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8 Chapter I

EPIDEMIOLOGY

In recent decades, many novel approaches in cancer treatment have emerged. As 
a consequence, cure rates of certain tumor types such as breast cancer and non-
Hodgkin lymphoma have increased and survival of patients with metastatic disease 
has been significantly prolonged up to a decade (1, 2). Other tumor entities like lung 
cancer however, remain difficult to treat with mortality rates at 5 years of 85% for all 
stages together and a median survival of around 1 year (3). The majority of patients is 
diagnosed with metastatic disease. Figure 1 depicts the survival curves for the different 
stages in a staging study. 
 
Yearly 10,350 new patients are being diagnosed with lung cancer in the Netherlands, 
the majority with locally advanced or metastatic disease (3). Historically lung cancer 
has been a disease with a higher incidence in male patients. The increased incidence 
of female lung cancer patients over the last few decades of 80% reflects the changing 
proportion between men and women in smoking behavior (3).

The incidence of lung cancer is strongly related with the exposure to toxic substances 
leading to damage to the lungs such as particles in (cigarette) smoke, chemical fumes 
and tar (4, 5). It can induce mutations at the cellular level within the airways. These 
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Survival. Years

6 8 10

 Deaths/N MST 5-year
IA 1168/3666 119 73%
IB 1450/3100 81 58%
IIA 1485/2579 49 46%
IIB 1502/2252 31 36%
IIIA 2896/3792 22 24%
IIIB 263/297  13 9%
IV 224/266  17 13%

Figure 1. Survival according to pathological TNM stage (7th edition). Reproduced with 
permission of J. Thorac. Oncol 2007; 2:706-714, copyright Wolters Kluwer Health.
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mutations may be carcinogenic and contribute to treatment resistance.
Lung cancer can be subdivided in different types: about 80% of the patients present 
with non-small cell lung cancer (NSCLC) and 15% with small cell lung cancer (SCLC) 
and 5% with other infrequent tumors (6). This division in distinct subtypes is important 
for both staging and accordingly the choice of treatment. SCLC is often (subclinically) 
metastasized at diagnosis, behaves more aggressively than NSCLC and is mainly 
treated with a combination of chemotherapy and radiotherapy. NSCLC comprises a 
range of histological subtypes that in early stages can be treated with surgery, in locally 
advanced stages with chemoradiation and in metastatic setting with platinum based 
chemotherapy. To a large extent, the different histological subtypes of NSCLC are 
currently treated the same way. However, more individualized treatment is emerging 
with growing knowledge about the molecular basis of the different subtypes. Indeed, 
in recent years new targeted agents have become available, expanding the oncological 
armamentarium for selected cases.

DIAGNOSTICS AND STAGING

For staging NSCLC the revised, 7th edition of the TNM staging system is used (7). 
Recent addition of FDG-PET/CT scanning to the diagnostic work-up has created a shift in 
staging, identifying more patients with pre-clinical loco-regional and distant metastases 
(8). Therefore, the recent survival shift in various tumor stages is not only reflecting 
improvement in treatment but also stage migration, (or the so called Will Rogers 
phenomena (9)) due to more accurate staging.
 Despite the important contribution of FDG-PET/CT scan to accurate staging 
of lung cancer, histological proof of the disease extension is still needed for complete 
staging, histopathological and molecular characterization and subsequent treatment. 
The tumor can be accessed by bronchoscopy or ultrasound/CT guided trans-bronchial 
biopsy (TBNA). Different lymph node stations can be assessed with endobronchial 
ultrasound (EBUS) fine needle biopsy or via trans esophageal ultrasound fine needle 
biopsy (EUS-FNA) (10). 

GENETIC MARKERS IN NSCLC

In the last decades extensive research has been performed to identify genetic markers 
that differentiate high- and low-risk patients, eventually leading to improved individual 
treatment efficacy. With the discovery of the mutations and deregulated signaling 
pathways involved, a better understanding of tumor types within NSCLC is evolving, 
possibly leading to new targets for individualized patient treatment. Signals, sent out by 
stromal factors, can induce or inhibit growth, cell division or cell migration, contributing 
to tumor development and progression. Disturbed signal regulation is often due to one 
or multiple mutations in specific oncogenes or tumor-suppressor genes. 
Most mutations found in NSCLC are found in the RAS-RAF-MEK-ERK-MAPK signaling 
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pathway, mediating various cellular responses, including proliferation, growth signaling 
and cell survival (11). In this pathway the over-expression of the epidermal growth 
factor receptor (EGFR) and KRAS mutations represents the most prominent molecular 
alterations with 12% and 20% prevalence in NSCLC respectively, in a Caucasian 
population. KRAS mutation often predicts for negative survival without adequate 
therapeutic implications, while certain EGFR mutated tumors can have a prolonged 
average survival when targeted by specific agents. Activating mutations lead to 
overstimulation of the transmembrane glycoprotein of EGFR, in NSCLC often caused 
by the deletion of exon 19 or a point mutation in exon 21 (12). EGFR tyrosine kinase 
inhibitors (TKIs) such as erlotinib or gefitinib are small molecules, which bind reversibly 
to the intracellular adenosine triphoshate (ATP) binding site of the EGFR cascade. 
Normally ATP causes transphosphorylation assembling protein complexes, transducing 
signaling cascades and activating various biochemical processes. The ATP inhibition 
by erlotinib or gefitinib hampers the protein assembling and thus signaling cascades 
and process activation are not initiated (13). Cetuximab is a monocolonal antibody 
that binds to EGFR specifically. By this binding ligands of EGF and transforming growth 
factor (TGF) are prevented from interaction and therefore block specific ligand induced 
phosphorylation of EGFR (14).
 Transmembrane receptors have an extracellular ligand-binding domain. The 
ligands of EGFR include epidermal growth factor (EGF), amphiregulin (ARG), epiregulin 
and TGFα (15). EGFR activation causes phosphorylation of specific sites of the tyrosine 
kinase domain and thereby activates different pathways including the mitogen-
activated protein kinase pathway (MAPK) enhancing angiogenesis, anti-apoptotic 
signaling and proliferation (16). Therefore EGFR, if over stimulated, as occurs in certain 
cancer types, can cause pro-survival activities and treatment resistance (16, 17). 
Recent developments indicate that in the future, patients might be classified based 
on the specific molecular profile of their tumors. Recently developed targeted agents 
affect different elements of the RAS-RAF-MEK-ERK-MAPK signaling pathway, with many 
studies ongoing.

CURRENT TREATMENT IN STAGE I-IIIB NSCLC

Early stage NSCLC
Surgery is the preferred treatment in early stage (I- IIb) NSCLC. Only a minority of 20% 
of the patients is suitable for radical surgery at diagnosis. About 50% of these patients 
will be cured. A lobectomy with lymph node sampling and/or dissection is the standard 
treatment and is associated with less morbidity compared to a pneumonectomy. For 
elderly or inoperable patients, with comorbidity, stereotactic irradiation can be a good 
alternative to radical resection in early stage- lymph node negative patients (18). 
The 5-year survival after radical resection for patients with lymph node negative disease 
is 54-73% and for lymph node positive (N1) patients is 38-48% (19, 20). Neoadjuvant 
chemotherapy has contributed little to survival and postpones the radical resection, 



11General introduction and outline of the thesis 

leaving probability for disease progression in the mean time (21). Adjuvant radiotherapy 
is indicated if the tumor resection was irradical or after unforeseen positive lymph 
nodes have been diagnosed (22). In patients with positive mediastinal lymph at 
histopathology, adjuvant cisplatin based chemotherapy is advised to improve survival 
by 4% at 5 years (23).

Locally advanced NSCLC 
About one third of the patients have locally advanced disease without distant 
metastasis, stage IIIa or IIIb, at the time of diagnosis. In locally advanced NSCLC 
a tumor can extend in surrounding vascular or bony structures and/ or a tumor is 
accompanied with mediastinal and/or hilair and/or supraclavicular lymph node 
spread. The preferred treatment is a multimodal approach, consisting of concurrent 
platinum-based chemotherapy and high dose radiotherapy. This approach has been 
studied in the eighties and early nineties of the last century. Cisplatin concurrently 
added to radiotherapy has improved survival with low and manageable toxicity. This 
improvement is related to higher loco-regional control rates (24). Later on, concurrent 
combinations were compared with sequential combinations (25). In a meta-analysis 
the concurrent treatment appeared to be superior to the sequential treatment (26). 
The data of the 5-year survival rates range from 19-38%. In our institute concurrent low 
dose daily cisplatin as radio-sensitizing chemotherapy is the treatment of choice. The 
low toxicity opens possibilities for adding new agents to further improve the overall 
survival.

Radiotherapy in locally advanced NSCLC
The technology of delivering radical radiotherapy is rapidly evolving with improved 
imaging for position verification and adaptation, allowing for higher treatment and 
dose delivery precision. Four dimensional CT scanning (27) has given more insight into 
respiratory motion of the tumor during the treatment planning phase and a (4D) Cone 
Beam CT (CBCT) scan integrated within the linear accelerator provides insight in the 
mobility over the course of treatment (28, 29). Detection of anatomical changes during 
treatment such as tumor regression and shifts of the target volume permits treatment 
plan adaptation (30). While such geometric variability of the primary tumor has been 
studied since the clinical introduction of in room imaging, reliable information on 
the position variability of the lymph nodes in the mediastinum is still lacking. As no 
contrast is administered for daily CBCT the lymph nodes cannot be discriminated from 
surrounding tissue. Therefore, current safety margins used for mediastinal lymph nodes 
to correct for different uncertainties during treatment have been very generous.
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NOVEL TREATMENT ENTITIES

Recently the development of new therapeutic entities such as erlotinib and gefitinib 
has led to increased progression free survival, mainly in stage III and IV disease (31-
33). Patients who benefited were selected on a molecular base (34, 35). Compared to 
traditional chemotherapy the targeted agents have a favorable toxicity profile, existing 
mainly of skin rash and diarrhea (32). 
 Little is known about these agents in treatment of early stage NSCLC. The 
new combinations of existing and novel treatments have to be tested. The advantage 
of neoadjuvant use of these agents is that it allows verifying whether they reach 
their target at sufficient concentration. In this context, it is important to emphasize 
that targeted agents should be administered at Biologically Effective Doses, whereas 
conventional chemotherapeutics are usually dosed at maximal tolerated levels. 
 Predictive tests for different treatment modalities would be useful tools for 
individualized treatment. The question is what predicts the patients’ sensibility and 
response for erlotinib. So far clinical selection criteria included: adeno carcinoma, 
female gender, Asian origin and non-smoking. These patients benefit most from TKI-
EGFR treatment (31, 34, 36, 37). While exploring patient specific predictive markers, 
both serum and tumor tissue contain valuable individual information on tumor 
behavior. Serum concentrations of erlotinib may explain differences in treatment 
efficacy, while specific serum markers as biomarkers from the tyrosine kinase domain 
may be an index of disease expression and - during treatment - of treatment effect. 
Serum EGFR and other markers as transforming growth factor (TGFα), insulin like 
growth factor (IGF) or amphireguline (ARG) can be measured as predictive indicators. 
 Information on RNA, gene mutation status and kinase activity from tumor 
tissue is emerging. However, retrieving sufficient tumor tissue in patients who do not 
undergo surgical resection is often challenging. Therefore both predictive serum tests 
and additional information retrieved from tumor cells remain an important focus in 
identifying response predicting biomarkers to new treatment agents. 

