per fraction correction.

| 95




Chapter 6

We converted the dose distributions for d.. values of 0 Gy, 5 Gy, 7 Gy and 9 Gy and
subsequently calculated the MLD (not the V) from these dose distributions (i.e.
MLD, ).
Statistics
The TD,; and m were estimated by maximizing the logarithm of the likelihood
function [17]
N N N
In(L) = In(HLi] =>In(L)= [epiln(Pi)+(1 -ep,)In(1 -Pi)} (4)
i=1 =1 =1
where P (i = 1,..., N) represents the predicted NTCP and ep, is the
observed binary outcome (0=RP < grade 1, 1=RP > grade 2) for patient i.
The confidence intervals (CI) of the fitted parameters were calculated using the
profile likelihood method[18]. These CI were calculated by finding the points in the
parameter space where the In(L) values are Aln(L) lower than In(L_ ) (e.g. for the
95%CI the value of Aln(L) is 1.92 corresponding to half of the 95% percentile of the
cumulative chi-square value for one degree of freedom).
In order to evaluate which o/ ratio would give the maximum likelihood estimation,
a profile likelihood approach of the best NTCP fit was performed according to «/8
ratios in the range of 1 Gy up to infinity. This analysis was only performed for the
MLD (i.e. the corrected mean lung
dose (MLDLQ).
Converting the dose according to the
0 | - LQL model, we used an o/ ratio of 3
. e Gy. The LQ and the LQL model are
A nested since the 3-parameter (TDSO,
Ry m and d,) MLD, model reduces to
’;:;'., s . oy the 2-parameter (TDso’ m) MLDLQ
ol et S model when d.. goes to infinity (or at
b Bt oy o ¢ 074 least becomes higher than the highest
'f se EBSOneniso. 0% dose per fraction value in the data
B set) (see Figure 1). According to the

0 10 - (;,? % LQL model, the doses were converted
" aced accond ) with d values of 0, 5, 7 and 9 Gy. The

Figure 2. The MLD , calculated according to the .
LQ model with /8 ratios of 1 Gy (grey squares), 3 NTCP model fit using the MLDLQL
Gy (open diamonds), 10 Gy (black triangles) plot- was compared to the NTCP model fit

ted as function of the MLDphys. The straight line . . .
with a slope 1 represents the equivalent line where with the MLDLQ using the maximum

MLDLQ equals MLDphys. The other lines repre- likelihood ratio test since the 2 models

sent the best fit t}}rough the data with a zero inter- were nested [19]. For this analysis this
cept (see legend in Figure); s represents the slope

and r the regression coefficient. requires that twice the difference of
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the log likelihoods between the two models should be larger than the quantile of a
chi-square distribution with one degree of freedom (i.e. 3.84/2) to be significantly
different. For regression analysis, the slope of the linear regression (s) with a zero
intercept was used to assess the relation between different parameters. A two-tailed
p<0.05 was considered to be statistically significant.

Results

The crude incidence of RP was 10.9% (14 events in the group of 128 patients). One
patient was observed with grade 3 RP, all other patients were diagnosed with grade
2 RP.

MLD corrected for different a/ f ratios

The relationships between the MLD calculated with an «/f ratio of infinity
(MLD ) and of 1Gy(MLD,), 3Gy(MLD,) and 10Gy(MLD ) are illustrated in
Figure 2 The MLD calculated with a low «/ ratio is higher than the MLDLQ
calculated with a hlgher o/B ratio, as expected. A linear fit of the data (with zero
intercept) resulted in the following relations and correlations; MLD =1.83xMLD
(r*=0.74), MLD =1. SOXMLD . (#=0.84) and MLD =1 21XMLD (r =0. 95)
respectively. Two patients were located under the equahty line. These two patients
were also irradiated at a target in the mediastinum with a more fractionated scheme
whereby the high dose region in the lung tissue received less than 2Gy.

To evaluate the effect of the dose per fraction, the MLD, and the MLD, were plotted
as a function of the MLD |  (Figure 3) for each dose per fraction separately for
patients irradiated on one single target. Because only 3 patients received 35 Gy/4fr,

MLDia (Gy)

a/B=1Gy o/ =3 Gy
35 E— 7 35
// //
30 - s 7 30 //
A // Pz
25t s Vi 25 | W
» o Y
V4 //
20 a 7 20
AL Vi A /
8 ’ 12 Gyl
; A 120y g A 126y
15 A4 A Z = 10Gyfr 15 r NV AN = 100Gy
ﬁg’é&l{ X// X 750Gy :;}/ Y X 75Gyfr
L % 7 X 6 Gylfr L X X 6 Gyffr
10 Y/ 12 Gylfr, s =23,r*=0.88 10 N 12Gyfr, s =1.8,r°= 092
----10 Gylfr, s =20,"=088 ---10 Gyfi, s =16, =092
5L & X —7.5Gy/fr,s=14‘2r2=0.95 5 | i75(3y/1r,s:122r2:099
— 66y, s=15,"=083 66y s=13,=096
0 : 0
0 5 10 15 20 25 3( 10 15 20 25 30

MLDphys (Gy)

MLDphys (Gy)

Figure 3. The MLD, and MLD, as a function of the MLD | plotted for different fractionation schemes
(see legend Figure). The stralght line with a slope 1 represents the equivalent line where MLD, | equals
MLD , . The other lines represent the best fit through the data with a zero intercept (see legend 1n%lgure)
s represents the slope and r the regression coeflicient.
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.
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Figure 4. The MLD,, as a function of MLD, plot-
ted for different fractionation schemes (see legend in
Figure). The straight line with a slope 1 represents the
equivalent line where MLD ,; equals MLD..
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Figure 5. The maximum log likelihood of the NTCP
fit for the MLD calculated for different o/§ ratios. The
maximum log likelihood of the NTCP fit based on the
MLD calculated with the LQL model (with o/f ratio
of 3 Gyand d, of 5 Gy) is indicated next to the MLLD.

these patients were excluded. As
expected, the slopes of the linear
regression of the higher dose per
fraction schedules (10 Gy and 12
Gy per fraction) were higher than
for the lower dose per fraction
schedules (6Gy and 7.5 Gy per
fraction). In addition, the slope s
for the «/B = 1 Gy was higher than
the s for the a/B = 3 Gy for each
dose per fraction. All correlations
were significant with p<0.001.
The MLD calculated according to
LQL model (MLD, ) with ad, of
5 Gy is shown as a function of the
MLD, in Figure 4. For patients
with a high MLD, and irradiated
with a high dose per fraction, larger
differences between the MLD,
and MLD, , were observed than
for other patients (Figure 4).

NTCP for different a/f ratios and
the LQL and V_models

Optimizing the LQ NTCP model
as a function of the m, TD,
and «/f ratio, revealed that the
highest maximum log likelihood
was found at an o/ ratio of 3Gy
(with TD, =20.8 Gy and m=0.45

[12]"). All other evaluated o/ ratio’s had lower maximum log likelihoods (Figure 5)
but were within the 95%CI of the NTCP fit with an «/8 ratio of 3Gy. The largest
difference was found between the NTCP fit with an o/p ratio of 3 Gy and the
NTCP fit with an o/ ratio of infinity (i.e. physical dose) (with TD,=14.6 Gy and
m=0.48) but this was not significant (p=0.07) (Figure 6).

Evaluating the NTCP model according to the LQL model with d. = 5Gy, the
maximum log likelihood was lower than the MLD, NTCP LQ model fit. The LQL

1These parameter values and the data points in Figure 6a are slightly different from the values and data points
in reference [12] because of a dose recalculation error of one patient.

98 |




Radiation Pneuwmonitis after Hypofractionated RT: Evaluation of the LQ(L) model

NTCP fit parameters TD, of 19.5Gy and m=0.46 were not significantly different
from the LQ fit parameters (p=0.28). The NTCP model according to the LQL
model with d,=7Gy and d,=9Gy was approaching the MLD, NTCP LQ model fit
as expected, because only a limited part of the distribution of doses per fraction was
larger than these d . values. The NTCP according to the LQL model with d =0Gy was
as expected 51m11ar to the MLD | NTCP LQ model fit. For the V, (calculated with
the LQ model with an o/ ratio of 3Gy), the maximum likelihood profile approach
revealed that the highest likelihood (i.e. best fit) is achieved with a threshold dose
of 50Gy. The V| calculated with the LQL model had lower log likelihoods (worse
fits) although these differences were not significant (p=0.16 for d =5Gy and p=0.21
for d,=7Gy). For all other Vx values similar results were observed (data not shown).
The V,, V., and V, were outside the 95%CI of the V (Table 1). Because one
patient had 0% of the lung volume receiving doses higher than 60Gy (corrected for
an o/ ratio of 3Gy) we did not evaluate Vx values higher than 50Gy.

Table 1.
Ve Viso (%) m Mascinum log likelibood
Vs 65.4(49.0-121.0) 0.46 (0.34 - 0.66) -39.40
Vi 39.2(30.0 - 77.0)  0.48 (0.36 - 0.67) -39.77
Vi 30.6 (23.0-57.0)  0.50 (0.37 - 0.68) -39.63
Vi 159 (13.0-27.0) 0.48 (0.37 - 0.65) -38.12
V5o 13.1 (11.0-21.0) 0.48 (0.37 - 0.65) -37.04

The TD50, V. and m optimized with the 95 % confidence intervals for the gen-
eral parallel model (with optimized D50 (i.e. D50 = oo Gy) and k (i.e. k = 1.3)),
MLD, V,,V ,V, and V, . Maximum log likelihood and the p-value of the NTCP
models compared to the reference model are given. Note that the upper bound of
95 % CI of the V., exceeds the 100% lung volume due to the approximation in the
statistical method applied whereas in mathematical and clinical terms the upper
limit is 100%.

Discussion

Our results showed that the NTD corrected MLDLQ, calculated with an o/ ratio
of 3Gy was the best parameter to fit the NTCP model to the observed incidence
of RP after hypofractionated RT. These data suggest that a correction for the dose
per fraction after hypofractionated radiotherapy should be performed similar to
conventional fractionated schemes (i.e. LQ model and an o/ ratio of 3Gy (e.g.[20])).
Other tested o/ ratios, or a modification of the LQ model (by introducing a linear
relation after a threshold dose d. of 5 Gy or higher) deteriorated the predictive value
of the lung dose but were within the 95% CI of the NTCP LQ model fit with an o
/B ratio of 3Gy. The not significant differences in the NTCP fits might be explained
by the strong correlations between the corrected dose parameters.

Since the dose per fraction in hypofractionated RT is considerably larger than 2 Gy,
a substantial volume of lung tissue received more than 2 Gy per fraction. Because
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the MLD, , is expressed as 2 Gy equivalents, the MLD,  is therefore expected to be
larger than the MLD | . Evaluating different o/ ratios resulted in different relations
between the MLD, and the MLD , . By nature of the LQ model, for lower a/8
ratios and higher fraction doses the dlfference between the MLD, , and MLD |
increased, and for higher «/@ ratios the MLD, , approached the MLD | . Because of
the strong correlation between the MLD, , and the MLD , it might be questioned
whether the physical dose can be used to estimate complication probabilities.
However, our results confirm that also after hypofractionation the physical dose
should not be used for calculation of toxicity probabilities.
By calculating the MLD,
the local dose in the lungs
100 PP is weighted according to
NTD corrected dose a linear local dose-effect
2/5 [ relation. In contrast, for
37 the V,, the local dose-effect
" relation is considered as a
binary effect whereby no
damageistakenintoaccount
below the threshold dose
of xGy and a full damage
above the threshold dose of
MLDq (wip=3 ay) (GY) xGy. Different dose volume
parameters  and  their
mutual relations have not
previously been evaluated
for hypofractionated RT.
Since the dose effect relation
expressed by the MLD and
V_ are based on different
parameters  (i.e. models
b are not nested), a direct
comparison of the NTCP
30 fits via a log likelihood ratio
approach is not possible.

Figure 6. a: The NTCP fit (solid line) as function of the MLD Including these parameters
calculated according to the LQ model and an «/B ratio of 3 Gy

with the 68% CI (dotred lines (TD50=20.8Gy, m=0.45). The (MLD_ Vo Vip Vi fmd
number of events and number of patients are indicated. b: The V40) in a multivariate
NTCP fit (solid line) as function of the physical MLD (i.e. LQ logistic regression ana]ysis
model and an o/ ratio of infinity) with the 68% CI (dotted lines)

(TD50=14.6Gy, m=0.48). The number of events and number of revealed that Only the MLD
patients are indicated. was significantly associated

NTCP (%)

100 2/2
Physical dose

NTCP (%)

o

MLDphys or La (/== Gy) (GY)

100 |
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with RP (data not shown). However, these data should be interpreted with caution
since it is known from studies with conventional fractionated RT evaluating clinical
and dose factors predicting RP that there is a large heterogeneity of results[21-32]
whereby no validation was performed. One collaborative study from the Duke
University and the Netherlands Cancer Institute developed a prospective method
to predict radiation pneumonitis from dose and clinical parameters in one group of
patients but validation failed in another group of patients [33].