In summary: the current management of NSCLC faces challenges in predictive testing as 
well as in the optimization of current and combinations with novel treatment entities. 
In this thesis various aspects of these challenges are investigated as outlined below. 
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OUTLINE OF THIS THESIS

The different studies described in this thesis focus on better understanding of 
individualized diagnostics, response evaluation and multi modality treatments in 
NSCLC patients. In part I the novel biological agents erlotinib and cetuximab are 
evaluated in a new, multimodality treatment setting in resectable and locally advanced 
patients, respectively. Part II focuses on improving radiotherapy by mediastinal lymph 
node position variability analysis and image guided corrections, in locally advanced 
NLCLC. 

PART I: EXPLORING THE EGFR PATHWAY; NOVEL AGENTS ERLOTINIB AND 
CETUXIMAB IN A MULTI MODALITY TREATMENT SETTING

A phase II study has been conducted on the effect of erlotinib, in a neoadjuvant setting 
in patients with early stage, resectable NSCLC. Chapter II reports the toxicity and 
response evaluation of this phase II study. Chapter III describes the validation of a 
method to determine the concentration of erlotinib in serum and the primary lung 
tumor, while chapter IV this method is applied for patients from the neoadjuvant 
erlotinib trial. Chapter V shows the value of predictive serum markers during and 
after treatment with neoadjuvant erlotinib. Chapter VI presents the results of a newly 
developed tyrosine kinase inhibition profile, predicting response to neoadjuvant 
erlotinib. In chapter VII the addition of cetuximab to our current clinical standard of 
radical irradiation concurrently combined with daily low dose cisplatin tested in a pilot 
setting is described. Response evaluation and toxicity are reported in a feasibility study.

PART II: IMPROVING IMAGE GUIDED RADIOTHERAPY FOR NON-SMALL CELL LUNG 
CANCER PATIENTS

In Chapter VIII it is demonstrated that gold fiducial markers capture considerable 
mediastinal lymph node position variability during radical radiotherapy in repeat CBCT 
scans. This is a proof-of-principle study including 15 patients. Chapter IX continues 
with the complete and mature results of this study including 52 evaluable patients. The 
effects of lymph node position variability, differential motion between lymph nodes and 
primary tumor and adapted margins to account for this variability are described.
Chapter X provides a general discussion and future perspectives on the multimodality 
approach towards individualized non-small cell lung cancer treatment.
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ABSTRACT

Background | The development of ‘targeted therapy’ has induced new options to 
improve treatment outcome in selected patients. The objective of this prospective 
study was to investigate the safety of preoperative erlotinib treatment and the (in vivo) 
response in patients with early stage resectable non-small cell lung cancer (NSCLC).

Patients and Methods | This study was designed as an open-label phase II trial, 
performed in four hospitals in the Netherlands, according to a Simon’s minimax 2-stage 
procedure. Initially, operable patients with early-stage NSCLC (n=15) were entered 
from an “enriched” population (never-smoker, female gender, non-squamous histology 
or Asian ethnicity), thereafter unselected patients were included to a total of n=60. 
Patients received preoperative erlotinib 150 mg once daily for 3 weeks. Response to 
treatment was evaluated using [18F]-FDG-PET/CT and CT scans during treatment and 
histological examination of the resection specimen. Primary endpoints were toxicity 
and pathologic response.

Results | Sixty patients were included. Seven patients stopped treatment prematurely 
(12%). Skin toxicity was present in 37 patients (62%), diarrhea in 21 patients (35%). 
PET evaluation revealed metabolic response (>25% SUV decrease) in 16 patients (27%), 
CT evaluation using RECIST showed response in 3 (5%). At surgery, no unexpected 
complications occurred. Pathologic examination showed >50% necrosis in 14 patients 
(23%), of which 3 (5%) had >95% tumor necrosis. The response rate in the enriched 
population was 34% (10/29 pts).

Conclusion | According to predefined criteria, neoadjuvant erlotinib has low toxicity and 
sufficient activity to deserve further testing in future studies in an enriched population. 
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INTRODUCTION

A minority of patients with non-small cell lung cancer (NSCLC) present with localized 
disease (1). Treatment for early stage disease in fit patients is focused on curative 
surgery. Unfortunately, 5-year survival varies from 36 to 73% after resection with 
curative intent (2;3). Disease recurrence will become apparent in at least 40% of these 
patients, often by distant metastases suggesting that early stage NSCLC is frequently 
a micrometastatic disease at diagnosis (4;5). For this reason adjuvant cisplatin-based 
therapy is advised for patients with a completely resected NSCLC with hilar metastases 
(6;7). The overall survival effect of these adjuvant therapies is modest with an estimated 
benefit of 4-8% at 5 years (8-10). Chemotherapy may be used in a neoadjuvant setting, 
but the magnitude of the effect is as limited as in the adjuvant setting (11). 

The development of “targeted therapy” has induced a new era of clinical research 
with promising results. Possibilities to improve survival in patients with NSCLC include 
combinations of standard therapy combined with a more individualized treatment 
approach based on serum- and tissue markers (12-14). 
 The Epidermal Growth Factor Receptor (EGFR) is over-expressed or may harbor 
activating mutations in several solid tumors including NSCLC. Inhibition of this receptor 
can decelerate tumor growth and induce objective responses in a subset of patients, 
depending on either clinical characteristics or molecular parameters (15;16). Erlotinib is 
a small-molecule EGFR tyrosine kinase inhibitor (EGFR-TKI). It blocks the tyrosine kinase 
domain of EGFR, thereby inhibiting downstream signaling pathways involved in tumor 
cell proliferation, angiogenesis, invasion and metastasis and prevention of apoptosis. 
It can be orally administered and has a relatively mild toxicity profile. It has shown to 
be effective in patients with advanced NSCLC and is approved by the FDA and EMEA for 
treatment of patients with advanced (chemotherapy-refractory) NSCLC (17). 
The objective of this study was to evaluate the efficacy of a short course of preoperative 
erlotinib in patients with early stage NSCLC, eligible for surgical resection. This report 
presents the results of toxicity and radiologic, metabolic and pathologic response.
 
PATIENTS AND METHODS

Study design
This study was designed as an open-label, non-comparative phase II study performed 
in four hospitals in The Netherlands (The Netherlands Cancer Institute-Antoni van 
Leeuwenhoek hospital (NKI-AVL), Amsterdam; Kennemer Gasthuis, Haarlem; HAGA 
Hospital, The Hague, and the University Medical Center Maastricht. The study was 
approved by each local independent ethics committee and was designed in accordance 
with GCP guidelines. 
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First, 15 patients with resectable NSCLC from a selected (“enriched”) population (≥ 2 
of the following features: female, adenocarcinoma, non-smoker, Asian) were enrolled. 
After evaluation of treatment in these patients by the safety committee, another 
45 unselected patients were included (see statistical consideration). All 60 patients 
received, prior to resection, neoadjuvant erlotinib daily during an intended course of 
three weeks. Written informed consent was obtained from each patient before the 
start of study treatment. The primary endpoint was pathological response. Secondary 
endpoints were toxicity, radiological and metabolic response; progression free survival 
(PFS) and overall survival (OS). 

Eligibility
Patients with newly diagnosed resectable NSCLC, i.e. clinical T1-3 N0-1, were allowed 
to enter the study. In addition, patients with separate tumor nodule in a different 
ipsilateral lobe (T4) or patients with a controlled solitary (brain) metastasis were 
considered for inclusion. All patients were evaluated in a multidisciplinary meeting 
prior to study entry. The diagnosis had to be histologically proven or highly probable (> 
95%) based on medical history, chest X-ray, spiral CT-scan, bronchoscopy and [18F]-
FDG-Positron Emission Tomography (PET/CT scan). Patients had to be fit for surgery 
with an Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1, and 
to be neither pregnant nor breast feeding. Further exclusion criteria were continuation 
of smoking (18), ophthalmologic abnormalities (causing dry eyes), unwillingness or 
inability to wear glasses instead of contact lenses during treatment, or prior malignancy 
treated with HER1/EGFR inhibitors. 

Treatment schedule 
Preoperative treatment consisted of one tablet of 150 mg erlotinib daily for a period 
of 3 weeks, and was stopped 72 hours prior to surgery. This duration of treatment was 
chosen to fit within the “preoperative window”. Patients were examined every 10 days 
for adverse events (Common Toxicity Criteria v3.0). In case of toxicity that was not 
controllable by medication, by optimal supportive care, or not tolerated by the patient, 
the daily dose of erlotinib was decreased in steps of 50 mg or discontinued. CT as well 
as FDG-PET/CT scans were performed at 21 days from the start of erlotinib treatment. 
Surgical resection was scheduled in the fourth week after start of treatment and 
involved a radical resection of the tumor, preferably by lobectomy, and regional lymph 
node dissection (with sampling of at least three hilar and three mediastinal lymph node 
stations). 
 
Tumor specimens and imaging data were sent to the NKI-AVL for central review and 
analyses. CT scans and FDG-PET/CT scans performed after treatment with erlotinib 
were compared to baseline scans. All CT scans were interpreted by the same radiologist 
(H.T.). Radiological tumor response was assessed following RECIST measurement 
criteria 1.1(19) yet after 21 days of treatment. FDG-PET/CT imaging was performed using 
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a hybrid system (GeminiTF, Philips, Eindhoven, the Netherlands) 60 minutes after tracer 
injection and was evaluated by one nuclear physician (R.V.O.). PET/CT imaging was only 
evaluable when scans were acquired with the same scanner, acquisition protocol and 
reconstruction software, and with similar intervals from tracer injection to scanning. 
Metabolic response was assessed following the EORTC criteria for tumor response (20). 
FDG tumor uptake was quantified using SUVmax (maximum activity concentration of 
FDG divided by the injected dose and corrected for the body weight of the patient). For 
the determination of the SUVmax, the maximum FDG-uptake was searched within the 
volume of the primary tumor. These regions of interest (ROI) were manually drawn.
The resection specimens were scored for residual vital tumor and the presence of 
morphological signs of therapy-induced regression such as foam cell reaction, giant cell 
reaction, cholesterol clefts and fibrotic alterations (Junker classification (21)). Before 
initiation of this study, 35 resection specimens of NSCLC patients were evaluated for 
histological patterns of spontaneous and treatment-induced tumor regression. In 
treatment naive patients, specimens (n=23) showed a mean percentage of necrosis of 
22% (95%-CI 15-29%, range 0-50%), specimens after neoadjuvant chemo(radio)therapy 
(n=12) showed a mean necrosis percentage of 55% (95%-CI 38-72%, range 20-100%.). 
For reporting in this study, a cut off of 50% necrosis (with morphological signs of 
therapy-induced regression) was used for pathological response. 
 Of the formalin-fixed resection samples, areas with macroscopically (most) 
viable tumor tissue were paraffin-embedded and serial sections were stained with 
haematoxylin and eosin. Mutation testing was performed centrally at the certified 
laboratory of the NKI-AVL. EGFR and KRAS mutation status were determined in the 
postoperative material by isolating DNA from formalin-fixed paraffin-embedded tumor 
samples. For EGFR mutation analysis, exons 18–21 were PCR amplified using exon-
specific primers (exon 18-21). For KRAS mutation, analyses of codon 12 and 13 were 
carried out with forward and reverse primer.
 