The validity of the LQ model for both clonogenic cell survival as clinical iso-
dose calculations for higher dose per fraction was discussed previously; Hall and
Brenner[11] estimated from the iso-effect data of van der Kogel[34] (late-responding
damage to the rat spinal cord) and Douglas and Fowler[35] (acute damage to
the mouse skin) that the LQ model would be valid for single doses up to 20Gy.
According to this estimation, Fowler et al.[9] extrapolated the relation between RP
and MLD, as determined for conventional treated patients, to hypofractionated
schemes. Unfortunately, clinical data was lacking to validate such an extrapolation.
Concerning RP (or other clinical toxicity endpoints), it might be questioned
whether the applicability of the LQ model for these fraction doses can be answered
by clinical studies. For example, the high number of (non-coplanar) beams results
in an irradiation dose to healthy (lung) tissue that will be much smaller than the
maximum dose. In addition, the relative volume of healthy tissue receiving such a
high dose is limited by current advanced radiotherapy techniques (e.g. IMRT and
IGRT). Moreover, the purpose of these techniques is to avoid high doses in normal
tissues.

Guerrero et al[5] developed a modification of the LQ model by extending the LQ
model with a protraction factor, based on the Lethal-Potentially Lethal (LPL) model
which is supposed to be superior describing log cell survival data in the higher dose
region[36]. This modification was based on cell survival and animal toxicity data.
They observed a wide range of dose values where the LQ started to deviate from the
LPL model (cell lines 0.6 Gy to 37.7 Gy, animal toxicity data 2.6 Gy to 100 Gy). It
was shown that this modification results in a LQ model with a linear extension of the
log cell survival as function of the dose for the high dose range by Carlone et al[6]
and they proposed to name this model the linear-quadratic-linear (LQL) model.
Elaborating this discussion in the clinical setting, we evaluated the LQL model with
clinical data using a more simple but similar method proposed by Park et al[4] using
a linear extension of the log cell survival as function of the dose for doses higher than
a threshold (i.e. transition dose d.). For a d of 5 Gy we observed a (non-significant)
worse NTCP fit. For higher d values the LQL NTCP fit approached to the LQ
NTCP fit; the differences between the MLD, , and MLD, , are becoming smaller
because less lung tissue dose will be recalculated according to the linear part of the
LQL model (dose larger than the d,). Lastly, if the d.is larger than the largest fraction
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doses the MLD, ,; equals the MLD, .. Another mathematical model to describe the
cellular response as function of the irradiation dose is the Linear Quadratic Cubic
(LQC)[37] model whereby the cubic term is negative. This LQC model has also a
(more) linear response in the high dose region approximating the LPL model. As the
LQL model, the LQC model is mathematically more simple compared to the LPL
model with only one additional parameter (as in the LQL model).

At the NKI (and many other institutes) the hypofractionated schedule that is mainly
given is 3 x 18 Gy. Unfortunately, the patients treated at the NKI could not be
included in the current analysis. The first reason for this is the limited follow up of a
substantial part of these patients. Secondly, the patients with sufficient follow up (>1
year) had only lung doses in the lower MLD range resulting in low incidences of RP.
Consequently, these patients cannot be of additional value for this type of analysis.
However, the relation between the MLDLQL as a function of the MLDLQ for higher
transition doses than used in current analysis could be evaluated. As illustrated in
Figure 7, only a d of about 10 Gy or lower results in a difference between the
MLD, ,, and the MLD, .. Introduction of a higher d,. would lead to imperceptible
differences between the MLD, , and MLD, ,, . Consequently, it might be questioned
whether a higher d. can be clinically evaluated with respect to RP in the future due
to limited amount of lung tissue receiving high doses. Irradiation of healthy lung
tissue of animals with increasing fraction sizes, which could be possible in the future
with advances in preclinical irradiation techniques, might facilitate resolving this
issue.

We evaluated the LQL model, using an o/f ratio of 3 Gy which did not improve
the NTCP fit to the data. Although the slope of the linear component is dependent
of both the d and the «/f ratio, we did not analyse the LQL model with other
o/ B values. The first reason for this is that evaluations of the LQL model with o/f
ratios close to 3Gy would not affect the NTCP fit significantly according to current
data. Secondly, for (much) higher «/8 values the LQL model approaches the LQ
model (for a/f equal to infinity the LQL and LQ model both are becoming the L
(linear) model). Thirdly, for lung tissue an o/f value of 3-4 Gy is an accepted value
converting doses in the lower dose range[38-42].

Predictive models based on clinical data are as good as the clinical data. Consequently,
the limitations of this study should be stressed. We discussed the clinical limitations
of our study comprehensible previously[12]. First, the study was a retrospective
univariate analysis evaluating RP grade>2. Secondly, although the assessment of RP
was carefully performed , the prescription of steroids and oxygen is relying on the
intention to treat of the physician. Thirdly, only one grade 3 RP was scored and the
duration of the RP grade 2 treatment was not registered. Therefore, no dose response
analysis could be performed regarding the severity of the radiation induced toxicity.
Another discussion point is whether the time interval between the subsequent
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treatments should be taken
into account. As discussed
previously[12],  we  did
not considered any repair .5
between the treatments.
A mouse study suggested
that for higher doses per
fraction less recovery might
be expected[43]. Moreover,
limited clinical data showed 5
that patients are experiencing

a high probability of RP after

re-irradiation[44]. 0
Besides the reliability of

20

MLD_aL (Gy)

* di=5Gy
a dr=10Gy
x dr=15Gy

0 2 4 6 8 10 12 14 16 18 20

. MLDs (Gy)
NTCP modeling on the
& . Figure 7. For patients treated at the NKI-AVL the MLD, o
robustness of the clinical is plotted as a function of MLD, for d. of 5 Gy (closed dia-
data, some assumptions have monds), d,. of 10 Gy (open triangles) and d.. of 15 Gy (crosses).

The straight line with a slope 1 represents the equivalent line
to be made for (NTCP) where MLD, ,; equals MLD.,.

. . . LQL
modeling in general. First, ¢

a NTCP model based on

one (dose) characteristic

disregard all other factors influencing the probability to develop toxicity (e.g. genetic
variability and/or comorbidity) for one individual patient. Secondly, to evaluate
clinically applicable dose parameters, DVHs are reduced to simple parameters (e.g.
MLD and Vx) whereby a (biological) background is assumed but questionable.
Thirdly, the limited number of patients included in the current study might have
caused that a real intrinsic difference between these parameters was not apparent
with statistical significance.

In conclusion, with our study we provide clinical toxicity data for the discussion of
the applicability of current radiobiological models for higher doses per fraction. We
observed that the LQ model was valid (with an «/8 ratio of 3 Gy for lung tissue) to
recalculate the physical dose into biological equivalent dose and that the biological
dose should be used for estimating toxicity probabilities. The LQL model did not
improve the prediction of RP. This might be due to the limitations of our study
and/or to (still) unknown fundamental mechanisms complicating the translation
of mathematical models developed with cell survival data into clinical data. With
currently used fraction doses of up to 18 Gy, substantially different results are not
expected, but this should be confirmed in future evaluations.

| 103




Chapter 6

References

1. Fowler JE The first James Kirk memorial lecture. What next in fractionated radiotherapy?
Br ] Cancer Suppl 1984;6:285-300.

2. Tucker SL. Tests for the fit of the linear-quadratic model to radiation isoeffect data. Int ]
Radiat Oncol Biol Phys 1984;10:1933-1939.

3. Puck T, Marcus P. Action of x-rays on mammalian cells. ] Exp Med 1956;103:653-666.

4. Park C, Papiez L, Zhang S et al. Universal survival curve and single fraction equivalent
dose: useful tools in understanding potency of ablative radiotherapy. Int ]
Radiat Oncol Biol Phys 2008;70:847-852.

5. Guerrero M, Li XA. Extending the linear-quadratic model for large fraction doses pertinent
to stereotactic radiotherapy. Phys Med Biol 2004;49:4825-4835.

6. Carlone M, Wilkins D, Raaphorst P. The modified linear-quadratic model of Guerrero and
Li can be derived from a mechanistic basis and exhibits linear-quadratic-linear
behaviour. Phys Med Biol 2005;50:L9-13.

7. Barendsen GW. Dose fractionation, dose rate and iso-effect relationships for normal tissue
responses. Int ] Radiat Oncol Biol Phys 1982;8:1981-1997.

8. Denekamp J, Waites T, Fowler JE. Predicting realistic RBE values for clinically relevant
radiotherapy schedules. Int J Radiat Biol 1997;71:681-694.

9. Fowler JE Tome WA, Fenwick JD et al. A challenge to traditional radiation oncology. Int
J Radiat Oncol Biol Phys 2004;60:1241-1256.

10. Hall EJ, Brenner DJ. The radiobiology of radiosurgery: rationale for different treatment
regimes for AVMs and malignancies. Int ] Radiat Oncol Biol Phys 1993;25:381-
385.

11. Marks LB. Extrapolating hypofractionated radiation schemes from radiosurgery data:
regarding Hall et al.,, IJROBP 21:819-824; 1991 and Hall and Brenner,
IJROBP 25:381-385; 1993. Int ] Radiat Oncol Biol Phys 1995;32:274-276.

12. Borst GR, Ishikawa M, Nijkamp J et al. Radiation pneumonitis in patients treated
for malignant pulmonary lesions with hypofractionated radiation therapy.
Radiother Oncol 2009;91:307-313.

13. Semenenko VA, Li XA. Lyman-Kutcher-Burman NTCP model parameters for radiation
pneumonitis and xerostomia based on combined analysis of published clinical
data. Phys Med Biol 2008;53:737-755.

14. Yamashita H, Nakagawa K, Nakamura N et al. Exceptionally high incidence of
symptomatic grade 2-5 radiation pneumonitis after stereotactic radiation
therapy for lung tumors. Radiat Oncol 2007;2:1-11.

15. Lebesque JV, Keus RB. The simultaneous boost technique: the concept of relative
normalized total dose. Radiother Oncol 1991;22:45-55.

16. Lyman JT. Complication probability as assessed from dose-volume histograms. Radiat
Res Suppl 1985;8:S13-S19.

17. Seppenwoolde Y, Lebesque JV, De Jaeger K et al. Comparing different NTCP models that
predict the incidence of radiation pneumonitis. Normal tissue complication
probability. Int ] Radiat Oncol Biol Phys 2003;55:724-735.

18. D.J.Venzon, S.H.Moolgavkar. A Method for Computing Profile-Likelihood-Based
Confidence Intervals. Applied Statistics 1988;37:87-94.

104 |




19.

20.

21.

22.

23.

24.

25.

26

27.

28.

29.

30.

Radiation Pneuwmonitis after Hypofractionated RT: Evaluation of the LQ(L) model

Clayton D, Hills M. Statistical Models in Epidemiology. Oxford University Press. New
York.; 1993.

Kwa SL, Theuws JC, Wagenaar A et al. Evaluation of two dose-volume histogram
reduction models for the prediction of radiation pneumonitis. Radiother
Oncol 1998;48:61-69.

Claude L, Perol D, Ginestet C et al. A prospective study on radiation pneumonitis
following conformal radiation therapy in non-small-cell lung cancer: clinical
and dosimetric factors analysis. Radiother Oncol 2004;71:175-181.

Fujino M, Shirato H, Onishi H et al. Characteristics of patients who developed radiation
pneumonitis requiring steroid therapy after stereotactic irradiation for lung
tumors. Cancer ] 2006;12:41-46.

Hernando ML, Marks LB, Bentel GC et al. Radiation-induced pulmonary toxicity: a
dose-volume histogram analysis in 201 patients with lung cancer. Int ] Radiat
Oncol Biol Phys 2001;51:650-659.

Inoue A, Kunitoh H, Sekine I et al. Radiation pneumonitis in lung cancer patients: a
retrospective study of risk factors and the long-term prognosis. Int J Radiat
Oncol Biol Phys 2001;49:649-655.

Kim TH, Cho KH, Pyo HR et al. Dose-volumetric parameters for predicting severe
radiation pneumonitis after three-dimensional conformal radiation therapy for
lung cancer. Radiology 2005;235:208-215.

. Moreno M, Aristu J, Ramos LI et al. Predictive factors for radiation-induced pulmonary

toxicity after three-dimensional conformal chemoradiation in locally advanced
non-small-cell lung cancer. Clin Transl Oncol 2007;9:596-602.

Oh D, Ahn YC, Park HC et al. Prediction of radiation pneumonitis following high-dose
thoracic radiation therapy by 3 Gy/fraction for non-small cell lung cancer:
analysis of clinical and dosimetric factors. Jpn J Clin Oncol 2009;39:151-157.

Rancati T, Ceresoli GL, Gagliardi G et al. Factors predicting radiation pneumonitis in
lung cancer patients: a retrospective study. Radiother Oncol 2003;67:275-283.

Rodrigues G, Lock M, D’Souza D et al. Prediction of radiation pneumonitis by dose -
volume histogram parameters in lung cancer--a systematic review. Radiother
Oncol 2004;71:127-138.

Schallenkamp JM, Miller RC, Brinkmann DH et al. Incidence of radiation pneumonitis
after thoracic irradiation: Dose-volume correlates. Int J Radiat Oncol Biol

Phys 2007;67:410-416.

31. Tucker SL, Liu HH, Liao Z et al. Analysis of radiation pneumonitis risk using a generalized

Lyman model. Int ] Radiat Oncol Biol Phys 2008;72:568-574.

32. Willner J, Jost A, Baier K et al. A little to alot or a lot to a little? An analysis of pneumonitis

33.

risk from dose-volume histogram parameters of the lung in patients with
lung cancer treated with 3-D conformal radiotherapy. Strahlenther Onkol
2003;179:548-556.

Kocak Z, Borst GR, Zeng J et al. Prospective assessment of dosimetric/physiologic-based
models for predicting radiation pneumonitis. Int J Radiat Oncol Biol Phys
2007;67:178-186.

| 105




Chapter 6

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

van der Kogel AJ. Chronic effects of neutrons and charged particles on spinal cord, lung,
and rectum. Radiat Res Suppl 1985;8:5208-S216.

Douglas BG, Fowler JFE. The effect of multiple small doses of x rays on skin reactions in
the mouse and a basic interpretation. Radiat Res 1976;66:401-426.

Curtis SB. Lethal and potentially lethal lesions induced by radiation--a unified repair
model. Radiat Res 1986;106:252-270.

Joiner MC. Quantifying cell kill and cell survival. In: van der Kogel AJ, Joiner MC,
editors. Basic Clinical Radiobiology. 4 ed. Hodder Arnold; 2009. p. 42-55.

Fowler JE The linear-quadratic formula and progress in fractionated radiotherapy. Br ]
Radiol 1989;62:679-694.

Kwa SL, Lebesque JV, Theuws JC et al. Radiation pneumonitis as a function of mean
lung dose: an analysis of pooled data of 540 patients. Int ] Radiat Oncol Biol
Phys 1998;42:1-9.

Thames HD, Bentzen SM, Turesson I et al. Time-dose factors in radiotherapy: a review
of the human data. Radiother Oncol 1990;19:219-235.

Van Dyk J, Mah K, Keane TJ. Radiation-induced lung damage: dose-time-fractionation
considerations. Radiother Oncol 1989;14:55-69.

Bentzen SM, Joiner MC. The linear-quadratic approach in clinical practice. In: van
der Kogel AJ, Joiner MC, editors. Basic Clinical Radiobiology. 4 ed. Hodder
Arnold; 2009. p. 120-134.

Terry NH, Tucker SL, Travis EL. Residual radiation damage in murine lung assessed by
pneumonitis. Int ] Radiat Oncol Biol Phys 1988;14:929-938.

Okamoto Y, Murakami M, Yoden E et al. Reirradiation for locally recurrent lung
cancer previously treated with radiation therapy. Int ] Radiat Oncol Biol Phys
2002;52:390-396.

106 |




| 107







Kilo-voltage cone beam CT setup measurements for
lung cancer patients; first clinical results and
comparison with electronic portal-imaging device

Gerben R. Borst, M.D., Jan-Jakob Sonke, Ph.D., Anja Betgen, R.T.T., Peter
Remeijer, Ph.D., Marcel van Herk, Ph.D., Joos V. Lebesque, M.D., Ph.D.

Department of Radiation Oncology, The Netherlands Cancer Institute-Antoni van Leewenhoek
Hospital, Amsterdam, The Netherlands.

International Journal of Radiation Oncology*Biology*Physics,
Volume 68, Issue 2, 1 June 2007, Pages 555-561




Chapter 7

Abstract

Purpose: Kilovoltage cone-beam computed tomography (CBCT) has been
developed to provide accurate soft-tissue and bony setup information. We
evaluated clinical CBCT setup data and compared CBCT measurements
with electronic portal imaging device (EPID) images.

Material and Methods: The setup error for CBCT scans at the treatment unit
relative to the planning CT was measured for 62 patients (524 scans). For
19 of these patients (172 scans) also portal images were made. The mean,
systematic setup error (X) and random setup error (6) were calculated for the
CBCT and the EPID. Also the differences between CBCT and EPID and the
rotational setup error derived from the CBCT were evaluated.

An offline SAL correction protocol, based on the CBCT measurements, was
used to reduce systematic setup errors and the impact of this protocol was
evaluated.

Results: The CBCT setup errors were significantly larger than the EPID
setup errors for the CC and AP directions (p < 0.05) due to discrepancy of
the setup errors by the EPID relative to CBCT. The mean overall setup errots
after correction measured with the CBCT were 0.2 mm (X = 1.6 mm, 6 = 2.9
mm) in the left-right, -0.8 mm (X = 1.7 mm, ¢ = 4.0 mm) in cranial-caudal and
0.0 mm (X = 1.5 mm, ¢ = 2.0 mm) in the anterior-posterior direction. Using
our correction protocol only two patients had mean setup errors larger than
5 mm, without this correction protocol more than 51 % of the patients would
have had a setup error larger than 5 mm.

Conclusion: Three-dimensional kilovoltage CBCT scans provided more

accurate information concerning the setup of lung cancer patients than was
available with prior techniques.
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Introduction

Correct target positioning is of major concern in the delivery of radiotherapy.
However, the position of the target is subject to geometric uncertainties due to
variability in patient positioning and internal organ motion [1]. Awareness of these
uncertainties in the planning of radiotherapy is essential. Appropriate margins
for an adequate coverage of the target volume have to be taken into account. 3D
conformal planning techniques improve dose distributions by sharpening dose
gradients between target volume and surrounding tissue. Consequently, increased
prescription doses and improved sparing of normal tissue can be achieved. However,
the steep dose gradient between tumor and critical structures makes 3D conformal
techniques more sensitive to geometric uncertainties [2]. Consequently, accurate
setup verification over the course of treatment is very important for an adequate
treatment.

Erridge et al. [3] evaluated setup errors during treatment for lung cancer patients
by electronic portal image device (EPID) measurements using an off-line correction
protocol. Systematic setup errors (1X) of 1.4, 1.5 and 1.3 mm were observed in the
left-right, cranial-caudal and anterior-posterior directions, respectively. Similar data
were found by de Boer et al. and Van Sornsen de Koste et al. [4,5]. The accuracy of
the measurements of setup errors itself, could however not be evaluated, because a
reference procedure (i.e. golden standard) was lacking.

Recently, kilovoltage (kV) conebeam CT scanners (CBCT) integrated with a linear
accelerator (linac) became available in many institutions. The scanner is mounted
on the gantry of a linac and provides detailed high resolution 3D information of
the patient internal anatomy just prior to the treatment [6]. Consequently, the data
from the kV CBCT allows accurate measurements of the systematic and random
setup errors.

The introduction of the kV CBCT in our department has enabled acquisition of
clinical data concerning the setup of lung cancer patients during treatment. First,
we measured setup errors with both an electronic portal image device and a kV
CBCT scanner during the treatment of 19 patients. Thereafter, the setup errors
of subsequently treated patients were measured with the CBCT scanner only. The
purpose of this study is to investigate and compare the setup measured with the
EPID and with the CBCT. In addition, we will evaluate the clinical setup data using
kV CBCT of lung cancer patients during the treatment and the impact of the setup
correction protocol.

Material and Methods

Patients and measurements
Both cone beam CT (CBCT) scans and images from the electronic portal-imaging
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device (EPID) were acquired for lung cancer patients to compare the setup error
as measured by these two techniques. Patients were positioned in an arm support
without a body frame. First a CBCT scan was performed immediately followed by
the portal images (generally within a time period of less than 5 minutes). For 19
patients, treated between July 2003 and July 2004, a total of 172 scans were made
(Table 1). For the first 4 patients the setup verification/correction protocol [7] was
based on the EPID images, after March 2004 this protocol was based on the CBCT
scans. After the first 19 patients (with both EPID images and CBCT scans), EPID
images were only made at the first fraction for quality control purposes. From August
2004 to May 2005 for a total of 43 patients CBCT setup measurements (352 scans)
were made for lung cancer patients.

Table 1

EPID and CBCT'  Only CBCT  Total
EPID correction protocol 4 (31) - 4 (31)
CBCT correction protocol 15 (141) 43 (352) 58 (493)
‘Total 19 (172) 43 (352) 62 (524)

The number of patients, type of imaging modality and used correction protocol. Number of
scans is indicated between bracktes. EPID: Electronic Portal Imaging Device. CBCT: Cone Beam
Computed Tomography.

EPID images

During radiotherapy, two orthogonal EPID images (anterior-posterior and lateral)
were acquired using an a-Si flat panel detector (Elekta iViewGT) using 5 Monitor
Units each. These images were acquired using in-house developed software at a
resolution of 1 x 1 mm” pixel size at the iso-center plane.

Digital reconstructed radiographs (DRRs) were made from the planning CT using
in-house developed software. The planning CT was performed on a single slice CT
scanner. The slice distance was set on 5 mm due to the limitation of the planning
system (U-Mplan, University of Michigan). A bone template was defined on the
DRR (using a simulator film as visual guide). The DRR was matched automatically
on the portal field edge, followed by automatic registration and in almost all cases a
manual adaptation of the bony anatomy. The vertebra, clavicles and ribs were used
for the image registration (Figure 1). Two orthogonal EPID images were used for
setup measurements, the registrations of which were subsequently combined to a
3D setup error.

CBCT scanner

The CBCT scanner (Elekta Synergy, Elekta Oncology Systems Ltd., Crawley, West
Sussex, UK) consisted of a conventional x-ray tube (kV source) and an a-Si flat panel
detector, both mounted on the gantry of the linear accelerator (linac).
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EPI

Matched EPI and DRR

Figure 1. Match of the Electronic Portal Image (EPI) and the Digital Reconstructed Radiograph (DRR).
The green dots are the contour tracing dots from the DRR, the green line representing the anatomy structure
outline.

The linac (MV source) was an Elekta SL20i medical accelerator.

The lung cancer patients were scanned with a short scan protocol acquiring about
330 or 670 projections (depending of the frame rate of the imager) over an arc
of 200° yielding an imaging dose of about 2 ¢Gy at the iso-center. An in-house
developed implementation of the filtered back projection algorithm [8] provided a
reconstruction of 330 images into a 256° volume (1 mm cubic voxel size) in about
21 sona 2.8 GHz PC. More details were previously described [9] . An object can be
relocated within less than 1 mm of the prescribed location using the CBCT scanner,
whereby the delivery precision is constant over a duration of at least 3 months [10].

Figure 2. Match of the planning CT and the Cone-Beam CT (CBCT) whereby a user-defined 3-D region

of interest (blue dashed line) was positioned around the vertebra. The inner and outer red line represents the
gross target volume and clinical target volume, respectively.
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Setup measurements based on CBCT

The planning CT scan and the iso-center position, to be used as reference, was
imported from the planning system. The bony anatomy in the CBCT scans was
automatically registered to the planning scan using chamfer matching or grey value
(cross correlation ratio) matching. The match procedure included a user-defined 3-D
rectangular shaped region of interest that was positioned around the vertebrae in
the planning CT (Figure 2). The registration was based on a rigid body assumption
providing 3 translations and 3 rotations.

Patient setup correction

Setup measurements were performed after completion of the daily treatment to drive
an off-line 3D shrinking action level (SAL) protocol [11]. Required corrections had
to be applied in the remaining treatments fractions to reduce systematic setup errors.
This protocol tests the length of the setup error vector against a shrinking action
level: «/VN, with N the number of consecutive measurements and an initial action
level () of 9 mm. For the first three consecutive fractions setup measurements were
performed (i.e. N = 3). If the mean of vector length (average of the consecutive
measurements) was smaller than o/\N, no correction was applied. Subsequently,
once a week setup measurements were made. For this weekly check, the average of
the last three measurements was tested against an action level of o = 9/V3 = 5.2 mm.
The protocol was restarted (i.e. again 3 consecutive measurements) after a correction
was applied. Only setup corrections of 3 mm or larger were applied for the (left-right
(LR), cranial-caudal (CC) and anterior-posterior (AP) directions to limit workload.

Differences between EPID and CBCT and statistics

As previously described [12] the setup errors are separated into systematic- and
random errors. The random error (o) is the deviation that occurs between different
fractions (i.e. inter-fraction setup variation), while the systematic error () is the
deviation between the simulation patient position and the average patient position
(i.e. inter-patient setup variation). The random error for the entire population is
the root mean square (RMS) of the individual random errors. The systematic error
is the standard deviation of the individual patient errors. The mean, systematic
error and the random setup error were calculated for the EPID setup error and
CBCT setup error. We evaluated the impact of the corrections if the corrections
were derived from the EPID measurements (i.e. theoretical analysis because the
clinically used corrections were based on the CBCT). In other words, the corrections
based on EPID measurements on the setup accuracy as measured by the CBCT
were evaluated. Therefore we first removed the actually performed corrections
from the EPID and CBCT data sets (i.e. uncorrected EPID and CBCT dataset).
Subsequently, we applied the correction protocol on the uncorrected EPID and
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Table 2

Translations

A /e Y %
(N=19,1=170) Axis Mean (mm) S(1 8D, mm) P

Difference EPID — CBCT LR 0.1 2.2 0.5
CcC 0.7 2.4 < 0.001
AP 0.3 2.1 0.04

The mean setup error, standard deviation of the translational system-
atic errors (£) and random errors (o) measured with the EPID and
the CBCT, respectively. N and n are the number of patients and the
number of measurements, respectively.

CBCT data sets, retrospectively, by calculating couch corrections prescribed by the
EPID data (EPID correction) and by the CBCT data (CBCT correction). Hereafter,
the EPID correction was added on the uncorrected CBCT data set.

Linear regression analysis of the EPID setup data as a function of the CBCT data
was performed. The paired T-test was used to evaluate whether the EPID setup
data were significant different from the CBCT setup data. Correlations between
the translational setup differences (i.e. difference between EPID and CBCT) and
the rotations measured with the CBCT were tested with the Pearson correlation
coeflicient. Retrospectively, the corrections applied according to the SAL protocol
were removed. The setup errors (vector length) of both uncorrected data and the

corrected data (i.e. clinically used data) were analyzed to evaluate the impact of the
SAL procedure.

Results

I Setup measurements of EPID and CBCT

Translations; Differences between EPID and CBCT

Setup errors measured with the EPID were plotted against the setup errors of the
CBCT (Figure 3). In general the setup errors measured with the CBCT were larger
than the EPID setup errors. The regression coefhicient () for the LR, CC and AP
directions were 0.86 (95 % confidence interval (CI) = 0.76 — 0.96), 0.67 (95 % CI
=0.60 — 074) and 0.47 (95 % CI = 0.35 — 0.58), respectively.