Statistical considerations
A Simon’s minimax 2-stage procedure was applied, to provide 80% power to declare 
the treatment sufficiently active if the pathological response rate was 30% or more, 
and 5% probability (alpha=0.05) to wrongly declared it active when the response 
rate (pCR+pPR) was 10% or less (p0=0.10, p1=0.30) (22). First, 15 patients from an 
“enriched” population were entered into the study and the response was evaluated. As 
determined in advance, the threshold was at least two responses to continue the study. 
At this point, eligibility criteria were broadened to allow inclusion of an unselected 
population of eligible NSCLC patients. If five or less responses would be observed within 
the expected total 25 patients of the enriched population (15 from the first step and 
10 additional), it would be concluded that this treatment has insufficient activity to 
deserve further testing in future studies. 
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RESULTS

From December 2006 until November 2010, 60 patients with NSCLC (or highly probable 
NSCLC) eligible for surgical resection were enrolled in this multicenter study (Figure 1). 
In 56 patients, preoperative biopsy showed malignancy matching NSCLC (93%). Twenty-
nine patients fulfilled the criteria of the enriched population, and the other 31 patients 
did not meet these criteria (non-enriched population). Median age was 64 years (range 
37 – 74 years). Clinical and histological data for all patients are listed in Table 1. Median 
follow-up, until December 2011, was 30 months (range 3-58 months). 

Treatment toxicity and feasibility
Forty-two patients completed 21 days of erlotinib treatment using 150mg/day. In 
seven patients, surgery was planned before day 21; these patients used erlotinib 
15-18 days. In four patients the dose was reduced to 100mg/day and seven patients 
stopped erlotinib prematurely due to toxicity (after 8 - 15 days). In most patients, no 

Inclusion N= 60
Malignancy (NSCLC) proven N= 56

Highly probable N= 4

Radiological evaluation
Spiral CT scan

Metabolic evaluation 
18-FDG-PET scan

Erlotinib treatment
Full 21 day treatment N= 42

15-21 days N= 9
< 15 days N= 9

Pathological evaluation 
Resection N=56 

Chemoradiation N=2
Palliative treatment N=2

Adjuvant therapy
Chemotherapy N= 12

Erlotinib N=1
Mediastinal radiotherapy N=4

Figure 1. Patient flow diagram  
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Characteristics Total population 
Enriched 

population Unselected population 
  n= 60 % or range  n=29 % or range  n=31 % or range 
Gender M/F 26/34 43-57  3/26  11-89  23/8 72-28 
Median age at diagnose 64 36-76 59 36-73 64 50-76 
Smoking status             

Never 14 23 14 48 0 0  
former 27 45 8 28 19 61 
current 19 32 7 24 12 39 

Clinical Stage: pre treatment             
IA 18 30 13 45 5 16 
IB 18 30 7 24 11 36 
IIA 7 12 3 10 4 13 
IIB 9 15 3 10 6 19 
IIIA 5 8 2 7 3 10 
IV 3 5 1 3 2 6 

Histology             
Large cell 5 8 1 3 4 13 

Squamouscell 12 20 0 0 12 39 
Adenoca 38 63 26 90 12 39 

Bronchio alveolar Ca 1 2 0 0  1 3 
LCNEC 1 2 0  0 1 3 
Other 3 5 2 7 1 3 

Pathological stage             
No tumor 1 2 0  0  1  3 

IA 18 30 10 35 8 26 
IB 14 24 7 25 7 23 
IIA 4 6 2 7 2 6 
IIB 4 6 2 7 2 6 
IIIA 12 20 4 14 8 26 
IV 4 6 1 2 3 9 

Other than NSCLC 3 5  3  10  0 0 
Mutation status             
EGFR mutation 7 12 5 17 2 6 
                    Exon 19/ Exon 21  4/2    4/1   0/1   
                    Exon 20 1   0   1   
      No EGFR mutation 47 78 21 72 26 84 
      Not assesed 6 10 3 10 3 10 
K-ras mutation 12 20 6 21 6 19 

Codon 12/codon 13 12   6   6   
      No K-ras mutation 42 70 20 69 22 71 
      Not assesed 6 10 3 10 3 10 
 
  

Table 1. Patient and tumor characteristics.
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unexpected toxicity was seen. Skin rash and diarrhea were common but often mild 
(Table 2). Side effects dissolved within seven days after treatment in all patients but 
one, who showed an acneiform skin rash up to three weeks after the end of treatment. 
Median time between the last day of erlotinib and surgery was 3 days (range 1-20 days). 
Fifty-six patients underwent a lobectomy or segment resection, no pneumonectomy 
was performed. Four patients turned out to have unresectable disease due to local 
tumor invasion (n=2) or malignant pleural effusion (n=1, pleural nodules in retrospect 
noticeable on baseline CT-scan), or N2 disease on the repeat PET scan (n=1, proven by 
mediastinoscopy). They received chemoradiation or chemotherapy. Median duration 
of hospital stay was nine days (range 5 – 17 days), including one day (range 0 – 7 
days) at the intensive care unit. No unexpected per- or postoperative complications 
were seen. Postoperative complications were pneumonia (n=1), anemia requiring 
blood transfusion (n=2), persisting air leak (n=1), and urinary retention (n=2). No re-
interventions were necessary, and there were no postoperative deaths.
 Histology showed NSCLC in 56 patients, LCNEC (carcinoid) in one patient, a 
pulmonary metastasis of breast cancer in one patient, a B-cell non-Hodgkin lymphoma 
in another patient and in one patient no vital tumor cells were found in the suspected 
lesion. 

RESPONSE EVALUATION
Figure 2a and 2b provide an overview of radiological, metabolic and pathological 
responses per patient. Radiological partial response (PR), measured by CT after 
three weeks of erlotinib treatment, was seen in 3/60 patients (5%), all in the enriched 
population. Metabolic partial response, measured by PET scan was present in 16/60 

Table 2. Toxicity according to the CTC 3.0 criteria for all patients treated with erlotinib 
(n=60). 

Table 2.  

Toxicity according to the CTC 3.0 criteria for all patients treated with erlotinib (n=60). 

Toxicity grade 1 grade 2 grade 3 grade 4 Total 
Rash  13 19 5 0 37 
Dry skin 9 4 0 0 13 
Pruritus 2 5 0 0 7 
Diarrhea 13 6 2 0 21 
Nausea/ vomiting 4 0 0 0 4 
Mucositis 1 3 0 0 4 
Fatigue  6 0 1 0 7 
Anorexia 1 1 0 0 2 
Dry eyes 0 8 0 0 8 
Blurry vision 1 0 0 0 1 
Infection/pneumonitis 0 2 1 0 3 
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Figure 2a. Shows the individual response: each coloured bar indicates the response of an individual patient 
showing a) SUVmax aft er 3 weeks of erlotinib as compared to baseline SUVmax [%], b) Tumor diameter aft er 3 
weeks of erlotinib as compared to baseline CT [%], c) Relative amount of tumor necrosis [%] in resection specimen 
(4 tumors indicated by x were unresectable).The striped bars indicate patients with EGFR mutated tumor.
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Figure 2b. Shows the individual response in the enriched population: each 
coloured bar indicates the response of an individual patient showing a) 
SUVmax after 3 weeks of erlotinib as compared to baseline SUVmax [%], b) 
Tumor diameter after 3 weeks of erlotinib as compared to baseline CT [%], c) 
Relative amount of tumor necrosis in resection specimen [%]. The striped bars 
indicate patients with an EGFR mutated tumor.
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Table 3. Tumor response A) according to study design. B) according to mutation status.

A Tumor response according to study design (n=60) 

 Total population 
Enriched 

population 
Unselected 
population 

  n= 60 % or range  n=29 % or range  n=31 % or range 

Median Erlotinib treatment (days) 
20 

days 3-28 20 3- 28 19 8-26 
Median Follow– Up (months)  30 3-58 36 5-58 24 3-52 
Median change SUV max (n=59) -10% -78 to 76% -20% -78 to 43% 0.7% -56 to 76% 
Metabolic response EORTC criteria       
PR 16 27 10 34 6 20 
SD 36 61 16 55 20 66 
PD 7 12 3 10 4 13 
Median change millimeters in Tumor 
size (n=59) 0.7 -10 to 16 0.5 -10 to 16 0.9 -8 to 10 
Radiologic reponse RECIST criteria       
PR 3 5 3 10 0 0 
SD 54 92 24 83 30 100 
PD 2 3 2 7 0 0 
Pathological evaluation (n=56)       
 
Median % necrosis 29% 0- 97% 40% 0-97% 18% 0-60% 
> 50% necrosis 14 23 11 38 3 10 
< 50% necrosis 42 70 18 62 24 77 
No resection 4 7 0 0 4 13 
B Tumor response according to mutation status (n=54) 

  EGFR mutated K-ras mutated Double wildtype 
  n= 7 % or range n= 12 % or range n= 35 % or range 
Median Erlotinib treatment (days) 21 13 - 27 19 11 - 26 19 8 - 28 
Median Follow– Up (months)  35 7-54 26 3-45 29 7-58 
Median change SUV max -40% -78 to 17% -7% -45 to 24% -3% -66 to 74% 
Metabolic response EORTC criteria       
PR 4 57 2 17 8 23 
SD 2 28 10 83 20 57 
PD 0 0 0 0 7 20 
Median change millimeters in Tumor 
size -5 -8 to 1 2 -2 to 16 0 -10 to11 
Radiologic response RECIST criteria        
PR 2 28 0 0 1 3 
SD 4 57 11 92 33 94 
PD 0 0 1 8 1 3 
Pathological evaluation        
Median % necrosis 46% 0 to 97% 29% 0 to 60% 26% 0 to 95% 
> 50% necrosis 3 43 3 25 8 23 
< 50% necrosis 4 57 9 75 24 69 

 No resection 0 0 0 0 3 8 
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patients (27%), of which 10/29 in the enriched population (34%). Two patients were not 
evaluable due to marginally elevated FDG uptake in a proven adenocarcinoma (n=1) 
and refusal of repeated imaging (n=1). Histopathologic examination of the resection 
specimen revealed > 50% tumor necrosis or fibrosis accompanied by morphological 
signs of therapy-induced regression in 14/60 patients (23%) of which 11/29 in the 
enriched population (38%). Response data are summarized in Table 3. In some other 
patients, considerable amounts of necrosis and fibrosis were observed, however 
without evidence of regression signs and therefore not classifiable as therapy-induced 
necrosis. In patients with (near) complete tumor regression, additional pathological 
staining methods (e.g. pankeratin immunostain) were used to differentiate complete 
from near complete pathological response. Pathologic response was scored as > 95% 
necrosis in three patients (5%), all in the enriched population. These patients had 
proven malignancy prior to treatment. In one additional patient no vital tumor cells 
were found after resection, but no pre-treatment diagnosis was obtained, excluding 
this patient for pathological evaluation. Specimens of 11 patients showed pPR with 
morphological signs of therapy-induced regression or necrosis of 50- 90% of the tumor 
mass.