We calculated the mean of the difference between each pair of measurements (Table
2), i.e. difference between what was measured with the EPID and CBCT for each
fraction. For the LR direction the mean difference was 0.1 mm (p = 0.5). For the
CC and AP directions the mean differences were significantly different from zero
(0.7 mm, p < 0.001 and 0.3 mm, p = 0.04, respectively). If the EPID data were
used to determine the required corrections (see material and methods), a mean setup
error of 1.8 mm would have been observed in the CC direction (Table 3). However,
when evaluating these EPID corrections with the CBCT measurements, an actual
mean setup error resulted of —4.5 mm, with a large ¥ of 3.8 mm. If the CBCT
measurements themselves were used in the correction protocol, a significant smaller
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Figure 3. The EPID setup error (vertical axis) as function of the CBCT setup error (horizontal axis) for the
Left - Right, Cranial — Caudal and Anterior — Posterior setup errors. CI: Confidence Interval, B : regression
coefficient. EPID: Electronic Portal Imaging Device. CBCT: Cone beam Computed Tomography.

mean setup error of —1.3 mm would have resulted with an X of 1.9 mm (Table 3).

Rotations; Influence of rotations on difference between EPID and CBCT

Rotational errors (especially out of plane) are difficult to measure using 2D portal
image analysis. We therefore evaluated the impact of these rotational setup errors
measured with CBCT on the differences observed between EPID and CBCT
measured in the translational directions. The correlation coeflicient of the rotational
setup errors and the vector length in the plane where the largest difference might be
expected were calculated (i.e. vector length in the plane perpendicular to the rotation
axis). The correlation coeflicient of the vector length in the plane perpendicular to
the LR axis and the rotations around the LR axis was 0.2 (p = 0.01). Similarly, the
correlation coefficients of the vector length in the plane perpendicular to the CC and
AP axes and the rotations around the CC and AP axis, respectively, were both 0.17
(p =0.03).

Distribution of corrections Translations; Setup error of CBCT
40 .
Y 35 Four  hundred  ninety-three
c
3 301 CBCT  setup  measurements
T 25 .
5 20 were performed for 58 patients
g 151 (corrections were based on CBCT).
£ 104 . .. .
R There was quite a variation in the
. .
0 \ \ \ ‘ ‘ number of corrections applied per
0 1 2 3 4 5 . . h . 0,
Number of corrections per patient Patlent wit 4 maximum (35 /0)
Figure 4. The number of corrections applied per at 1 correction, for 29 % of the
patient during the treatment. patients no correction was applied

and for only 2 % of the patients 5
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Table 3

A: corrections based on EPID

(N =19, n = 170) Axis Mean (mm) 2 (18D, mm) o (18D, mm)
EPID LR 0.0 22 4.6
cC 1.8 2.6 52
AP 0.2 0.9 2.1
CBCT LR 0.2 3.1 32
CcC -4.5 3.8 3.7
AP -0.2 1.6 2.5
B: corvections based on CBCT
(N =19, n = 170)
CBCT LR 0.0 1.7 3.1
CcC -1.3 1.9 4.1
AP 0.3 12 2.6

A. The mean setup error, standard deviation of the systematic errors (X) and random
errors (o) using the EPID and CBCT measurements with the corrections based on the

EPID data.

B. The mean setup error, standard deviation of the systematic errors (X) and random er-
rors (o) using the CBCT measurements with the corrections based on the CBCT data. N
and n are the number of patients and the number of measurements, respectively. EPID:

Electronic Portal Imaging Device. CBCT: Cone beam Computed Tomography.

corrections were needed according to the SAL correction protocol (Figure 4). During
the treatment of all 58 patients 76 corrections were applied (i.e. 1.3 correction per
patient). The total number of corrections (in any direction) was 134. The deviations
in the setup were largest in the CC direction for the mean, systematic error as well as

the random error (Table 4).

Table 4

A. CBCT (N = 58, n = 491)

Axis Mean (mm) 2 (1 5D, mm) o (1 SD, mm)

LR 0.2 1.6 2.9

CcC -0.8 1.7 4.0

AP 0.0 1.5 2.0
B. CBCT corrections removed

LR 0.7 3.1 2.5

CcC -2.3 4.0 3.4

AP -0.1 2.0 2.0

A. The mean and standard deviation of the translational systematic errors (X) and random
errors (0) measured with the Cone Beam CT (CBCT), respectively. N and n are the

number of patients and the number of measurements, respectively.
B. The mean, X and o if no setup corrections were made.

Setup error of CBCT without corrections

If no corrections were applied to the setup of the patients, the mean of the setup
errors in the CC direction was more than 2.0 mm (Table 4). The systematic errors
(1 X) without corrections were 3.1 mm, 4.0 mm and 2.0 mm for the LR, CC and
AP direction, respectively. The random error was 0.6 mm smaller without setup
correction in the CC directions, for the LR and AP direction the difference was
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smaller (Table 4). Applying the SAL correction protocol, only 2 % of the patients
had a mean setup error (vector length) larger than 5 mm. Without this protocol,
more than 51 % of the patients would have had a mean set up error larger than 5
mm (Figure 5).

Rotations; Distribution of rotations

The mean rotational setup errors around the LR, CC and AP axis were small (0.1°).
For all axes, the standard deviations of both systematic and random errors were of
the order of 1 degree.

s 100 = °<2>% “. Figure 5. Cumulative
< Y ‘I © CBCT measurements relative frequency of the
e 80 x m CBCT if no correction was applied mean of setup error per
g x patient (expressed as the
g 60 % vector length of the 3D
© "1 setup error) measured
'% 40 n with the Cone Beam
© " CT (CBCT) (open
2 204 % "y squares) and the cu-
B 035 L 9 . . mulative frequency of
g 0 Q . u| the setup error of the
3 ‘ ‘ ‘ ‘ ‘ CBCT setup errors if

0 2 4 6 8 10 12 .

no correction was ap-

Vector length of the setup errors (mm) plied (solid squares).

Discussion

Set up differences of EPID and CBCT

For 19 lung cancer patients, we performed 172 setup measurements with both
portal images and CBCT scans. Setup errors measured with CBCT were generally
larger than those measured with EPID. The largest difference between the EPID
and CBCT measurements were observed in the CC and AP direction whereas the
differences in the LR direction were not significant. Assuming that the CBCT system
is more accurate [10], one might expect the setup error determined with CBCT to
be smaller, since there is less measurement inaccuracy. On the other hand, because
portal images were assumed to be less accurate, larger measurement errors might be
the result. This study showed that EPID analysis resulted in a smaller estimated setup
error in our group of lung cancer patients, and that the discrepancy was statistically
significant. If the EPID were used to determine required corrections, a large under-
estimation of the setup error would have been made. (Table 2 and 3, Figure 3).
There are several potential sources for the discrepancies observed between the

EPID and CBCT. First, although the time interval between the CBCT and EPID
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measurements was small, the observed setup differences between CBCT scans and
EPID images might be due to patient and/or respiratory motion. Van Herk et
al. [13] investigated this possible explanation of the observed differences. Digital
reconstructed radiographs (DRR) were calculated from the CBCT scans and
compared with the corresponding EPID images for 4 patients (32 CBCT scans).
The difference between the DRR of CBCT data and the EPID image from the same
day was generally small (< 1 mm). Consequently, the patient motion between image
acquisitions and respiration motion hardly contributed to the observed differences.
Secondly, EPID images measures only the setup errors in the LR, CC, and AP
directions. Three-dimensional (3D) CBCT scans provide, in a significant way,
accurate information concerning rotations [14]. If rotations were responsible for
the observed differences between CBCT and EPID, they were most likely to cause
differences in the plane perpendicular to the rotation axis. We did observe a correlation
between the rotations and the differences between CBCT and EPID in these planes.
Although the correlation was significant, only 20 % or less (correlation coeflicient <
0.2) of the observed differences could be explained by rotations. Consequently, the
(out-of-plane) rotations, detected by the CBCT, were only partly responsible for the
observed differences between CBCT and EPID.

Thirdly, match procedures using CBCT and EPID images do have different regions
of interest. The vertebra, clavicles and ribs were used for the EPID image registration
whereas the match procedure of the CBCT included only the vertebrae. However,
clavicles and ribs are more subject to (repiratory) motion, which should have been
resulted in lager setup errors for the EPID (i.e. the opposite of what we observed).
A fourth reason might be the poor visibility of anatomical structures in the DRRs
(calculated from the planning CT scan) and portal images might be the most
important source of setup error differences. Because of this poor visibility it is more
difficult to manually shift the portal image to the DRR, which may result in less
corrections. CT slice spacing used for treatment planning, which is 5 mm in our
study causes most details of the vertebrae to be lost (Fig. 1A).

Setup errors consist of day-to-day variation in patients positioning (i.e. random
setup errors) and discrepancies induced during the preparation of the treatments
(i.e. systematic errors). In particular, the impact of these systematic setup errors
on the dose to the clinical target volume (CTV) was considerably [15]. Previously,
Erridge et al. observed similar setup errors as measured in the current study with
EPID analysis for 97 lung cancer patients treated in our department. In addition,
Van Sornsen de Koste et al and de Boer et al observed similar setup errors in 20
and 40 lung cancer patients, respectively. These studies will probably have had an
underestimation of the setup error of lung cancer patients, which may have resulted
in an under-dosage to the CTV.
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Setup verification and correction based on CBCT

From the time when the kilo-voltage (kV) CBCT was in clinical use in our
department, target positioning was based on the planning CT and 3D kV CBCT
images. Consequently, for 58 lung cancer patients accurate setup information was
documented during their treatment course.

The setup error measured with the CBCT scan was used to drive a 3D shrinking
action-level (SAL) protocol. The goal of the protocol is to reduce the systematic error
during the remaining treatment. Our protocol was based on previous results from
our institute [16,17] whereby 41 % of the patients had a set-up error with a vector
length larger than 5 mm based on portal images. After correction, only 1 % of the
patients had a set-up error larger than 5 mm. In our study these numbers were 51 %
without correction and 2 % after correction, respectively.

Optimization of the SAL protocol is important to reduce systematic errors with
acceptable random errors. A high initial action level (x) might result in fewer
corrections but also with larger systematic errors, whereas a low o might result in
more corrections with an increase in random errors. We used an o of 9 mm and three
subsequent measurements (N = 3) in the first stage (and after a correction was
applied). Using this protocol, 1.3 corrections per patients were needed. Before the
use of the CBCT, in our institution 0.9 corrections (data not presented) per patient
were applied using the EPID images (using the identical SAL protocol). Van Sornsen
de Koste et al. [18] applied 0.8 corrections per patient using a comparable SAL
protocol (¢ = 8 mm, N__ = 3), and the systematic errors in this study were in the
range of our results (1.5 for the LR and CC direction and 1.3 for the AP direction).
The estimated setup error equals true setup error plus measurement error. The
registration accuracy of the CBCT will reduce the measurement error. Consequently,
the measured setup error of the CBCT will be closer to the true setup error. Because
the EPID data might have underestimated the errors, fewer corrections were applied
during treatment.

Guckenberger et al. [19] evaluated the setup error of the bony anatomy in the
stereotactic body frame for 21 patients registered with CBCT. Larger systematic
errors (3.2 mm CC, 2.6 mm AP and 1.8 mm LR) were observed whereas the
random errors were smaller (2.1 mm CC, 1.1 mm AP and 2.0 mm LR), which is
not surprisingly because of the smaller number of scans (fractions). The systematic
positioning error of the patients in the stereotactic body frame contributed
substantially to the group mean error of the tumor position. Nevertheless, a poor
correlation was observed between the position errors of the patients (bony anatomy)
and the tumor (soft tissue), which was emphasized for tumors with increased range
of breathing motion (which was also observed previously by Wulf et al [20]). This
emphasizes the importance of appropriate setup measurements (bony anatomy) and
tumor position localization (soft tissue). Respiratory motion (i.e. tumor motion,
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the so called fourth-dimension (4D) in imaging) can be incorporated both in the
planning phase (4D-CT)[21,22] and during irradiation (4D-CBCT)[19,23,24].
These image strategies will ensure higher levels of accuracy in treatment delivery. In
other words, image guided radiotherapy (IGRT) is the corner stone for current and
future irradiation techniques as hypofractionation, dose escalation radiotherapy and
gated radiotherapy.

Accurate setup of the patient and corrections for rotational errors will improve
the accuracy of the treatment. Optimization of normal tissue complications and
tumour control with respect to innovative delivery techniques require accurate
imaging techniques. Therefore, the current focus on fractionation schemes and dose
adaptation must be accompanied by accurate imaging techniques.

In our study we illustrated, with clinical data, that kV CBCT provides accurate
target positioning data for lung cancer patients.
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Chapter 8

Discussion

1. Radiotherapy for NSCLC

RT is currently the cornerstone in the treatment of inoperable NSCLC patients.
Moreover, it might be possible that in the future early stage operable patients will
be irradiated (as an alternative for thoracotomy). It is already known that higher
doses of irradiation yield a greater proportion of complete response, higher tumour
control and better survival in irradiated lung cancer patients [1,2]. Nevertheless, the
possibility to apply higher doses and to add chemotherapy to radiotherapy is limited
by the increased probability of treatment related toxicity. Improved patient selection,
as well as newly developed high accuracy irradiation techniques and optimizing
predictive toxicity models were subject of studies included in this thesis (Chapter
2-7) and will be discussed below.

2. Use of PET scan in the Treatment of Lung Cancer Patients

Tumour stage and performance status are currently the most important prognostic
factors for lung cancer patients. Appropriate staging is of major concern and
modifications of the Tumour (T) Nodal (N) Metastasis (M) staging system of the
IASLC Lung Cancer Staging Project are published in 2007 [3]. This project evaluated
data from 46 sources in more than 19 countries (i.e. 67,725 cases of non-small cell
lung cancer (NSCLC) treated by all modalities of care between 1990 and 2000)
whereby a training subset and a validation subset was used. From these data some
changes were proposed (e.g. T2b NO MO cases are moved from stage IB to stage I1A,
T2a N1 MO cases from stage IIB to stage IIA, and T4 NO-1 MO cases from stage
IIIB to stage IIIA). These proposed changes might improve the alignment of TNM
stage with prognosis and possibly in treatment but are based on data post-dated the
period of PET scanning. The introduction of the Positron Emission Tomography
(PET) scans in the diagnostic work up has significantly improved the sensitivity of
mediastinal nodal staging compared to the sensitivity of the CT scan alone [4,5].
Unforeseen distant metastasis can also be detected by PET scan to differentiate
candidates for curative or palliative treatment regimens. Additionally to staging, PET
scans can be used to determine the border between tumour tissue and distally located
collapsed lung tissue (atelectasis) [6]. As a result, the introduction of the PET scan
has influenced the delineation of the target volume [7-11]. Following studies showed
that the dose to non-tumour tissue was reduced for many patients if the PET scan
information was used additional to the CT scan for tumour delineation [10,12-16].
In addition, better tumour dose coverage might be achieved if tumour definition
is based on both CT and PET scans [13,17-19]. Therefore, a pre-RT PET scan is
currently a standard procedure in the irradiation treatment of lung cancer patients.
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2.1 Prognostic Value of FDG PET Scan and Clinical Implication

The hotspots on PET scans are regions with a high glucose uptake (with high
accumulation of the glucose analogue [18F]-fluoro-2-deoxy-D-glucose (FDG))
representing tissues with a high metabolism (e.g. heart musculature, brain tissue
and tumours). Aggressive tumours have a higher metabolism (glycolysis) which
was already observed by Warburg in the early 19 century [20]. It has been shown
that prognostic factors like tumour doubling time, glucose transporter proteins
Glut 1 and Glut 3 and proliferation markers Ki-67 [21-23] are correlated with the
amount of FDG in the tumour [24-26]. Calculation of the Standardized Uptake
Value (SUV) (see paragraph 2.3) is a semi-quantitive method to objectify the
amount of FDG in the tumour. The hypothesis that the SUV can be used as a
surrogate marker of poor prognostic tumour characteristics was evaluated in lung
patients who underwent surgery. Significantly higher pre-operatively measured
SUVs were observed in patients with poor outcome compared to patients with
favourable outcome [27-33]. The additional value of the SUV for operable patients
is however limited because the tumour itself is available for pathology review after
surgical resection. For inoperable patients on the other hand, the prognostic value
of the SUV (besides performance status and TNM stage) would be of additional
value since not all tcumour characteristics can be retrieved from biopsies. Moreover,
biopsies are not always available (e.g. failed biopsy or because of a contra indication
for invasive procedures). As a consequence the prognostic pre-irradiation SUV is of
major interest.

For 51 inoperable patients irradiated with a curative intend (stage I-II1IB) the SUV
was calculated on the pre-RT PET scan. The SUV proved to be an independent
prognostic factor besides performance status and stage for the disease specific survival
and overall survival (Chapter 2). The significant different disease specific survival of
patients with high SUV tumours and low SUV tumours might be a reflection of the
aggressiveness of the tumour. More complex is the observation that lower SUVs were
predictive for better tumour response observed at a CT scan after RT (Chapter 2).
Higher proliferation rates (of more aggressive tumours) are correlated with higher
sensitivity for irradiation [34] (i.e. higher SUVs would have had higher response
rates). Nevertheless, higher SUVs were observed for worse response rates (Chapter
2). It might be that these tumours had a (fast) re-growth after irradiation observed
at the post-RT CT scan. A correlative study comparing pre and post PET scans as
function of the tumour response and survival is interesting to reveal this issue. Mac
Manus et al. showed that patients with a complete metabolic response (i.e. PET
response) had significantly better outcome [35] but unfortunately no information
was given of the pre-treatment SUV. Aerts et al. [36] reported worse survival for
patients with residual metabolic active areas. These patients had a significantly higher
pre-RT SUV value compared to patients with a complete metabolic response. As
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expected, an overlap was observed between the pre-RT high SUV region and the
residual metabolic active areas.

In Chapter 2, the important question is raised whether tumours with high SUV
values should be treated more aggressively to raise the probability of cure. To solve
this issue a study is initiated to boost high SUV areas (i.e. dose escalation to the
tumour region with the highest SUV value or the whole tumour, see paragraph 5.5).
Hopefully, patients with high SUV will benefit from this new treatment technique/
dose escalation resulting in improved outcome comparable to patients with lower
SUV values.

2.2 Other PET Tracers

The degree of hypoxia is an important determinant of treatment response, relapse-free
survival, and overall prognosis, which is independent of the treatment modality used
in cancer patients [37,38]. Although higher glycolysis is observed in hypoxic cells
(i.e. Pasteur effect [39,40]) it is known for NSCLC tumours that the FDG uptake
is not correlated with hypoxia of the tumour [41,42]. Consequently, FDG PET
scans are not appropriate to discriminate oxidized tumour cells from radio resistant
hypoxic tumour cells and other tracers visualizing hypoxia are of great interest as
potential tumour boost areas [43]. Fluoromisonidazole (FMISO) is a derivative of
the nitroimidazole group, which have been investigated as hypoxic cell sensitizer.
Other derivates of nitroimidazole has shown radiosensitizing effects, e.g.[44].
Comparable to the FDG SUV of Chapter 2, also the FMISO SUV is predictive
for treatment outcome [45]. Moreover, using FMISO-guided IMRT it was feasible
to escalate the dose to radio-resistant hypoxic zones without exceeding the normal
tissue tolerance in head and neck cancer patients [46]. Fluoroazomycin arabinoside
(FAZA) is another derivative of nitroimidazole and has shown promising results in
in-vitro studies [47]. As a result, not only tumour regions with a high FDG uptake
are interesting regions for higher doses but also tumour regions with a high uptake
of hypoxic tracer should be investigated for this (see paragraph 5.5).

2.3 Methodological Problems of the SUV

A major problem calculating the SUV is the non-standardized calculation method.
This problem is not only known for SUV calculated from FDG PET scans but also
for the hypoxic tracers as FMISO[45]. Differences in injected tracer, scanning time
(i.e. time after injection), reconstruction algorithms, filters, scanner characteristics,
sinogram noise and quantification methods might lead to (structural) inter-
institutional SUV differences [48]. Even the calculation of a SUV differs between
SUV studies; e.g. a SUVmean can be calculated as a mean value within a region
of the tumour or a SUVmax can be determined within the whole tumour. Because
the calculation of the SUV is subject to many uncertainties, comparisons of results
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achieved in different institutes should be interpreted with caution. In 2008 the first
meta-analysis of studies evaluating the SUV as prognostic parameters was published
[49] including our study of Chapter 2. Of the 13 studies in the meta-analysis,
11 studies showed a significant worse outcome for patients with a high SUV. All
authors of these studies were asked to provide the individual patient data for a meta-
analysis based on individual patient data. Since the PET scans can not be interpreted
uniformly, the outcome of this work in progress based on individual patient outcome
data might be complicated. More uniform scanning protocols and better (inter-
and intra) institutional collaboration between the departments of RT and nuclear
medicine is warranted for optimal use of the prognostic value of the PET scan. This
should be performed since the PET scan is an important tool in the work-up of lung
cancer patients and the SUV information is provided for free and can and should be
used to improve the treatment strategy for the individual lung patient.

3. Radiotherapy Induced Lung Toxicity

The introduction of new irradiation techniques (e.g. 3D conformal radiotherapy
and Intensity-Modulated Radiotherapy Treatment) facilitates reduction of high dose
regions to tumour surrounding tissue. Nevertheless, lung tissue will always be included
in the irradiation field and might even receive lower dosis to larger volumes. Cellular
molecules (e.g. peptides, lipids, and DNA) are damaged directly and indirectly via
the interaction with ionizing radiation and will result in an up-regulation of cascades
of cytokines mediating pathologic changes (e.g. transforming growth factor beta-
1 [50] and IL-6 [51]). For lung, these physiological and pathological responses to
irradiation can be divided in an early (i.e. inflammatory) and late (i.e. fibrosis) phase
resulting in subsequently related clinical symptoms.

3.1 Radiation Pneumonitis

The early phase, called radiation pneumonitis (RP), can occur weeks to months
after thoracic radiotherapy and is a serious complication. Accurately scoring of
RP is a tedious work complicated by the possibility of exacerbation of pulmonary
comorbidities and/or tumour progression. The diagnosis and treatment of RP should
therefore be performed with much caution.

RP is commonly scored according to the National Cancer Institute — Common
Toxicity Criteria for Adverse Events (NCI-CTCAE) version 2 or the Southwest
Oncology Group (SWOG) toxicity scales. In general, Grade 1 is scored for radiographic
changes without symptoms. Grade 2 RP is scored after steroids had been prescribed.
Grade 3 RP is scored after oxygen is required and grade 4 for assisted ventilation.
Grade 5 is scored after death due to RP. The diagnosis of RP by the clinicians should
be performed uniformly, robustly and reproducible. For example, before grading
and scoring RP as an event, the symptoms should relieve after treatment is initiated
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and the diagnosis should have been confirmed by radiological changes. Moreover,
the adverse events should be scored and graded by physicians experienced in the
diagnosis of RP. To date, the NCI-CTCAE version 3 criteria is introduced for RP
whereby grade 2 is defined as symptomatic but not interfering with activities daily
living (ADL) and grade 3 as symptomatic but interfering with ADL. This grading
system may be more influenced by the subjective sensation of both the patient and
the physician concerning the ADL.

Scoring radiation induced lung toxicity using the dyspnoea grading system of
the NCI-CTCAE version 3 [52] is complicated since dyspnoea can be caused by
other reasons than RT induced toxicity. Moreover, to be able to predict radiation
induced pulmonary (function) changes as function of patients and/or treatment
characteristics, the dyspnoea scores after RT (or other endpoints) should be evaluated
relative to the baseline score pre-RT and not as an absolute score [53].

3.2 Predictors for Radiation Pneumonitis

For patients irradiated with conventional fractionated radiotherapy schemes it
is known that the lung dose and volume is predictive for RP [54-56]. The dose
predicting RP can be expressed as a mean lung dose (MLD) or as a percentage of
lung volume receiving more than a threshold dose x (Vx). There is no consensus
or consistency between institutes which dose parameter should be used for the
prediction of RP. Rodriquez performed a systematic review and concluded that the
MLD showed the most consistent results to predict RP [57]. Also after this study
including 14 studies, publications proved that Dose Volume Histograms (DVH)
derived parameters were predictive for the incidence of RP [58,59]. However, the
dose calculation algorithms that were used were inferior to currently used algorithms
whereby large differences can be found [60]. Moreover, significant differences can be
found between NTCP models calculated as function of dose parameters calculated
with different algorithms. Also other factors are contributively for disappointing true
positive and false negative predictive values (or in clinical terminology; some patients
receiving low lung dose are still developing serious treatment induced complaints after
radiotherapy). Retrospectively evaluated characteristics as prior thoracic irradiation,
age, smoking history, performance status, lung function, chronic obstructive
pulmonary disease (COPD) and sex [61-65] were predictive for RP. However, no
study is currently available whereby these factors, which were predictive for RP, were
prospectively validated. In the collaborative study of the Duke University with the
Netherlands Cancer Institute (NKI) pre-RT criteria were defined which were possibly
predictive for the development of RP (Chapter 3). Dosimetric and pulmonary
functional parameters (from perfusion SPECT scan and pulmonary function tests)
were derived from one cohort of patients (from the Duke University) and validated
in the patients treated at the NKI. The prospectively developed model was unable
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to accurately segregate patients into high vs. low risk groups. Nevertheless, for both
cohorts a correlation was observed between dose parameters and the incidence of RP.
Additional work is needed to identify prospectively and validated predictors for RT-
induced lung injury. These predictors will be able to select patients who are candidate
to receive a more aggressive treatment or patients who are likely to develop serious
treatment related toxicity (and should not be treated with an intensified treatment).

3.3 Radiation Pneumonitis after Hypofractionated RT

In contrast to the dose-response evaluations described in conventional fractionated
RT, the relation between dose and RP after hypofractionated RT is unknown.
Nevertheless, fatal RP toxicities were observed [66] and a possible dose-effect relation
is of great interest. Other publications reported a wide range of the incidence of RP
(0-29%) [66-71]. The first problem of dose response analysis is the large heterogeneity
of treatment techniques, dose parameters and the scoring system of RP. To perform
a dose-response analysis, a sufficient number of patients and events are necessary.
Until recently only a limited number of institutes performed hypofractionated RT
hampering dose-response analysis. Secondly, because only small lung tumours were
treated by hypofractionated RT the amount of lung tissue receiving (high) doses
is low. This results in a narrow dose range complicating a dose-response analysis.
Thirdly, the analysis is complicated because of the uncertainty how to recalculate the
physical dose into a biological equivalent lung dose (paragraph 4.1 and 4.2).