Mutation status
Table 4 shows an overview of all three response evaluations according to mutation 
status. EGFR mutations were found in 7/56 NSCLC patients (13%; 5 adenocarcinoma, 
2 large cell carcinoma), KRAS mutations were found in 12 patients (21%; 9 
adenocarcinomas, 2 large cell carcinoma and 1 BAC). Of the EGFR mutants, 5 patients 
were from the enriched population. Six KRAS mutant tumors were found in each 
population. The specific mutation types are listed in Table 1. In six patients, mutation 
analyses were not performed (no resection, no vital tumor mass or other histology). 
Four patients with an EGFR mutation had a metabolic response; necrosis > 50% was 
seen in three. Two patients (exon 19 mutation, exon 20) did not show any type of 
response. One patient with EGFR mutation did not complete erlotinib treatment and 
refused further repeat PET-CT and CT scans, 10% necrosis was found after resection. 
One patient with a KRAS mutation had a metabolic response and >50% tumor necrosis. 
The tumor size did not change on CT.

Follow up
Fourteen patients received adjuvant chemotherapy, one patient adjuvant erlotinib 
(3 months) and 4 patients received mediastinal radiotherapy. Kaplan-Meier curves 
in Figure 3 show a 2- year PFS of 77% and OS of 82%, 10 patients died due to disease 
progression (median 13 months, range 5-24), one patient died from sepsis after an 
abdominal infection 13 months after surgery.
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DISCUSSION

Administration of preoperative erlotinib was safe. In this setting of “preoperative 
window” treatment, seven patients (12%) stopped erlotinib prematurely due to 
subjective unacceptable toxicity. In the enriched population (n=29), tumors of 10 
patients showed > 50% necrosis. The most remarkable finding was the occurrence of > 
95% tumor necrosis within 3 weeks of treatment in three patients (5% of total, 10% of 
enriched population). Therefore we conclude that this treatment has sufficient activity 
to deserve further testing in future studies. 

Toxicity in general was mild, although in seven patients mostly skin rash was reason 
for patients to stop treatment. In the neoadjuvant study setting, the threshold to 
discontinue treatment may be lower compared to patients with advanced disease for 
whom a TKI is first or second-line standard treatment. Other limitations of this study 
are the lack of an untreated control group and preoperative histology in all patients. 
It remains difficult to ascertain whether the degree of necrosis and fibrosis reflects 
extensive tumor heterogeneity and spontaneous necrosis or treatment effect. The 
difficulty of obtaining (representative) tumor tissue prior to treatment also reveals 
the limitation of patient selection for EGFR-TKI treatment based on mutation analysis 
only. For radiological and metabolic measurements, imaging was performed on the 
same scanner using the same image acquisition and reconstruction protocols for each 
patient. 
 
Metabolic response evaluation showed marked SUV decreases in 16 patients within 
3 weeks of treatment. As shown, metabolic response did not exactly correspond to 
histopathologic regression of the tumor or radiological response. Three factors may 
explain this discrepancy: the sampling of the tumor for histopathologic evaluation, 
problems in differentiation of spontaneous and treatment induced necrosis and the 
lack of a standard to qualify regression to TKI therapy.
 All these factors might lead to over- as well as under estimation of response 
to TKI treatment. By pathological response evaluation, the amount of necrosis and 
regression was evaluated on tumor samples from vital parts of the lesion. Central 
necrosis or degradation of the tumor can occur spontaneously in many NSCLC’s and 
cannot be used for evaluation of therapy. Although reports on histopathologic effects 
of neoadjuvant treatment are scarce, quality and quantity of pathological response 
have been described based on necrosis, fibrosis and regression criteria (21). This 
classification was derived from tumor tissue of patients treated with neoadjuvant 
chemotherapy or (chemo-) radiation, most probably causing different tissue responses 
than to TKI’s. Furthermore, these responses were described after 2-3 months of 
treatment instead of after 3 weeks of treatment. Response to erlotinib can be expected 
to develop within several weeks, although it is not sure to what extent, and tissue 
reactions as apoptosis are difficult to quantify. Also unknown is, how metabolic activity 
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reflects various tissue reactions, as senescence, fibrosis formation, and inflammatory 
reactions (23). These processes may even lead to increased PET- uptake. 

Radiological response (by CT) was observed in only 5% of patients (or 10% in the 
enriched population). RECIST measurements were used, but are suboptimal for 
radiological response evaluation of 3 week treatment with an EGFR-TKI. Apoptosis, 
transition of necrosis to fibrosis, lymphocytic and granulomatous reactions may not 
be translated into early decrease in tumor volume (24). Tumor volume reduction is 
not expected to occur within days, but in weeks to months (25). This issue of RECIST 
not being the best response indicator during targeted treatment has been discussed 
extensively for Gastro Intestinal Stromal Tumors (GIST) (26). In our study, even near 
complete response at pathologic examination was not predicted by preoperative CT 
evaluation. A study on the effect of neoadjuvant 4-week treatment with gefitinib in 
NSCLC (mainly adenocarcinoma) patients by Lara-Guerra et al reported partial response 
in 11% of 36 patients (27). Histological features in these (radiological) responders were 
a decrease in tumor cellularity and proliferation (Ki-67 index) (28).

Although our data show that defining response in the setting of targeted therapy for 
early stage NSCLC is challenging, change in metabolic activity, measured by 
FDG-PET/CT may be a better tool to monitor EGFR-TKI therapy. There is an ongoing 
discussion on prediction of response and survival in NSCLC patients receiving 
neoadjuvant therapy (29;30), however early during treatment, metabolic response 
evaluation is more helpful than CT to identify response to EGFR-TKI’s (31;32).
 Only six metabolic responses and no complete pathological responses were 
observed in the group of patients without clinical enrichment criteria. This study was 
started in 2006 when selection based on clinical characteristics was common. In such 
enriched populations (females, non-smokers, Asian origin and adenocarcinoma), 
responder rates of 30-40% can be observed (16). Currently, patients with advanced 
NSCLC are being selected for first-line TKI treatment based on mutation status. 

In this study, including mainly patients with early NSCLC, we found EGFR mutations in 
13% (3/7 being responders). This indicates that selection based on mutation analysis 
may be associated with considerable under-treatment, as an undefined group of 
patients without an evident mutation benefits from erlotinib treatment as well. 
Therefore, selection of patients and response evaluation remain important issues for 
future research in this field. More specific, patient selection could be improved either by 
in-vivo monitoring of response by early PET or by in-vitro prediction of response using 
measurements of inhibitory effects at the kinase level in tumor material of individual 
patients (33).
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ABSTRACT

Background | To increase knowledge about lung tumor tissue levels of erlotinib 
and its primary active metabolite and about erlotinib plasma levels in intercalated 
dosing schedules, a sensitive and accurate method for determination of erlotinib and 
O-desmethyl erlotinib (OSI-420) in human plasma and lung  tumor tissue has been 
developed.

Results | A method with high-performance liquid chromatography and detection with 
tandem mass spectrometry (HPLC-MS/MS) was validated over a linear range from 5 to 
2,500 ng/mL in plasma and from 5.0 to 500 ng/mL for lung tumor tissue homogenate 
(50- 5000 ng/g for lung tumor). Calibration curves in plasma were used to quantify 
analytes in lung tumor tissue homogenate. Lung tumor tissue of 15 patients has been 
collected and analyzed with the presented method.

Conclusion | This method has been successfully validated and applied to determine 
plasma and lung tumor tissue concentrations of erlotinib and O-desmethyl erlotinib in 
patients with non-small cell lung cancer. 
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INTRODUCTION

Erlotinib is an epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI). 
Erlotinib is approved for first-line treatment of non-small cell lung cancer (NSCLC) with 
mutated EFGR, second-line treatment of NSCLC and first-line treatment of advanced 
pancreatic adenocarcinoma. 
 Erlotinib drug exposure may be altered by pharmacokinetic drug-drug 
interactions leading to high inter-patient variability in plasma concentrations (1). It has 
been established that the magnitude of the pharmacological effect (tyrosine kinase 
inhibition) in vitro is concentration dependent. Moreover, in clinical studies trough 
plasma concentrations of erlotinib and its metabolite O-desmethyl erlotinib (OSI-420) 
seemed to correlate with treatment outcome (2,3). At the adviced daily dose of erlotinib 
(150 mg/d) trough plasma concentrations are 1200 (SD 600) ng/mL (2). To provide an 
adequate level of tyrosine kinase inhibition minimal trough plasma concentrations of 
approximately 500 ng/mL are required, based on animal pharmacodynamic studies (2). 
Furthermore, an association has been observed between erlotinib plasma exposure 
and severity of skin toxicity (1). However, no clear cut-off values for efficacy and toxicity 
have been established in human, hitherto (1,2). Therefore, further pharmacokinetic 
investigations are needed to design individual treatment strategies. 
 Additionally, pharmacodynamic drug-drug interactions between 
chemotherapeutics and erlotinib can negatively influence treatment outcome (4). 
Since erlotinib interferes with the mechanism of action of chemotherapeutics, 
intermittent dosing schedules with a wash-out period of five days for erlotinib have 
been introduced for combination therapy regimens (4,5). In these intermittent 
schedules it is important that concentrations of erlotinib in plasma are subtherapeutic 
before the chemotherapeutic drugs are administered and, therefore, this has to be 
established by determination of erlotinib plasma concentrations. Moreover, since the 
pharmacodynamic target of erlotinib is located in tumor tissue, knowledge about 
concentrations of erlotinib in tumor tissue is even more informative (5). 
 To support the pharmacokinetic analysis in clinical trials, compound specific 
analytical methods are essential. Five bioanalytical assays for the determination of 
erlotinib in plasma have been reported so far (2,6,7,8,9). The determination of the 
active metabolite of erlotinib was only incorporated in three assays (7,8,9). None of the 
assays was validated to analyse erlotinib and O-desmethyl erlotinib in tissue samples. 
Additionally, these methods require a minimal sample volume of 100-250 µL during 
sample pretreatment and have a lower limit of quantification (LLOQ) of 10-12.5 ng/
mL (7,8,9). For these reasons, the reported methods are not suitable for analysis of 
our study samples, which include samples with restricted volumes (e.g. tumor tissue 
homogenates) and with low expected drug concentrations (e.g. tissue homogenates or 
plasma samples drawn after an erlotinib wash-out period). Therefore, we developed 
and validated a sensitive and specific HPLC-MS/MS method for quantification of 
erlotinib and O-desmethyl erlotinib in human EDTA plasma and in human lung tumor 
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tissue homogenates with an LLOQ of 5.0 ng/mL in plasma and 50 ng/g in tumor tissue, 
respectively, using 50 μL of sample. 
 
EXPERIMENTAL

Chemicals
Reference standards and internal standard (ISTD) were provided by the following 
manufacturers: erlotinib. HCl (C22H23N3O4 · HCl) by Sequoia Research Products (Oxford, 
United Kingdom), O-desmethyl erlotinib (C21H21N3O4) by Toronto Research Chemicals 
(North York, Canada), stable isotopically labelled erlotinib-13C6 (C16

13C6H23N3O4 · HCl) by 
Alsa Chim (Illkirch, France). The chemical structures of erlotinib, O-desmethyl erlotinib 
and erlotinib-13C6 are depicted in Figure 1. HPLC-grade acetonitrile and methanol were 
purchased from Biosolve (Valkenswaard, The Netherlands). HPLC grade Lichrosolve 
water and formic acid 98-100% were purchased from Merck (Darmstadt, Germany). 

Drug-free matrices
Drug-free human plasma with EDTA as anticoagulant was obtained from the Slotervaart 
Hospital (Amsterdam, The Netherlands) and stored at -20oC until use. Drug-free lung 
tumor tissue was obtained from patients that functioned as a untreated control 
group to a phase II trial in the Antoni van Leeuwenhoek Hospital (Amsterdam, The 
Netherlands) (10). Fresh lung tumor material of resected lung tumors of ten control 
patients was frozen at -70oC directly after surgery. Subsequently, of each lung tumor 
specimen 50 to 150 mg was weighted accurately. On first sight, the used parts of 
the tumors were not contaminated with blood. Therefore, no sample clean-up was 
performed before sample homogenization. 

Figure 1. structural formulas of erlotinib (A), O-desmethyl erlotinib (B)  and  erlotinib-13C6 (C). (* represents 13C)
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An accurate volume of 500 to 1500 μL of drug-free human EDTA plasma was added to 
obtain samples containing 100 mg of lung tumor tissue per 1.0 mL of plasma. Lung 
tumor tissue homogenate was prepared by using a rotor/stator-type mechanical 
homogenizer until no tissue fibers were visible. Lung tumor tissue homogenate samples 
were stored at nominally -20oC until use.

Chromatographic and mass spectrometric conditions
An HPLC system (LC-20AD Prominence binary solvent delivery system) with a column 
oven, DGU-20A3 online degasser and a SIL-HTc controller (all: Shimadzu, Kyoto, 
Japan) and a cooled autosampler (4oC) were used. Chromatographic separation was 
carried out at 40oC on a reversed phase system with a Synergi Fusion-RP 80 column 
(150 x 2.0 mm ID, 4.0 µm particle size, Phenomenex, Torrance, CA, USA) protected 
with a Securityguard Synergi Fusion precolumn (4 x 2.0 mm ID, 4.0 mm particle size, 
Phenomenex). The injection volume was 10 µL. A stepwise gradient was applied at a 
flow rate of 250 µL/min. The mobile phase consisted of a mixture of 0.1% formic acid in 
water (A) and 0.1% formic acid in methanol (B). Before each new injection, the column 
was reconditioned for 4.7 minutes with 25% B (volume/volume) resulting in a total run 
time of 10 min. The chromatographic separation conditions are given in Table 1. The 
divert valve was directed to waste during the first 1.0 min and last 2.5 min to prevent the 
introduction of endogenous compounds into the mass spectrometer. A TSQ Quantum 
Ultra triple quadrupole mass spectrometer equipped with an electrospray ionisation 
source (ESI) operating in the positive ion mode (Thermo Scientific, Waltham, MA, USA) 
was used. For quantification, multiple reaction monitoring (MRM) chromatograms 
were acquired with LCquanTM software version 2.5 (Thermo Scientific). Positive ions 
were created at atmospheric pressure and the quadrupoles were operating in unit 
resolution (0.7 Da). Mass transitions from m/z 394 to 278 for erlotinib, m/z 380 to 278 for 
O-desmethyl erlotinib and m/z 400 to 284 for ISTD erlotinib -13C6 were optimised (see 
Figure 2). The ESI-MS/MS operating parameters used in this assay are listed in Table 2.

Preparation of calibration standards and validation samples
A set of stock solutions of erlotinib and O-desmethyl erlotinib were prepared from two 
independent weighings; one for the calibration standards and one for the validation 
samples. Approximately 2.2 mg of erlotinib.HCl was accurately weighted and dissolved 
in 1 mL of DMSO in a volumetric flask to give a 1.0 mg/mL stock solution of the free 
base. Approximately 0.7 mg of O-desmetyl erlotinib.HCl was accurately weighted and 
dissolved in 1 mL of DMSO in a volumetric flask to give a 0.7 mg/mL stock solution. 
Stock solutions of the ISTD erlotinib -13C6 were prepared in methanol at a concentration 
of approximately 500 µg/mL. A 1,000 ng/mL working solution of the ISTD was prepared 
by dilution of the stock solution in methanol. 
 For the preparation of the calibration standards, working solutions containing 
erlotinib and O-desmethyl erlotinib in the range from 100 to 50,000 ng/ml were used. 
These working solutions were prepared by dilution of erlotinib and O-desmethyl 
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Figure 2. MS/MS product ion scan of erlotinib (A; precursor ion 
m/z 394), O-desmethyl erlotinib (B; precursor ion m/z 380) and 
erlotinib-13C6 (C; precursor ion m/z 400; * represents 13C)
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erlotinib stock solutions in methanol. A volume of 50 μL of each working solution was 
added to 950 μL of drug-free human EDTA plasma to obtain calibration standards in the 
range from 5 to 2,500 ng/mL. 
 Five working solutions in the range from 100 to 40,000 ng/ml were prepared by 
dilution of independently prepared erlotinib and O-desmethyl erlotinib stock solutions 
in methanol. To obtain validation samples of 5, 10, 400 and 2,000 ng/mL in plasma, 50 
μL of each working solution was added to 950 μL of drug-free human EDTA plasma. 
To obtain validation samples of 5, 10, 80, 400 ng/mL lung tumor tissue homogenate 
in plasma, 50 μL of each working solution was added to 950 μL of drug-free human 
tumor tissue homogenate. The stock and working solutions in methanol were stored at 
nominally -20 oC until use. 
 During the first two method validation runs validation samples and calibration 
samples were prepared freshly since the stability of the analytes in the different 
matrices was not established at that moment. However, the validation samples were 
prepared independently of the calibration samples by using different stock solutions 
and working solutions. When short term analyte stability was established, freshly 
prepared calibration samples and aliquoted validation samples were used for the final 
validation run. 
 To establish the accuracy and precision of the method after dilution of samples 
containing analyte concentrations above the upper limit of quantification (ULOQ), a 
plasma sample at 5,000 ng/mL erlotinib and O-desmethyl erlotinib was spiked. Before 
processing, this sample was diluted ten times in drug-free human EDTA plasma. 

Sample pre-treatment
Protein precipitation (PP) was used as sample pre-treatment for plasma and lung tumor 
tissue homogenate samples. 20 µL of ISTD working solution (1,000 ng/mL) was added 
to 50 µL of plasma and tissue homogenate sample. Subsequently 150 µL of acetonitrile 
(-20 °C) was added. After vortex mixing for 15 s, samples were centrifuged at 15,000 x g 
for 15 min. A volume of 50 µL of the clear supernatant was diluted with 50 µL of eluent A 
(0.1% formic acid in water) before injection of 10 µL onto the column. 

Validation procedures
A full validation of the assay was performed according to the FDA guidelines for 
validation of bioanalytical assays including linearity, inaccuracy, precision, specificity, 
selectivity, cross-analyte/ISTD interference, recovery, ion suppression, carry-over and 
stability (11,12).

Application of assay in patient blood and tissue samples
The validated erlotinib and O-desmethyl erlotinib assay was used to measure trough 
plasma levels in patients on a sequential dosing regimen in a Phase II trial conducted 
in multiple centers in the Netherlands. Patients were treated with erlotinib for 14 days 
followed by a wash-out period of 5 days. During the last day of the wash-out period 
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EDTA plasma samples were collected and then directly sent to the laboratory. 
Within 48 h after blood draw, plasma was stored at -20°C until analysis. 
 Additionally, the validated assay was used to measure erlotinib and 
O-desmethyl erlotinib levels in human lung tumor tissue homogenates of patients on a 
neoadjuvant continuous dosing regimen of erlotinib until three days before surgery in 
a phase II trial in the Antoni van Leeuwenhoek Hospital (Amsterdam, The Netherlands). 
Lung tumor tissue homogenates of patients were obtained using the same procedure as 
was used for preparation of drug-free lung tumor tissue homogenates (see Section 1.2).
Both trials were approved by the local institutional review boards and informed consent 
was given according to the Declaration of Helsinki.

RESULTS AND DISCUSSION

Method development
The stable isotopically labeled analogue of erlotinib, erlotinib -13C6, was used as ISTD 
to normalize for variations in the response of erlotinib and O-desmethyl erlotinib. The 
physical and chemical similarities between erlotinib -13C6, erlotinib and O-desmethyl 
erlotinib, makes this ISTD very suitable to compensate for variations in the response 
of the analytes introduced by sample preparation, injection, and matrix effects. 
However, during method development erlotinib and the co-eluting stable isotopically 
labeled ISTD appeared to suppress each other’s responses due to competition in the 
electrospray ionisation (ESI) process of the MS source (13,14). This resulted in non-linear 
calibration curves and high inaccuracies of the validation samples when using an ISTD 
solution of 2,000 ng/mL, mainly due to a fluctuation of the ISTD response. Since the 
extent of suppression was supposed to be concentration dependent, the concentrations 
of ISTD solutions were varied (20, 200, 500, 1,000, 2,000, 20,000 ng/mL). It was 
expected that an exceptionally high ISTD concentration would lead to saturation of the 
electrospray even in presence of low concentrations of the analyte and would diminish 
the effect of high analyte concentrations on the ISTD response. However, fluctuation of 
the ISTD responses was observed at all ISTD concentrations (see Figure 3). In the first 
part of the calibration range (5,0 – 250 ng/mL) the response of the ISTD signal seemed to 
be enhanced with increasing analyte concentrations. In contrast, in the second part of 
the calibration range (250- 2,500 ng/mL) the ISTD signal seemed to be suppressed with 
increasing analyte concentrations. It was considered that this double-directed effect 
could be due to cross-interference of analyte into ISTD trace, followed by suppression 
of ISTD at higher levels. However, this mechanism was not plausible, since cross-
analyte interference and selectivity were assessed and the interference of an ULOQ 
concentration of erlotinib into the ISTD trace was only 0.07% of the LLOQ level of the 
ISTD. Remarkably, no correlation between ISTD concentration and degree of response 
fluctuation was observed. Sequentially, suitability of a HPLC-APCI-MS/MS system in the 
quantification of erlotinib was investigated, since the ionisation process in atmospheric 
pressure chemical ionisation (APCI) is known to be less susceptible for ion saturation in 
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the source (13). The ISTD responses of a set of calibration samples using APCI were not 
influenced by concentration of analytes. However, the assay sensitivity was decreased 
leading to an inevitable and undesirable increase of the lower limit of quantification 
(LLOQ) to at least 10.0 ng/mL for both analytes. For this reason, it was decided to use 
the HPLC-ESI-MS/MS system and consequently to tighten the range to 5.0 – 2,500 ng/
mL in order to avoid the tremendous effect of the highest calibration level (5,000 ng/
mL) on the ISTD response. The ISTD concentration of 20,000 ng/mL showed the smallest 
deviations from the ISTD response of a plasma sample without analyte, as shown in 
Figure 3. However, this high ISTD concentration gave signal suppression of erlotinib in 

Figure 3. Representative, typical patterns of fluctuating ISTD response using 
different concentrations of ISTD erlotinib-13C6 (200, 500, 1,000, 2,000, 20,000 ng/
mL) in calibration samples with increasing analyte concentrations (range 5.00 
– 2,500 ng/mL) determined using LC-ESI-MS/MS. ISTD response in blank plasma 
sample processed with ISTD is defined as 100%. This figure shows results that are 
representative for two experiments performed on different days.
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Figure 4. Deviations from nominal erlotinib concentrations based on area ratio 
responses in samples of a calibration range using different concentrations of ISTD 
erlotinib-13C6 ((A) 2,000 ng/mL ISTD; (B) 1,000 ng/mL ISTD). This figure shows results that 
are representative for two experiments performed on different days. Figure 4A, using 
2,000 ng/mL ISTD, shows negative deviations from nominal concentrations in the first 
part of the calibration curve and positive deviations in de second part of the calibration 
curve, leading to non-linear calibration curves. Figure 4B, using 1,000 ng/mL ISTD, 
shows small deviations from nominal concentrations, which are evenly distributed 
across the calibration range with as a result good linearity of the calibration curve.
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Figure 5. Representative LC-MS/MS chromatograms of a blank human plasma sample (A1, erlotinib; A2, 
O-desmethyl erlotinib; A3, ISTD erlotinib-13C6) and of a spiked human plasma sample at the LLOQ level of 5.0 
ng/mL (B1, erlotinib; B2, O-desmethyl erlotinib; B3, ISTD erlotinib-13C6).
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Figure 6. Representative LC-MS/MS chromatograms of a blank human lung tumor tissue homogenate sample (A1, 
erlotinib; A2, O-desmethyl erlotinib; A3, ISTD erlotinib-13C6) and of a spiked human long tumor tissue homogenate 
sample at the LLOQ level of 5.0 ng/mL (B1, erlotinib; B2, O-desmethyl erlotinib; B3, ISTD erlotinib-13C6).