Since encouraging tumour control rates are demonstrated, the number of institutes
using hypofractionated RT for lung tumours has been increasing in a short period
of time (also in the Netherlands). Consequently, the knowledge of a (possibly) dose-
response relationship is essential in optimizing hypofractionated RT. To date, it is
uncertain whether multiple targets and/or larger tumour volumes can be (re)treated
safely. The Hokkaido University in Japan was one of the few departments who applied
hypofractionated RT for malignant pulmonary lesions soon after the introduction
by Blomgren et al. [72] in 1995. In the following years, this group extended the use
of hypofractionated RT since severe toxicities were not observed. Follow up was
carefully performed and treatment regimens were adapted on empirical basis; i.e.
if no toxicity was observed the dose was increased or larger/multiple lesions were
irradiated and if no local recurrence was observed smaller safety margins were used).
As a result, a unique data set within a wide dose range was available. For a group of
128 patients a dose-response relation was observed for RP which was comparable
with conventional treated patients (Chapter 4). For the higher dose range a steeper
increase for the NTCP fit of the hypofractionated treated group of patients was
observed. However, for both group of patients, less data was available in the high
dose range and the difference in the high dose range was not significant.

The great importance of this study is that also for hypofractionated schedules the
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lung dose can be used to estimate the probability to develop RP for larger tumour
volumes and/or re-irradiations. In addition, also the time interval between treatment
and the incidence of RP was comparable for the two groups. As a result, there is
no clinical reason to assume that the physiological process developing RP after
hypofractionated RT is different from conventional fractionated RT.

That this dose effect relation can be extended to larger fraction doses can be
hypothesized but should be confirmed. In our institute only few (7 %) incidences
of RP were observed after 54Gy in 3 fractions. As previously mentioned, the MLD
range is limited because only small tumours were irradiated and the incidence is too
low for a robust dose-response analysis.

Because the fraction dose is altered from conventional schemes other radiation
induced toxicities than RP should be taken into account (paragraph 4.2). For
example, recent studies showed an increased risk for brachial plexus toxicity for
brachial plexus doses > 26 Gy in 3-4 fractions [73], chest wall pain for chest wall
volumes > 30 cm® receiving 30 Gy in 3-5 fractions [74] and skin toxicity if only 3
beams were used or if only a limited distance between tumour and skin was present
[75]. For other reported toxicities the evidence that the clinical complications were
caused by the high fraction dose was less strong (e.g. patients treated on centrally
located tumour died from centrally located bleeding but for these patients tumour
progression was found at this location or patients died due to pneumonitis but the
pneumonitis had a bacterial origin) [76].

In conclusion, for fraction doses up to 12 Gy larger volumes and re-irradiation can
safely be given concerning RP and other toxicities. For fraction dose of 18 Gy and
higher, the incidence of RP is very low due to small volumes but caution should be
taken for other (late term) toxicities.

3.4 Long term Pulmonary Toxicity

After the acute phase, long term radiation induced lung tissue damage is characterized
by pulmonary fibrosis. This is an irreversible and progressive process of scar tissue
in the lungs initiated by collagen deposition by fibroblasts. This results in narrowing
of alveolar spaces, thickening of the interstitial layer and a diminished lung volume.
Although the pathological processes and the radiological findings are well defined,
the clinical implications are uncertain. The long term effect of radiotherapy for
lung cancer patients is even more complicated to evaluate than the above described
relation between dose and RP. Again, the pulmonary co-morbidity and poor
prognosis hampers robust clinical analysis. For lymphoma and breast cancer patients
(a patient group with a better prognosis and less pulmonary co-morbidity) a partial
recovery from early radiation toxicity was observed between 3 and 18 months after
radiotherapy. However, after 18 months, local lung function did not further improve
[77]. To evaluate the long term effect of irradiation for lung cancer patients repetitive

132 |




General discussion

pulmonary function tests were performed for 34 patients selected by a long term
disease free survival and available pulmonary function tests (Chapter 5). An acute
deterioration of pulmonary function after RT without improvement at long term was
observed. For the pulmonary compromised patients suffering from COPD a larger
decline of the pulmonary function at long term was observed. Likely, the COPD
and radiotherapy consolidate the pulmonary impairment induced by the one or the
other. Importantly, there was a trend of pulmonary function decline as a function of
the lung dose. Consequently, these results are very important since it illustrates that
long term surviving patients might have to deal with serious pulmonary side effects
which might result in an impaired quality of life.

3.5 Radioprotective Agents

In contrast to radiosensitizing agents, the contribution of agents preventing
or reducing radiation induced toxicity is less investigated in clinical trials. The
protective value of corticosteroids for RP observed in an animal study [78] could
not be confirmed in a clinical study [79]. The use of the immunomodulating and
anti-inflammatory agent Pentoxifylline (with effects on hypoxia, inhibition of DNA
repair and apoptosis [80]) was protective in a small group (n=40) of breast and lung
cancer patients concerning radiation induced lung toxicity [81] although a larger
phase III trial could not confirm these results [82]. Another small randomized trial
showed a survival benefit in the group patients receiving Pentoxifylline but no toxicity
data was given [83]. Angiotensin converting enzyme inhibitor showed anti-fibrotic
activity in the lung of irradiated rats [84] but a clinical study could not confirm these
results [85]. More promising is a cytoprotective agent Amifostine which is a prodrug
that is dephosphorylated by alkaline phosphatase in tissues to a pharmacologically-
active free thiol metabolite. The metabolite can act as a scavenger of free radicals
generated in tissues exposed to radiation. Amifostine concomitantly given decreased
radiation-induced pulmonary injury without diminishing the therapeutic effect of
radiation in randomized controlled trials for patients with locally advanced lung
cancer [86-88]. Nevertheless, radioprotective agents are not generally used in the
clinic. The use of radioprotective agents in future (dose-escalation) trials should be
encouraged to evaluate the potential beneficial effect of these agents.
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4. Biological Equivalent Dose Calculation after Hypofractionated RT

4.1 Linear Quadratic Model

For conventional fractionated RT the physical dose can be converted into a biological
equivalent dose using the linear quadratic (LQ) model [89-91]. The LQ model is
a simple mathematical model fitting log cell survival data as function of the dose
and additionally enables clinical iso-effect calculations of fractionation schemes with
different doses per fraction. Whether the calculation of the biological equivalent
lung dose should be performed similarly for conventional fractionated as for
hypofractionated schemes is an important question. The clinical applicability of the
LQ model at higher fraction doses is uncertain and is questioned/discussed by many
investigators [92-96]. Hall and Brenner [96] estimated from the iso-effect data of van
der Kogel [97] (i.e. late-responding damage to the rat spinal cord) and Douglas and
Fowler [98] (i.e. acute damage to the mouse skin) that the LQ model would be valid
for single doses up to 20 Gy. Consequently, no differences would have been expected
between different fractionation schemes if the equivalent doses (calculated with the
LQ model) are similar. However, no clinical study validated this hypothesis. The fact
that RP is the most evaluated toxicity endpoint after lung irradiation (whereby the
LQ model with an «/f ratio of 3 Gy is generally accepted [56,99,100]) emphasize
not only the clinical relevance but also the scientific importance of these results.
Therefore, RP is an appropriate endpoint to evaluate the LQ model and modifications
of the LQ model. Using the Normal Tissue Complication Probability (NTCP) model
of Lyman [101] the curves of the probability of developing RP as a function of the
mean lung dose were similar for hypofractionated RT and conventional fractionated
RT if an o/ ratio of 3 Gy was used (Chapter 4). However, it should be questioned
whether lung doses corrected according to modified LQ models might improve the
predictive value (Chapter 6).

4.2 Modifications of the Linear Quadratic Model

4.2.1 Theoretical background

It is already known for a long time (1954) that for the high dose region the log
cell survival is linear and not bending as represented by the definition of the LQ
model [102]. To evaluate this issue, modifications of the LQ model were proposed
based on cell line and animal iso-effect data [103,104]. These modifications fitted
the experimental data better but clinical data was not evaluated. One of the above
mentioned modifications of the LQ model was based on the Lethal-Potentially
Lethal (LPL) model [105] and was developed by Guerrero et al. [104] (based on cell
survival and animal toxicity data). The LPL was superior to the LQ model at higher
dose regions fitting the experimental data. Nevertheless, the dose range where the
LQ model started to deviate from the LPL model was rather large (cell lines: 0.6 Gy
to 37.7 Gy, animal toxicity data: 2.6 Gy to 100 Gy). Carlone et al. [106] showed that
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this modification proposed by Guerrero et al. [104] resulted in a LQ model with a
linear extension and proposed the nomenclature of the linear-quadratic-linear model
(LQL model) of the log cell survival as function of the dose for the high dose range
[106]. More recently, Park et al. [103] used a linear extension of the log cell survival
as function of the dose for doses higher than a threshold dose (i.e. transition dose

d).

4.2.2 Clinical applicability

Because the modified LQ model by Guerrero et al. [104] and Park et al. [103] fitted
the experimental data better after high single dose RT, this LQL model was evaluated
with the clinical data set of Chapter 4. A linear extension of the log cell survival as
function of the dose for doses higher than a threshold dose (i.e. transition dose d.)
was used for different values of d,. The LQL model did not improve the Normal
Tissue Complication Probability (NTCP) fits predicting RP for any of the evaluated
d.. (Chapter 06).

The first reason for this might be that the evaluated d.. (0, 5, 7 and 9 Gy) were not
the appropriate values for lung tissue. However, no higher values could be evaluated
because if the d approaches the highest fraction dose the dose calculated by the LQL
model will approach the dose calculated by the LQ model. As a result, the NTCP fits
of the LQL model with d,’s of 7 and 9 Gy were approaching the NTCP fit of the LQ
model because fraction doses from 6 to 12 Gy were examined (only a limited part of
the distribution of doses per fraction was larger than these d . values).

The possibility to evaluate higher transition doses for schemes with higher fraction
doses were also investigated (Chapter 6). Also for fraction doses of 18 Gy per fraction
theintroduction ofa higher d . values (> 10 Gy) would lead to imperceptible differences
between the dose calculated with the LQ and the LQL model. Consequently, it
might be questioned whether a higher d, can be clinically evaluated in the future
due to limited amount of lung tissue receiving these high doses. Animal studies
might elucidate the hypothesis that the lung dose should be calculated according
to the LQL model with higher d_values for lung tissue irradiated with higher (>>
18 Gy) fraction doses. On the other hand higher d.. values will apparently not be of
additional value in clinical practise.

Another reason that the LQL model did not improve the NTCP fit is that the used
dose parameter is not appropriate for this analysis. The mean lung dose is a parameter
whereby the high dose and low dose regions are averaged over the whole lung. The
percentage lung volume receiving doses higher than a certain threshold dose is another
frequently used parameter (see paragraph 3.2). In our analysis it was observed that the
MLD and the higher threshold dose parameters were preferable above low threshold
dose parameters. In addition, radiographic changes in symptomatic patients are
mainly located in high dose lung regions [107,108]. Consequently, parameters

| 135




Chapter 8

reflecting lung volume receiving high dose might be better suitable for this analysis.
Again, to exclude clinical confounding factors, animal studies should be performed
to evaluate different dose parameters. Nevertheless, our results indicate that new
irradiation techniques with conformal orientated continuous irradiation (with high
percentages lung volume receiving low doses, e.g. rapid arc and tomotherapy) will
not be correlated with an increased incidence of RP.

[56,94,100].

The complexity of scoring RP (paragraph 3.1) may confound the dose-effect
relation. Local dose effect relation derived from follow up SPECT perfusion changes
or follow up CT density changes are other (possibly more objective) endpoints and
has proven to be of additional value predicting radiation induced lung toxicity after
conventional fractionated RT[109,110]. Clinical studies are ongoing to evaluate
sequential SPECT scans after hypofractionated RT. Since the differences between
the LQL model and LQ model originate from the high dose region, especially dose
effect relations in the high dose region are of interest which can be derived from
SPECT and CT scans. Another reason to study this is that higher doses per fraction
is mainly influencing late term toxicity; late responding tissue is observed to have
more bending (i.e. lower o/ ratio,) than early responding tissue. Because late term
toxicity is clinically difficult to evaluate (paragraph 3.4), again, SPECT and CT
changes are interesting end-points to evaluate the LQL model.

5. Accurate Targeting of the Irradiation

5.1 Setup errors

The introduction of 3D conformal RT and intensity-modulated RT (IMRT) enables
conformal delivery of the irradiation to the tumour with the advantage of sparing
normal tissue. However, the delivery of dose to the tumour with a conformal treatment
plan is more difficult than if large irradiation fields are given since the position of the
target is subject to geometric uncertainties due to variability in patient positioning
and internal organ motion [111,112]. These geometric uncertainties can be divided
in random errors (o) (i.e. deviations that occurs between different fractions) and
systematic errors (X) (i.e. deviation between the patient/tumour position of the
treatment plan and the average patient/tumour position during treatment).

5.2 Electronic Portal Imaging Device

Setup errors can be verified by electronic portal image device (EPID) measurements
performed during the treatment using the megavolt photons of the linear accelerator
as source. According to these measurements, corrections can be performed in
the remaining number of fractions (i.e. off-line correction protocol). An off-line
correction protocol is reducing the systematic errors (random errors can only be
corrected by an online correction protocol). Studies evaluating these setup errors
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found similar results in the order of about 2 mm in all directions [113-115].
However, the accuracy of the EPID measurements itself could not be evaluated
because a reference procedure (i.e. golden standard) was lacking.

5.3 Conebeam CT Scanner

A CBCT scanner consists of akV source and imager with the central axis perpendicular
to the treatment beam verifying the position of anatomical structures and tumour
[116]. Consequently, the data from the kV CBCT allows accurate measurements
of the systematic and random setup errors. With the introduction of the kV CBCT
differences measured by EPID and CBCT according to the patient setup could
be evaluated accurately (Chapter 7). The setup errors measured with CBCT were
generally larger than those measured with EPID whereby the largest difference was
observed in the cranial-caudal and anterior-posterior direction. Because it can be
assumed that the CBCT system is the golden standard (confirmed by the highly
accurate and precise measurements [117]) it should be questioned what causes the
difference between the CBCT and EPID. First, the time interval between the CBCT
and EPID measurements might introduce differences. However, Van Herk et al.
[118] investigated the time interval between the CBCT registration and the EPID
measurements. They observed that differences between the digital reconstructed
radiographs (DRR) from the CBCT scans and the corresponding EPID images were
smaller than < 1 mm [119]. Rotations (which can be measured by CBCT and not
by EPID [120]) were not expected to influence the results significantly since only
a weak correlation between the rotations and the differences between CBCT and
EPID was observed (Chapter 7). It might be hypothesized that the region of interest
(ROI) on the EPID (the vertebra, clavicles and ribs) is more subject to (respiratory)
motion than the ROI of the CBCT. This should have resulted in larger setup errors
for the EPID compared to the CBCT (region of interest was the vertebra). However,
this is the opposite of what was observed (Chapter 7).

Registration of the images of the EPID is more difficult due to the poorer quality
compared to CBCT images. As a result, fewer corrections might be applied because
they were not considered as necessary. Consequently, an underestimation of the
setup error, which was statistically significant, was found (Chapter 7).

5.4 Correction protocols

For conventional fractionated RT treatment schedules mainly off-line correction
protocols are used to correct for systematic setup errors. However for hypofractionated
regimens only a few fractions with a very high dose are given and high irradiation
accuracy is a necessity whereby also random setup errors should be minimized. Also
inter-fraction changes of tumour volume, tumour position and pulmonary anatomy
and a differential motion between multiple targets can have a major influence on the
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delivered dose. Knowledge of the target position(s) and motion is therefore essential
before irradiation. Using an online correction protocol whereby not only the patient
position is verified but also the target position and motion is determined is possible
by the introduction of a 4D-CBCT scan. This scan provides information whether the
current treatment plan is covering the target or that the position should be corrected
before the irradiation is delivered. In current practice, before all hypofractionated
irradiation fractions a 4D-CBCT is performed. For conventional RT treatments a
4D-CBCT is acquired weekly (after a daily acquisition in the first week).

5.5 Dose Escalation and Adaptive Radiotherapy

For higher tumour control probabilities (TCP) dose escalation is needed. For
total doses up to 66 Gy, only 17 % one year tumour control is observed (without
chemotherapy) [121]. TCP modelling studies estimated that for a TCP of 50% the
dose should be escalated to more than 84 Gy in fraction doses of 1.8-2 Gy [122].
Since dose escalation is limited due to toxicity reduction of the normal tissue dose
is needed. 4D CT treatment planning [123], the use of specific respiratory position
scans (i.e. mid-ventilation scan) [124] and modified IMRT techniques [125,126]
can reduce the normal tissue dose as retrospectively observed in dose modelling
studies. Limiting the dose escalation to specific tumour regions of interest and not
the whole tumour (paragraph 2.1 and 2.2) may also limit the dose to the normal
structures. The success rate of these techniques is dependent on the accuracy of the
knowledge of the tumour position (and specific tumour regions). Consequently, the
introduction of accurate imaging modalities (e.g. CBCT) on the treatment machines
whereby adaptive RT can be applied will have a major impact on the prognosis of
lung cancer patients in the near future.
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Appendices
Summary

Lung cancer is the most common cause of cancer related deaths. Radiotherapy (RT)
is an important treatment modality for lung cancer patients since many patients
are inoperable. The inoperability is caused by the often advanced stage of lung
cancer at presentation but also because the physical performance of many patients
is insufficient to undergo surgery (often due to pulmonary comorbidity).

The prognosis of irradiated lung cancer patients is poor due to a high probability
of eatly progression of the tumour and/or metastasis. To improve the prognosis,
higher doses should be given to the tumour and the selection of patients benefitting
from this higher doses should be improved. Currently, the choice of treatment,
which are categorized fractionation schemes, are mainly determined by the tumour
stage and the patients’ physical performance. Individualized regimens whereby the
dose to the tumour is escalated as function of tumour/patient characteristics and
normal tissue tolerance is a promising treatment approach. This new principle of
treatment requires advanced irradiation techniques, adequate models predicting the
normal tissue complication probability and a good patient selection. These topics
are evaluated and discussed in the studies included in this thesis.

["*F]fluorodeoxyglucose (FDG) positron emission tomography (PET) scans is
a standard investigation performed during the work up of lung cancer patients
for staging and RT delineation purposes. The FDG uptake in the tumour can be
determined by the Standardized Uptake Value (SUV). The maximum SUV was
of significant prognostic value for the disease specific and overall survival of the
patient (Chapter 2). The prognostic value was independent from tumour stage and
patients’ performance (Chapter 2). As a result, the maximum SUV value can play an
important role in the selection of patients and tumour regions benefitting from dose
escalation which is investigated in ongoing studies.

Normal tissue complication probability (NTCP) models are important to estimate
the risk of adverse events. A dangerous side effect for lung cancer patients is
radiation pneumonitis (RP). Previous studies found a relation between dose and RP
after conventional fractionated RT. No functional lung parameters were found to
have a contributively value to predict RP prospectively and the lung dose remains
the most important parameter estimating the probability of RP (Chapter 3). The
difficulty to improve predictive models reflects the complexity of this topic and the
need for more studies.

Calculating tumour control and normal tissue complication probabilities from dose
parameters requires a dose conversion. For conventional fractionated RT the linear
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quadratic (LQ)) model is extensively validated and generally used for dose conversion
to estimate the probabilities of clinical endpoints (i.e. tumour control and normal
tissue toxicity). Although the use of hypofractionated RT for lung tumours is
increasing, the relation between dose and RP is unknown. Also the applicability of
the LQ model is uncertain.

A similar relation between the probability of RP as function of the dose was
observed between hypofractionated RT and conventional fractionated RT (Chapter
4). Moreover, the time onset of RP was similar between hypofractionated RT and
conventional fractionated RT (Chapter 4).

The LQ model can also be used for the dose conversion after hypofractionated
RT to estimate the probability of RP (Chapter 6). Modifications of the LQ model
according to cell data, did not improve the predictive value of the lung dose
predicting RP (Chapter 6). The dose response relation for RP and the validation
of the LQ model after hypofractionated RT is of great interest for current clinical
practise (e.g. irradiating larger tumours and re-irradiations) and future trials (e.g
defining dose constraints).

Since lung cancer has a poor prognosis, little is known about the long term
consequences of RT on the pulmonary function. The pulmonary function of a
group of lung cancer patients fortunate with a long term disease free survival was
irreversible deteriorated at longer follow up (Chapter 5). The pulmonary function of
patients suffering from pulmonary co-morbidity declined more compared to other
patients (Chapter 5). The decline seems to be correlated with the lung dose (Chapter
5). This study is indicative of what can be expected if the prognosis of lung cancer
patients is improving, As a result, all possibilities to limit the lung dose should be
investigated, explored and applied.

More sophisticated irradiation techniques whereby higher doses to the tumour
and lower doses to normal structures can be planned and delivered are dependent
of the verification of what is thought to be irradiated and what is truly irradiated.
Consequently, appropriate imaging techniques, visualising the regions of interest
(tumour and normal structures), before and after irradiation are of greatimportance.
The introduction of linear accelerators equipped with a Cone Beam CT (CBCT)
scanner is a major improvement for visualising the tumour and normal structures.
Nevertheless, older verification techniques are still in wide spread use.

Comparing the CBCT with the older verification technique showed significant
difference (Chapter 7). The patients setup variability is underestimated if the older
technique is used (Chapter 7). Knowledge about this difference is important for the
irradiation of patients and new treatment protocols should only be implemented
with much caution and sufficient quality control.
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Samenvatting

De meest voorkomende kanker gerelateerde sterfte is long kanker. Radiotherapie
(in bepaalde omstandigheden gecombineerd met chemotherapie) is een belangrijke
behandeling tegen longkanker. Veel patiénten kunnen niet geopereerd worden
doordat de ziekte in een te ver gevorderd stadium is bij de diagnose of omdat de
tysieke toestand te slecht is om een operatie te ondergaan (vaak ten gevolge van long
ziekten die ook veroorzaakt zijn door roken).

De prognose van veel bestraalde longkanker patiénten is niet goed en de kans is
groot dat de tumor terugkomt of uitzaait. Om de prognose te verbeteren na
bestraling moet een hoge(re) bestralingsdosis aan de tumor worden gegeven wat
een hogere complicatie kans voor het omliggende weefsel met zich meebrengt.
Daarom moet er meer inzicht komen in welke patiénten baat hebben bij een hoge
dosis en of de risico’s van de hoge bestralingsdosis niet te groot zijn. Momenteel
wordt het bestralingschema met name bepaald door het tumor stadium en de fysicke
conditie van een patiént. Geindividualiseerde behandelingsschema’s waarbij de
dosis voor de tumor verhoogd wordt athankelijk van specifiecke tumor en patiénten
factoren en de tolerantie van omliggende normale weefsels is een werkwijze die een
verbetering van de prognose kan betekenen. Echter, deze aanpak vergt geavanceerde
bestralingstechnieken, modellen die normale weefsel schade kunnen voorspellen en
een goede selectie van patiénten. Deze factoren worden bestudeerd en besproken in
dit proefschrift.

Een ["F]fluorodeoxyglucose (FDG) positron emission tomography (PET) scan
is een standaard onderzoek die gemaakt wordt bij long kanker patiénten om de
uitgebreidheid van de tumor en mogelijke uitzaaiingen te bepalen (stadiering).
Tevens kan een PET helpen om het tumorgebied te bepalen op de CT scan die
gebruikt wordt voor de dosis planning van de bestraling. FDG is een met radio-
isotoop gemarkeerde glucose analoog die vooral in metabool actieve cellen (0.a.
tumor cellen) gaat zitten. Het radio-isotoop zorgt ervoor dat het tumorgebied met
de metabool actieve tumor cellen zichtbaar wordt voor de PET scan. De activiteit
van de tumor kan worden uitgedrukt met behulp van de Standardized Uptake Value
(SUV). De maximale SUV blijkt een significante voorspeller voor de ziekte specificke
overleving, maar ook voor de algemene overleving na bestraling (Hoofdstuk 2).
Deze voorspellende waarde is onafhankelijk van het tumor stadium en de fysicke
conditie van de patiént (Hoofdstuk 2). Om deze reden zou de SUV een belangtijke
rol kunnen spelen in de selectie van patiénten en die baat hebben bij een hogere
dosis. Deze hypothese wordt in lopende studies onderzocht.

Modellen die de kans op bijwerkingen kunnen voorspellen (NTCP modellen) zijn
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nodig om de risico’s van een behandeling in te kunnen schatten. Longontsteking
veroorzaakt door bestraling (Radiatie Pneumonitis, RP) is een bijwerking die kan
optreden in enkele weken tot maanden na de bestraling. Eerdere studies laten een
relatie zien tussen de bestralingsdosis in het long weefsel en het optreden van RP
na conventionele bestralingsbehandelingen (waarbij ongeveer 2 Gray per keer
gegeven wordt). Longfunctie onderzoeken hebben geen duidelijke bijdrage kunnen
leveren om de voorspelling van RP te verbeteren (Hoofdstuk 3). Om hoog risico
patiénten op basis van longdosis en longfunctie onderzoeken te kunnen identificeren
moeten de resultaten van één groep patiénten in een andere groep patiénten te
reproduceren zijn (dit heet het valideren van studies). Echter bij het uitvoeren van
de validatie van voorspellende modellen, gebaseerd op longdosis en longfunctie,
tussen twee verschillende instituten blijkt de mogelijkheid beperkt (Hoofdstuk 3).
De moeilijkheid om het RP voorspellende model te verbeteren laat de complexiteit
van dit onderwerp zien. Onderzoek naar een verbetering van de voorspelling naar
bijwerkingen is belangrijk en gaande.

Voordat de dosis een voorspellende waarde heeft op de kans van tumor controle en
complicatie moet de dosis geconverteerd worden in een zogenaamde biologische
dosis. Veel studies hebben laten zien dat dit na conventionele bestralingsschema’s
gedaan kan worden met het zogenaamde Lineaire Kwadratische model (LQ model).
Dit is een model die zijn oorsprong vindt bij cel studies maar die in de klinische
praktijk ook toepasbaar is. Dit model is zelfs de basis van bij het berekenen van
de te geven dosissen in gezond en tumor weefsel in de hedendaagse radiotherapie.
De toepasbaarheid bij gehypofractioneerde bestralingen is echter onbekend en
onderwerp van veel discussies. Bij gehypofractioneerde bestralingsschema’s, (hierbij
wordt een veel hogere dosis per fractie gegeven dan bij conventioneel gefractioneerde
bestraling), worden goede resultaten gezien met een hogere kans op tumor controle.
Om deze reden wordt deze bestralingstechniek in toenemende mate toegepast.
Onderzoek naar de relatie tussen dosis en het optreden van bijwerkingen en de
toepasbaarheid van het LQ model is daarom van groot belang bij deze vorm van
bestraling.

Voor RP is de relatie tussen de dosis en de kans van optreden niet verschillend
tussen conventionele bestraling en gehypofractioneerde bestraling (Hoofdstuk
4). Bovendien was het tijdstip dat RP optreed niet verschillend tussen deze twee
technieken (Hoofdstuk 4).