53Determination of erlotinib and O-desmethyl erlotinib in plasma and tumor tissue

the samples, leading to decreased assay sensitivity. The ISTD concentration of 
1,000 ng/mL showed the smallest fluctuation in ISTD response over the entire 
calibration range and was, therefore, used in the validation experiments. This ISTD 
concentration showed good linearity, accuracy and precision within the validated 
range, as shown in Figure 4. 
 Using a stable isotopically labeled ISTD for either a parent drug and for its 
metabolite risks the problem that the quantification of the metabolite is affected by 
ISTD ionization suppression in presence of high concentrations of the parent drug. 
However, it was assumed that this was not an issue in our method, since the effect 
of erlotinib on the ISTD (in a concentration of 1,000 ng/mL) was not concentration 
dependent, as shown in Figure 3. Moreover, calibrations curves of the metabolite in 
presence and absence of erlotinib could both be fitted linear (correlation coefficients 
0.9917 and 0.9918, respectively) with inaccuracies <15% (data not shown).

Chromatographic and mass spectrometric conditions
Peaks with satisfying peak shapes were obtained when the stepwise gradient starting 
on 25% eluent B was followed by a block gradient with 55% eluent B at a flow rate of 
0.25 mL per min (see Table 2). Typical chromatograms of LLOQ samples are depicted in 
Figure 5 and 6. At LLOQ level (5.0 ng/mL) a signal to noise ratio (S/N-ratio) of >10 was 
obtained. In neither the validation samples nor the patient plasma and tissue samples 
more than one peak was observed in the mass transition of O-desmethyl erlotinib. 
Thus, the isomeric forms of O-desmethyl erlotinib (OSI-420 and OSI-413), were not 
chromatographically separated. 
 During optimization of the mass spectrometric parameters, the Q1 spectrum of 
erlotinib and O-desmethyl erlotinib showed the singly charged molecular ion as most 
intense ion at m/z 394 and 380, respectively. For erlotinib -13C6 the most intense peak 
in the Q1 spectrum also corresponded to the singly charged molecular ion at m/z 400. 
MS/MS experiments were carried out to determine the most abundant product ions 
for multiple reaction monitoring (MRM). MS/MS product ion scans and the proposed 
fragmentation pathways for the chosen transitions of erlotinib, O-desmethyl erlotinib 
and erlotinib -13C6 are shown in Figure 2. The analytes and the ISTD could be detected 
with the electrospray source operating in the positive mode. 

Validation experiments
Linearity. Eight non-zero plasma calibration samples were prepared and analysed in 
duplicate in three separate analytical runs. Calibration curves in plasma were also 
used to quantify tissue homogenate samples. The linear regression of the ratio of the 
areas of the analyte and the ISTD peaks versus the concentration were weighted with 
weighing factor 1/x2 (where x=concentration). The linearity was evaluated by means of 
back-calculated concentrations of the calibration standards. The assay was linear over 
the validated concentration range from 5.0 to 2,500 ng/mL of erlotinib and O-desmethyl 
erlotinib in human plasma and from 5.0 to 500 ng/mL for these analytes in lung tumor 
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tissue homogenates. Correlation coefficients (r2) were at least 0.995. The deviation from 
the nominal concentrations should be within ±20% for the LLOQ and within ±15% for 
the other concentrations with coefficient of variation (CV) values less than 20% and 15% 
for both the LLOQ and the other concentrations respectively. At all concentration levels 
the inaccuracies were within -6.7 and 7.7% with CV values less than 10.1% for erlotinib 
and its metabolite in plasma. For tissue samples the levels the inaccuracies were within 
-6.0 and 7.4% with CV values less than 7.7%.
 Inaccuracy and precision. The intra- and inter-assay performance data are 
presented in Table 3 and 4. Inaccuracy and precision of the assay were established by 
analysing validation samples with analyte concentrations at the LLOQ and in the low, 
mid and high concentration ranges of the calibration curves. Five determinations of each 
validation sample were measured in three separate analytical runs. The coefficient of 
variation (CV%) was used to report the intra- and inter-assay precision. The intra- and 
inter-assay inaccuracies should be within ±20% for the LLOQ and ±15% for all other 
concentrations. The precisions CV% should be less than 20% for the LLOQ and less than 
15% for all other concentrations (12). The intra-assay inaccuracies (% bias) for erlotinib 
and O-desmethyl erlotinib in human EDTA plasma were within respectively ± 14.0% 
for all concentration levels. The intra-assay precisions (CV%) for the analytes were less 
than 10.0% for all concentration levels. In conclusion, the validated range for erlotinib 
and O-desmethyl erlotinib based on 50 μL human EDTA plasma is from 5.0-2,500 ng/
mL. Additionally, the validated range for erlotinib and O-desmethyl erlotinib based on 
50 μL human tissue homogenate is from 5.0-500 ng/mL. The intra-assay inaccuracies (% 
bias) for erlotinib and O-desmethyl erlotinib in human tissue homogenates were within 
± 12.5% for all concentration levels. The intra-assay precisions (CV%) for the analytes 
in this matrix were less than 15.9% for the LLOQ level and les than 13.2% for the other 
concentration levels. Samples with analyte concentrations above the ULOQ (2,500 ng/mL) 
were diluted 1:10 (v/v) in drug-free human EDTA. These samples were processed in 5-fold 
and measured in one analytical run to assess the accuracy and precision. The intra-assay 
inaccuracy for diluted samples was -5.0 and -7.4% and the intra-assay precision was 2.1 
and 2.5% for erlotinib and O-desmethyl erlotinib, respectively. When concentrations 
above 2,500 ng/mL are expected, samples can be diluted 10 times with drug-free human 
EDTA plasma. Inaccuracies and precisions fulfilled the requirements (11).
 Specificity and selectivity. To investigate whether endogenous compounds 
from plasma could interfere with the detection of the analyte or the ISTD, six different 
batches of drug-free human EDTA plasma and five different batches of human tissue 
homogenate were processed as double blanks (containing neither analyte nor ISTD) 
and LLOQ samples. Samples were analysed according to the described procedures. 
Areas of peaks co-eluting with the analytes should not exceed 20% of the area at 
the LLOQ level. In MRM chromatograms of six batches of drug-free EDTA plasma no 
interference of endogenous compounds from plasma could be detected with the 
analyte or the ISTD. No co-eluting peaks >20% of the erlotinib and O-desmethyl 
erlotinib peak area at the LLOQ level were found and also no co-eluting peaks >5% 
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of the ISTD were detected. In MRM chromatograms of five batches of drug-free tissue 
homogenates no interference of endogenous compounds from plasma could be 
detected with the analyte or the ISTD. No co-eluting peaks >20% of the erlotinib and 
O-desmethyl erlotinib peak area at the LLOQ level were found and also no co-eluting 
peaks >5% of ISTD were detected. The deviation of the nominal concentration for the 
LLOQ samples should be within ±20% and were between -2.1 and 7.6% for erlotinib 
and -13.0 and 2.6% for O-desmethyl erlotinib in plasma samples. In lung tumor tissue 
homogenates the deviations of the nominal concentration at the LLOQ level were 
between -17.0 and 14.2% for erlotinib and -27.2 and 17.4% for O-desmethyl erlotinib. 
For the metabolite only one out of five LLOQ samples in lung tumor tissue homogenate 
showed deviation >20%. Therefore, it can be concluded that the method is selective 
and specific and that endogenous compounds do not interfere with the assay. 
 Cross analyte interference. To investigate possible cross interference between 
erlotinib, O-desmethyl erlotinib and ISTD, a cross interference check was performed. 
Drug-free human EDTA plasma was spiked at ULOQ level and was processed without 
ISTD. Also drug-free plasma with only ISTD erlotinib-13C6 was processed. The response 
of any interfering peak with the same retention time as erlotinib or O-desmethyl 
erlotinib should be less than 20% of the response of a LLOQ sample. The response of 
any interfering peak with the same retention time as the ISTD should be less than 5% 
of the response of the ISTD. No cross-analyte/ISTD standard interference was detected 
and, therefore, cross-analyte/ISTD interferences of the assay fulfilled the requirements. 
 Recovery and matrix effect. Recovery and matrix effect were tested in EDTA 
plasma samples and not in lung tumor tissue homogenates, since these tumor tissue 
homogenates were scarce and, therefore, difficult to obtain in large quantities. 
Moreover, since selectivity assessments in different batches of lung tumor tissue 
homogenate established that endogenous compounds did not interfere with the 
assay’s accuracy, it was assumed that the stable isotopically labeled internal standard 
corrected for potential matrix effects.
 The protein precipitation (PP) recovery of erlotinib and its metabolite was 
determined at two concentrations (10.0 and 2,000 ng/ml) by comparing the analytical 
response of processed samples with those of processed blanks spiked with analyte 
(representing 100% recovery). The mean PP recovery was 71.0% (CV 4.3%) and 73.0% 
(CV 4.8%) for erlotinib and O-desmethyl erlotinib, respectively. 
 Ion suppression (matrix factor) was examined by comparing the analytical 
response of processed blanks spiked with analyte with those unprocessed samples in 
precipitation reagent. These experiments were performed in triplicate. The mean matrix 
factor detected for erlotinib and O-desmethyl erlotinib in plasma was 1.14 (CV% 9.5) 
and 1.14 (CV% 8.0), respectively.
 Carry-over. Carry-over was tested by injecting two processed blank matrix 
samples sequentially after injecting an ULOQ sample. The response in the first blank 
matrix at the retention times of erlotinib, O-desmethyl erlotinib and erlotinib-13C6 
should be less than 20% of the response of a LLOQ sample. Apparent carry-over was 
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observed after injection of spiked plasma samples (28.6% and 26.1% of the LLOQ for 
erlotinib and O-desmethyl erlotinib, respectively). To solve this carry-over problem a 
systematic approach, as described before, was used (15,16). The carry-over seemed 
to arise from contamination of the autosampler needle and the divert valve due to 
adsorption of the analyte after multiple injections. Contamination in the divert valve 
was diminished by performing multiple valve switches (>15) during the equilibration of 
the column before each analytical run. Contamination of the autosampler needle was 
diminished by using an acidic flush solvent (1% formic acid in ACN) instead of 100% 
methanol and increasing the rinse dip time from 5s to 30s. Carry-over was reduced 
to 16.8% and 14.5% of the LLOQ for erlotinib and O-desmethyl erlotinib, respectively, 
observed in a processed blank sample after injection of an ULOQ sample. 
 Stability. Stability data are summarized in Table 5. The stability of erlotinib and 
O-desmethyl erlotinib in spiked human EDTA plasma after three freeze/thaw cycles from 
nominally -20 °C to ambient temperatures and after 48 hours at ambient temperature 
was investigated in triplicate at two concentrations. Additionally, the stability of 
erlotinib and O-desmethyl erlotinib in spiked human EDTA plasma kept at -20°C for 1.5 
months was investigated in triplicate. The analytes were considered to be stable in the 
matrix or final extract if 85–115% of the initial concentrations was recovered. Erlotinib 
and O-desmethyl erlotinib are stable in human plasma for at least three freeze 
(-20 °C) / thaw cycles. Short term stability of the analyte in plasma at ambient 
temperatures is established up to at least 48 h and at -20 °C up to at least 1.5 months.