Het LQ model kan op dezelfde manier toegepast worden voor de berekening van
de biologische longdosis na gehypofractioneerde bestraling als bij conventionele
bestralingsschema’s (Hoofdstuk 6). Aanpassingen van het LQ model, toegepast
naar voorbeeld van celstudies, leverde geen verbetering op (Hoofdstuk 6). De
bovenstaande relatie tussen de long dosis en de kans op RP na gehypofractioneerde
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bestraling is van groot belang om de risico’s beter te kunnen inschatten. Deze en
toekomstige studies moeten leiden tot een betere inschatting van de indicaties
voor deze behandeling (b.v. ook grotere tumoren en herbestralingen) en een betere
inschatting van limieten waar toeckomstige studies/behandelingen aan moeten
voldoen. Ook dierstudies zullen hierbij belangrijke (radiobiologische) vragen moeten
beantwoorden.

Vanwege de slechte prognose is er weinig bekend over de lange termijn effecten
van bestraling op de long functie. Met het verbeteren van de prognose door
betere bestralingstechnieken is het van groot belang deze lange termijn effecten
te onderzocken. Uit een groep patiénten die toch een lange ziekte vrije overleving
hadden, blijkt dat de long functie irreversibel verslechterd (Hoofdstuk 5). De
longfunctie van patiénten met een longziekte verslechterde meer in vergelijking met
patiénten zonder long ziekte na bestraling (Hoofdstuk 5). In het algemeen lijkt de
verslechtering te zijn gecorreleerd met de long dosis (Hoofdstuk 5).

Deze resultaten zijn van belang om een inschatting te kunnen maken over wat het
effect van bestraling is op de lange termijn. Alle mogelijkheden om de long dosis te
limiteren zijn van groot belang en zullen geévalueerd en benut moeten worden om
de lange termijn effecten van bestraling te beperken.

Nauwkeurige bestralingstechnieken waarbij een hoge dosis op de tumor en een zo
laag mogelijke dosis aan het normale weefsel kan worden gegeven zijn afthankelijk van
een betrouwbare controle van de bedoelde en de daadwerkelijke bestraling. Om deze
reden is het van groot belang om de locatie van belangrijke structuren (de tumor en
het omliggende normale weefsel) goed in te kunnen schatten. De recente introductie
van de Cone Beam CT (CBCT) scanner op het bestralingstoestel is een belangrijke
stap geweest om de positie van de patiént en de tumor nauwkeuriger te kunnen
instellen tijdens de behandeling, Echter, oudere instel verificatie technieken worden
ook nog steeds veel gebruikt. Hierbij wordt een significante onderschatting gemaakt
bij het bepalen van de variabiliteit van de patiéntenpositie op het bestralingstoestel
(Hoofdstuk 7). Kennis van dit verschil is belangrijk en hiermee moet rekening
worden gehouden bij de bestraling, de ontwikkeling en de implementatie van nieuwe
protocollen.
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LQ-model modification of chapter 6

Appendix of Chapter 6
The LQL model has a lincar-quadratic shaped log-survival curve ad + Bd” below a
threshold dose d; and a linear shaped log-survival curve Ad +& above d;. The LQL

model and its derivative are continuous at the threshold dose:
Ad; +&=ad, +Bd? (1)

A=a+2Bd; (2

Substituting equation 2 into equation 1 yields:

5 =ad; +Bd7 -ad; -2fd7 =-Bd7 (3)

The effect E, g, of the total dose D given in n fractions of dose per fraction d exceeding d;

is thus given by:

Ba
Rl

E,o =n(Ad+5)=nlla+2pd, )0 Bd2)=D a+2pd, -

With the NTD [15] defined as the total dose given in 2-Gy fractions having an equivalent
effect (as determined by the Q) model) as predicted by the LQL model,
ie,Ejq =Eymp = NTD(G + 2,3), the NTD can be calculated as:

2
h
ELQL _DG/B+2dT - d

ey 2+a/B 0O
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Dr. ir. ].J. Sonke, co-promotor. Beste Jan-Jakob, de treshold dose tussen werk en
vermaak is dankzij jou uit de formule geschrapt; bedankt voor de leerzame, gezellige
en inspannende uitstapjes en ik hoop dat je me nog vaak betrekt in jouw interessante
onderzoekslijnen. Niettemin, geen onderzoek in de toekomst zal de ervaring van de
significante resultaten (p<<0.0001) van jouw V70 optimalisatie kunnen overtreffen.

Alle betrokkenen van de afdeling nucleaire geneeskunde & PET research van het
VUMC, bedankt! Dr. R. Boellaard, Beste Ronald, jouw grote hulpvaardigheid was
erg belangrijk bij het analyseren van de PET data, zonder die inzet was de studie niet
mogelijk geweest. Het was mijn eerste inter-institutionele samenwerking en in eerste
stappen zit het vaakst een misstap, ik heb er veel van geleerd.

Dear Prof. dr. H. Shirato, thank you for the opportunity of our collaboration and
the hospitality of you and your department. Dear Dr. M. Ishikawa, dr. G. Bengua
and K. Sutherland, dear Masayori, Gerard and Ken, thank you for your great help
retrieving the data (a tough job), eating with chopsticks (a tougher job), singing in
the Karaoke bar (the toughest job) and finishing the tubes at the Sapporo Summer
Festival (FZAR)).
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Prof. M. van Herk en prof. M. Verheij. Beste Marcel en Marcel, bedankt voor jullie
enthousiaste en inspirerende bijdrage aan mijn onderzoek en opleiding. Ondanks
jullie wat minder unieke voornaam is het wel een uniek voorrecht om op jullie
afdeling te mogen werken. Dear prof. dr. L.B. Marks and dr. Z. Kocak, thank
you for your knowledge and cooperation in our collaborative study. I really hope
new collaborative projects will be started to study and reveal the difficulties in the
treatment of lung cancer patients. De overige leden, prof. dr. E.H.D. Bel, prof. dr.
A.C. Begg, prof endr. ir. C.A. Grimbergen wil ik ook graag bedanken voor het lezen
en beoordelen van mijn proefschrift.

Alle stafleden van de radiotherapie en de long afdeling wil ik graag bedanken voor de
interesse en input van de afgelopen jaren. Beste Jose, het combineren van onderzoek
en kliniek is meer dan één plus één in vele positieve opzichten! Bedankt voor je hulp
bij het optellen van de twee! Beste Michel en Sjaak, collaboration is the key message,
bedankt voor jullie samenwerking, 66k de patiéntenzorg profiteert hiervan.

Beste (oud-)assistenten, bedankt voor de fijne samenwerking en gezelligheid. Deze
zorgt voor een bijzondere en positieve sfeer binnen onze groep waar ik ook tijdens
mijn onderzoeksperiode veel aan heb gehad. De frequentie van onze borrels gaan
net als het onderzoek gepaard met ups en downs waarbij de ups veel leuker zijn. Dus
de conclusie “meer borrels” is wetenschappelijk verantwoord!

ProjO leden, ook al waren mijn projecten een beetje vreemde eenden binnen onze
meetings, jullie input en hulp heb ik zeer gewaardeerd.

Patricia, ik had geen idee wat ik nou wel en niet aan je kon vragen met als gevolg
dat ik nu van alles aan je vraag met als resultaat dat het dan wel goed gaat, bedankt!

Josien, zou je de Japan dataset nog een keer doornemen met d. = 10... Bedankt
voor je grote hulp! En Jasper, zou jij dan 4242042 nog kunnen nakijken... Bedankt

voor al je hulp voor, tijdens en na “de kelder van Sapporo”.

Helaas konden we maar weinig longfunctie onderzoeken gebruiken door de kleine
patiénten groep, maar Marieke, aan jouw inzet heeft het zeker niet gelegen!

Ook voor de statistick geldt weniger ist mehr, of was het nou mehr ist weniger?!
Michael, Vielen Dank fiir deine Hilfe!
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Amai zunne, Stephanie, vanaf onze start moesten we beiden nogal gewoon worden
aan dat Amsterdamse gezwam waar we niet altijd goesting hadden. De pintjes uit
de frigo en de vele babbels hebben ook ‘t straffe begin tot een plezante periode
gemaakt! Merci zeg]

Jochem, je hebt gewoon net zolang gezocht naar een nieuwe baan totdat je net
zo’n bizarre afkorting kreeg als ik; ook dit werk gaat je ongetwijfeld goed af. Veel
vermaak en steun heb ik uit onze verbale en non-verbale interacties gehaald (de
reportback van onze verplichte OIO retraite heeft de lung-meeting vreemd genoeg
nooit gehaald).

Leah, thanks a lot for your help and gezelligheid (en noem je jezelf nu OIFILK of
hangt de kaart nu eindelijk niet meer omgekeerd?)

Maddalena, allerhande vragen kon, kan, mocht en mag ik op je af blijven vuren bij een
door jou onaflatende inzet van alle mogelijke middelen (met name oude statussen en
thesaurus internet programma’s) om ze zo goed mogelijk te beantwoorden (hoe zou
deze zin in het Engels zijn?). Daarnaast had je ook altijd interesse in mijn werk en
privé gerelateerde wel en wee. Bedankt voor dit alles! Jouw inzet is van onschatbare
waarde voor het long onderzoek op de afdeling

Dat ik via mijn werk (of was het nou toch via Sari?) mensen heb ontmoet waarmee
ik zelfs erg gezellige trainingsuurtjes kon door brengen geeft een extra dimensie aan
dit verhaal! Sparringpartners Sander (McEnroe) Veltkamp en Hans (Zoetemelk) te
Poele, bedankt, laten we snel weer wat plannen!

“Focussen, ontregelen en controleren” waren welkome afwisselingen! Jorick, Simon,
Bouke en Sil, nu krijg ik de tijd om ook eens naast de baan te laten zien hoe het (niet)
moet; cheers!

Jeroen, Jeroen en Klaas. De Veluwe, De Molen, De Gelderblom zijn allemaal niet
meer wat het geweest is, gelukkig geldt dit niet voor onze vriendschap. Nu is het
eindelijk echt dr. Snuggles!

Bijzonder dat Belgische zaken als Het Paarse en Konijnen kot, de GB, het RUCA,
Gala pils, TDs en de Buis aan de basis staan van onze oer-Hollandse degelijke
vriendschap (maar dan wel met Bourgondische trekjes). Sander bedankt. Maarten en
Garmt, fijn dat jullie ook nu weer naast me staan!
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Waar een “zoldertje met badjas” avontuur in Amsterdam niet toe kan leiden?! Thessa
en BEwald, super bedankt voor jullie support! Een zorgzamere zus dan mijn grote zus
Marieke bestaat niet. Dankjewell

Lieve pa en ma. Nooit heb ik hoeven of kunnen twijfelen aan jullie onvoorwaardelijke
steun; zonder deze steun was ook dit niet gelukt!

Nou lief (ik zeg alleen maar Sari als er iets mis gaat toch?!), ook dit was weer een
bijzonder avontuur, dit keer geen fotoboek maar 2 promotieboekjes. Dat je me zelfs
nog bij de lay-out wilde helpen (ahum, jij hebt de hele lay-out gedaan...) is een goed
voorbeeld van jouw belangrijke aandeel in onze avonturen. Vol vertrouwen en geluk
kijk ik uit naar onze volgende!

Schip ahoy!
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Appendices
Abbreviations

/P ratio

AP
CBCT
CC
CFRT
COPD
CR
CT
DE
DSS
DLCO
DFH
DSS
DRC
DRR

DVH
EPID
FDG
FEV1
FVC
GTV
Gy
IMRT
kV
Ln(L)
LR
LQ
LQW)
MLD
MpLD

MBq
CTC
NSCLC
NTCP
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the ratio of the linear («) and the quadratic(8) parameters
in the LQ model; often used to quantify the fractionation
sensitivity

anterior-posterior

cone beam CT

cranial caudal

conventional fractionated radiotherapy
chronic obstructive pulmonary disease
complete response

Computer tomography

dose escalation

disease-specific survival

diffusion capacity for carbon monoxide
dose function histogram

disease specific survival

dose response curve

digital reconstructed radiograph
threshold dose

dose volume histogram

electronic portal image device
["*F]fluorodeoxyglucose

forced expiratory volume in 1 second
forced vital capacity

gross target volume

Gray, unit of irradiation

Intensity Modulated Radiotherapy
kilovolt

logarithm of the likelihood function
left-right

Linear Quadratic

Linear Quadratic Linear

mean lung dose

mean-perfusion lung dose

megavolt

Mega Becquerel, unit of radioactivity
Common Toxicity Criteria

non-small cell lung cancer

normal tissue complication probability




NTD
OpRP
0S
OSEM
PD
PET
PFT
PORT
PR
RECIST
ROC
RP

RT

SAL
SBRT
SD
SPECT
SUV
TD
TNM
VA

x50
V70
WHO

Abbreviations

normalized total dose

overall reperfusion weighted response parameter
overall survival

ordered subset expectation maximization
progressive disease

positron emission tomography

pulmonary function test

postoperative radiotherapy

partial response

Response Evaluation Criteria in Solid Tumours
receiver operating curve

radiation pneumonitis

radiotherapy

random setup error

systematic setup error

shrinkage action level

stereotactic body radiotherapy

stable disease

Single photon emission computed tomography
Standard Uptake Value

dose for a 50% complication probability
Tumor, Nodes and Metastasis staging system of cancer
alveolar volume

lung volume receiving doses higher than x
V_fora 50% NTCP

VO70

World Health Organization
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