The processed sample stability of erlotinib and O-desmethyl erlotinib was investigated 
at three concentrations (10.0, 200 and 2,000 ng/mL) after 7 days (2-8 °C). Both analytes 
were stable in the final extract at least 7 days at nominally 2-8 °C. Re-injection 
reproducibility was established and an analytical run can be re-injected after at least 7 
days of storage in the autosampler at 4 °C. 
 Stability of stock solutions of erlotinib, O-desmethyl erlotinib and ISTD 
stored at ambient temperature for 6 h was established in triplicate. The analyte was 
considered to be stable in stock solutions if 90-110% of the initial concentration was 
recovered. Investigation of the long term stability of the analytes in stock solutions and 
plasma at -20°C is still ongoing. 

Application of assay in patient blood and tissue samples
The validated assay was used to support translational research within two Phase II 
trials of erlotinib in patients with non-small cell lung cancer. Plasma samples and lung 
tumor tissue samples were collected and thereafter processed and analyzed by the 
methods described in this report. Subsequently, lung tumor tissue homogenates were 
quantified on plasma calibration curves. 
 The bioanalytical assay did not distinguish between the two isomer forms 
of the primary metabolite of erlotinib, OSI-420 and OSI-413. However, both isomers 
possess similar pharmacological activity compared to the parent compound (17). In 
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addition, it was assumed that both isomers possess similar ionization efficiencies. 
Therefore, quantification of the sum of both isomers is thus justified.
 In the first trial, the assay was used to measure trough plasma levels after 
an erlotinib wash-out period of 5 days to ensure that erlotinib levels had reached 
subtherapeutic levels at that time point. The minimal effective therapeutic level of 
erlotinib, as deduced from IC50 values after correction for plasma protein binding, is 
approximately 235 ng/mL (18,19). Therefore, the assay sensitivity and range (5.0 – 2,500 
ng/mL) are sufficient to discriminate between samples underneath and above the 
therapeutic level of erlotinib. 
 In the second trial, as a proof of concept, lung tumor tissue homogenates of 
patients treated with erlotinib until three days before surgery were analysed. Erlotinib 
levels of approximately 5.0-30 ng/mL (50 - 300 ng/g tissue) and O-desmethyl erlotinib 
levels of approximately 7.0 ng/mL (70 ng/g tissue) were measured (10). Therefore, a 
range of 5.0 – 500 ng/mL in tissue homogenate appeared to be sufficient for analyses of 
tumor tissue samples of patients treated with erlotinib.
 
CONCLUSION

We have developed and validated a fast LC-MS/MS method for the quantitative analysis 
of erlotinib and O-desmethyl erlotinib in human plasma and lung tumor tissue samples. 
To our knowledge, this is the first LC-MS/MS method for analysis of erlotinib and 
O-desmethyl erlotinib in human lung tumor tissue. Human EDTA plasma and human 
lung tumor tissue homogenate samples with erlotinib and O-desmethyl erlotinib are 
pre-treated by protein precipitation with acetonitrile after addition of ISTD erlotinib-
13C6. Chromatography is performed under acidic conditions. A linear dynamic range 
from 5.0 to 2,500 ng/ml has been validated for plasma samples and a range from 5.0 
to 500 ng/mL for lung tumor tissue homogenates (50 - 5000 ng/g for lung tumor). 
Calibration curves in plasma are used to quantify lung tumor tissue homogenate 
samples. Validation results show that the method is accurate and precise. Proof of 
concept experiments demonstrated the applicability of the method for quantification of 
the analytes in clinical samples. 
 
Future perspective
Quantitative analysis of drugs in tissues is important to gain knowledge about drug 
uptake at the site of action, particularly, for chemotherapeutic drugs that have to be 
selectively destructive to malignant cells and tissues. In near future, tissue analysis 
may be increasingly used to support the determination of target levels for optimal 
therapeutic effects of targeted chemotherapeutic drugs. However, inconsistency 
between extraction recovery of the drug in calibration samples and patient samples 
remains one of the major challenges of tissue analysis. To minimize this potential bias, 
areas for future research should concentrate on new tissue preparation techniques with 
improved extraction efficiency and reproducibility. 
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ABSTRACT

Objectives | Tumors may not optimally respond to systemic therapy if minimal effective 
therapeutic levels are not reached within the tumor. Erlotinib has mainly been studied 
in the adjuvant or palliative setting and, therefore, little is known about erlotinib tumor 
penetration. The purpose of this exploratory study is to investigate lung tumor tissue 
concentrations after neoadjuvant erlotinib therapy for non-small cell lung cancer 
(NSCLC). 

Patients and Methods | Patients were treated preoperatively with erlotinib (150 mg 
QD for 3 weeks) up to 48 hours prior to surgery. Plasma samples were collected 
during treatment. Surgical resection involved radical resection of the lung tumor 
and tumor biopsies were frozen directly after surgery. Erlotinib and O-desmethyl 
erlotinib concentrations in lung tumor tissue and plasma were determined using high 
performance liquid chromatography coupled to tandem mass spectrometry (HPLC-MS/
MS). 

Results | Thirteen evaluable patients were included. The mean plasma and lung tumor 
tissue erlotinib levels were 1222 ng/mL (standard deviation (SD) 678) and 149 ng/g 
(SD 153), respectively. In two individual patients, erlotinib and O-desmethyl erlotinib 
concentrations in lung tumor tissue were detectable up to 13 days and 7 days after 
erlotinib intake, respectively. Mean erlotinib tissue concentrations extrapolated to a 
time point directly after intake of erlotinib were approximated at >200 ng/g tissue, 
which is above the reported IC50 of wild-type EGFR (183 ng/mL).

Conclusion | No strong accumulation of erlotinib in lung tumor tissue was observed. 
Nevertheless, extrapolated intratumoral concentrations during erlotinib therapy were 
above the IC50 of wild-type EGFR.
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INTRODUCTION

The epidermal growth factor receptor tyrosine kinase inhibitor (EGFR-TKI) erlotinib is 
a targeted agent which has been approved for second-line treatment of patients with 
non-small cell lung cancer (NSCLC) regardless of the EGFR genotype and in first-line 
treatment of patients with activating mutations in EGFR (1). It has been established 
that the magnitude of the pharmacological effect of erlotinib (EGFR tyrosine kinase 
inhibition) in vitro is concentration dependent (2). Moreover, in clinical studies trough 
plasma concentrations of erlotinib and its metabolite (O-desmethyl erlotinib) have 
been correlated with treatment outcome (3). The minimal effective therapeutic level 
of erlotinib for wild-type EGFR, as deduced from half maximal inhibitory concentration 
(IC50) in vitro after correction for plasma protein binding is 183 ng/mL (2,4).
Penetration of drugs into tumor tissue is affected by different factors including 
tumor vascularisation, plasma protein binding, drug efflux pumps in tumor cells and 
intratumoral drug metabolism (5-9). Tumors may not optimally respond to systemic 
therapy if minimal effective therapeutic levels are not reached within the tumor (2). 
Since erlotinib has been studied mainly in the adjuvant or palliative setting, little is 
known about tumor penetration in NSCLC (10-12). Due to tumor location and risk of 
complications it is not common to obtain (repeated) tumor samples of NSCLC patients 
following systemic treatment. However, the introduction of neoadjuvant (preoperative) 
treatment with targeted agents enables the collection of tumor material during 
resection to get insight into tissue penetration of erlotinib. Therefore, an exploratory, 
observational study was performed within a multicenter phase II study of neoadjuvant 
erlotinib monotherapy in early stage NSCLC patients (13). The purpose of this study was 
to investigate erlotinib plasma and lung tumor tissue concentrations after neoadjuvant 
erlotinib therapy. 
 
PATIENTS AND METHODS

This exploratory study was part of a larger multicenter phase II trial performed in the 
Netherlands (13). The study protocol was approved by the institutional review board 
and was conducted in accordance with guidelines established by the World Medical 
Association Declaration of Helsinki.

Eligibility 
Patients with newly diagnosed resectable NSCLC over 18 years of age could enter 
the study. Patients had to have an Eastern Cooperative Oncology Group (ECOG) 
performance status of 0 or 1, and were neither pregnant nor breastfeeding. The 
diagnosis had to be histologically proven or highly probable (> 95%) based on 
medical history, chest X-ray, spiral CT-scan, bronchoscopy and [18F)-FDG-Positron 
Emission Tomography (PET scan). Exclusion criteria were continuation of smoking, 
prior malignancy treated with HER1/EGFR inhibitors, ophthalmologic abnormalities 
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(especially those causing dry eyes) or the unwillingness or inability to wear glasses 
instead of contact lenses during treatment. 
 For a patient to be evaluable in the present pharmacological study, a tissue 
sample collected after erlotinib therapy and data on the duration of the interval 
between last intake of erlotinib and surgery had to be available. 

Treatment schedule 
Preoperative treatment consisted of 150 mg erlotinib once daily for a period of at least 
3 weeks. Surgical resection involved a radical resection of the tumor, preferably by 
lobectomy, and regional lymph nodes (at least three hilar and three mediastinal lymph 
node stations). Erlotinib was stopped at least 48 hours prior to surgery to prevent 
wound complications at resection. The treatment duration of three weeks was chosen 
to fit within the “preoperative window”, thereby not delaying surgery.

Pharmacokinetics of tumor tissue and plasma
Plasma samples were collected in the afternoon between day 14 and 21 of the erlotinib 
treatment. Patients were instructed to take erlotinib at dinnertime, therefore, time 
between intake and blood collection was between 18 and 24 hours. All plasma samples 
were snap frozen and stored at -80°C until analysis. The resection specimens were snap 
frozen at -80°C directly after surgery until further processing. A 50 to 150 mg specimen 
from each resected tumor was weighted accurately. Subsequently, an accurate volume 
of 500 to 1500 μL of drug-free human plasma was added to obtain samples containing 
100 mg of lung tumor tissue per 1.0 mL of plasma. Lung tumor tissue homogenate was 
prepared by using a rotor/stator-type mechanical homogenizer for minimal three minutes 
per sample. Tissue homogenate samples were stored at nominally -20oC until analysis. 
 Bio-analytical quantification of erlotinib and its metabolite, O-desmethyl 
erlotinib, in plasma and lung tumor tissue homogenates was performed by using high-
performance liquid chromatography and detection with tandem mass spectrometry 
(HPLC-MS/MS) as described previously (14). The lower limit of detection (LLOD) of the 
assay for both compounds was established at 2.0 ng/mL and 20 ng/g in plasma and 
tumor tissue samples, respectively. 

Mutational analysis
EGFR and KRAS mutational status were determined in the postoperative material by 
isolating DNA from fresh tumor tissue and formalin-fixed paraffin-embedded tumor 
samples (Roche Diagnostics, Pleasanton, California, USA).

Statistical analyses
Descriptive statistics were used to summarize the patient characteristics and erlotinib 
and O-desmethyl erlotinib plasma and tissue concentrations. 
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RESULTS

Patients’ characteristics 
Between December 2006 and November 2010 tumor tissue and plasma samples were 
collected from 14 NSCLC patients receiving erlotinib preoperatively. One patient was not 
evaluable, since no data on time interval between last erlotinib dose and surgery were 
available. Clinical and histological data for all evaluable patients are listed in Table 1. 

Plasma and tumor tissue concentrations
An overview of measured erlotinib and N-desmethyl erlotinib concentrations in plasma 
and lung tumor tissue samples of all patients is presented in Table 2. Mean plasma 
trough erlotinib and O-desmethyl erlotinib levels were 1222 ng/mL (SD 678) and 179 ng/
mL (SD 140), respectively. Mean lung tumor tissue levels of erlotinib were 149 ng/g 

 

Characteristics Total 
(n=13) 

Gender                                               (number of pts (%))  
Male         5   (39) 

     Female 8   (61) 
Age (y)                                                              (mean (range)       63  (47-74) 
Tumor histology                           (number of pts (%))  

Adenocarcinoma        10  (77) 
Squamous cell carcinoma 1    (8) 

Large cell carcinoma 2   (15) 
Smoking status                            (number of pts (%))  

Never smoker 3   (23) 
Former smoker 7   (54) 
Current smoker 3   (23) 

KRAS mutation status              (number of pts (%))  
Negative       11   (85) 
Positive 2   (15) 

EGFR mutation status              (number of pts (%))  
Negative       10   (77) 
Positive 3   (23) 

Median erlotinib treatment duration  
                                                       (median number of days) 

 
      20 

Median period between erlotinib treatment 
and surgery                         (median number of days) 

 
       6 

Table 1. Patient characteristics 
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Patient Plasma concentration  
(ng/mL) 

Tumor tissue concentration 
(ng/g) 

Time interval 
between last 

erlotinib intake and 
surgery (days) 

 Erlotinib O-desmethyl 
erlotinib 

Erlotinib O-desmethyl 
erlotinib 

 

  1* 1407 161 105 <LLOD 6 
  2* NA NA 441 57.7 3 
  3 701 85.7 <LLOD <LLOD 7 
  4 993 83.0 450 187 1 
  5 2521 520 52.0 <LLOD 3 
  6 1189 162 77.6 <LLOD 4 
  7 633 52.6 33.2 <LLOD 10 
  8 862 126 48.3 <LLOD 3 
  9 782 76.0 197 46.9 7 
10 NA NA <LLOD <LLOD 19 
11 2440 348 84.8 <LLOD 4 
12 596 212 110 <LLOD 13 
13* 1321 141 39.3 <LLOD 7 
Mean  1222 179 149 79.2 7 
SD 678 140 153 78.0 4.9 

Table 2. Erlotinib and O-desmethyl erlotinib concentrations in plasma and lung tumor tissue. 

* represents a patient with EGFR mutation . LLOD, lower limit of detection (2.0 ng/mL in plasma samples and 20 ng/g in tissue samples); NA, not available. 

(SD 153). The median number of days between last erlotinib administration and surgery 
was 6 days with a range from 1 to 19 days. In one patient erlotinib tissue concentrations 
were quantifiable up to at least 13 days after intake of erlotinib. In two patients 
erlotinib tissue concentrations (collected 7 and 19 days after intake of erlotinib) were 
below the LLOD (20 ng/g). O-desmethyl erlotinib concentrations were quantifiable 
in three patients up to 7 days after intake of erlotinib with mean lung tumor tissue 
concentrations of 79.2 ng/g (SD 78.0). The relation between trough plasma levels and 
tumor tissue concentrations in the available samples was indeterminate, taking into 
account the time point of tissue collection.
 Figure 1 shows the erlotinib and O-desmethyl erlotinib lung tumor tissue 
concentrations versus the time interval between the last erlotinib dose and tumor 
tissue collection during surgery. Using extrapolation, lung tumor tissue concentrations 
during erlotinib therapy (time after erlotinib intake = 0 days) were approximated at 200 
ng/g tissue, which is above the IC50 level of wild-type EGFR inhibition by erlotinib (183 
ng/mL). No correlation between EGFR mutational status and intratumoral erlotinib 
concentrations was found.
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 DISCUSSION

This exploratory study was conducted to investigate erlotinib concentrations in lung 
tumor tissue after neoadjuvant erlotinib therapy. Only limited data of erlotinib and 
O-desmethyl erlotinib concentrations in lung tumor tissue were available thus far. 
Concentrations in lung tumor tissue were detectable up to 13 days (for erlotinib) 
and 7 days (for O-desmethyl erlotinib) after drug intake. The extrapolated tumor 
tissue concentration of approximately 200 ng/g was lower than the mean plasma 
concentrations of 1222 ng/mL, thus, no strong accumulation of erlotinib in tumor tissue 
was observed. Nevertheless, these extrapolated tumor concentrations were above the 
the IC50 level of wild-type EGFR inhibition by erlotinib (183 ng/mL).
 A drawback of assessment of intratumoral drug concentrations is the 
availability of only one tissue sample per patient per time point (15,16). Therefore, it 
is not possible to investigate changes in tumor levels over time. In previously reported 
studies of erlotinib and gefitinib, lung tumor tissue was obtained during tyrosine 
kinase inhibitor (TKI) treatment (10-12). In our observational study, however, treatment 
with erlotinib was interrupted at least 48 hours before surgery to decrease any risk of 
surgical complications. In addition, some patients discontinued neoadjuvant treatment 
earlier due to toxicity. Therefore, we could only measure erlotinib and O-desmethyl 
erlotinib concentrations in lung tumor tissue samples that were collected at different 
time points up to 19 days after administration of erlotinib. 
 Available data concerning TKI levels in lung tumor tissue, including data of the 
present study, showed wide variability. Variability in tumor tissue concentrations can be 
partly the consequence of variable plasma levels. The observed plasma concentrations 
and corresponding inter-patient variability within our study were comparable to 
previously reported trough plasma concentrations by Hidalgo et al. (1200 ng/mL (±SD 
620)) (3). No correlation between trough plasma levels and tumor tissue concentrations 
could be established, due to differing time points of sample collection.
 Heterogeneity within one tumor may exist causing variable drug penetration 
within different tumor areas (9). For instance, vital tissue is supposed to have a better 
blood supply than non-vital tissue (fibrotic and necrotic tissue). Furthermore, a 
treatment response may result in a different tumor penetration in the remaining tumor 
(9). Additionally, contamination of tissue samples with blood clots can affect measured 
intratumoral TKI levels as was experienced in the study of Lassman et al (15). In our 
study no blood clots were observed in tumor samples, however, tumor heterogeneity of 
samples could not be ruled out as this is inherent to tumor tissue analysis (17).
 A part of the lung tumor tissue samples showed undetectable amounts of 
erlotinib (15.4%) and O-desmethyl erlotinib (76.9%). The lower limit of detection of 
our assay for erlotinib and O-desemethyl erlotinib in tissue samples (20 ng/g) was well 
below the the IC50 level of wild-type EGFR inhibition by erlotinib (183 ng/mL) (2,4). 
Therefore, exact quantification of concentrations below 20 ng/g was not supposed to be 
clinically relevant.
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Due to the observational setting, tissue collection occurred at various time points 
after last erlotinib intake. Therefore, direct comparison of erlotinib and O-desmethyl 
erlotinib tissue concentrations between patients within our study and with previously 
reported data was not possible. Tumor tissue concentrations were extrapolated to 
a time point directly after intake of erlotinib and estimated at >200 ng/g tissue. In a 
previous study including 3 patients with NSCLC and 1 patient with laryngeal cancer 
treated with erlotinib (150 mg QD for 9 days), samples of tumors resected within 
90 minutes after erlotinib intake showed mean erlotinib and O-desmethyl erlotinib 
tumor concentrations of 1185 ng/g (range 94.0 - 3028) and 160 ng/g (range 125 - 184), 
respectively (12,18). 
 In our study no indication for accumulation of erlotinib in lung tumor tissue 
was observed independent of EGFR mutational status, which was consistent with 
reported data (tissue to plasma ratio’s (n=4) of 0.05 - 1.61 and 0.88 - 1.30 for erlotinib 
and O-desmethyl erlotinib, respectively) (12,18). In contrast, for gefitinib, an other EGFR-
TKI, lung tumor concentrations during gefitinib therapy in 23 patients with NSCLC were 
40-fold elevated compared to plasma concentrations which suggested that gefitinib 
strongly accumulated in lung tumor tissue (10). Since physicochemical properties of 
gefitinib and erlotinib are quite similar, this difference remains unexplained. Possibly, 
interaction with drug efflux pumps P-glycoprotein (P-gp) or Breast Cancer Resistance 
Protein (BCRP) in tumor cells for which erlotinib is a substrate (6,19,20) or metabolism 
of erlotinib by CYP1A1/1A2 may be involved (7,21). Nevertheless, even without tissue 
accumulation 150 mg QD erlotinib leads to lung tumor tissue concentrations in NSCLC 
exceeding the IC50 level of wild-type EGFR inhibition.
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ABSTRACT 

Background | Epidermal Growth Factor Receptor (EGFR) ligands such as transforming 
growth factor-α (TGFa), amphiregulin (ARG), insulin growth factor (IGF1) and soluble 
EGFR have been described as predictors of either response or resistance to EGFR-
Tyrosine Kinase Inhibitors (TKIs). The aim of this study was to test these serum markers 
in a prospective neoadjuvant trial, in which NSCLC patients received 3-weeks of 
preoperative erlotinib.

Methods | Patients were treated with erlotinib for 21 days before radical resection. 
Serum marker levels of s-EGFR, TGFa, ARG, IGF1, IGFBP3 were determined in available 
pre-treatment (baseline) samples and samples during treatment. For evaluation of 
response, we used metabolic data during treatment, as measured by FDG-PET and 
compared to baseline scan according to EORTC criteria. Predefined cut-offs were used.

Results | Of 37 patients, serum samples and scans were available (n=27 baseline and 
during treatment). Metabolic partial response was seen in 6 patients. A baseline high 
s-EGFR (>54.95μg/l) was predictive for response (p=0.04). ARG (p=0.18), TGFa (p=0.65), 
IGF1 (p=0.71) and IGBP3 (p=0.62) were not significantly related to metabolic response. 
All metabolic responders showed a decrease in s-EGFR during treatment with a mean 
decrease of 4.4 μg/l. 

Conclusion | Of potentially interesting serum markers, only high baseline levels 
of soluble EGFR are associated with response to erlotinib in early stage NSCLC. 
Furthermore, in patients with metabolic response, s-EGFR decreased during treatment. 
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BACKGROUND

Inhibiting the epidermal growth factor receptor (EGFR) pathway by blocking the 
tyrosine kinase domain with small molecule inhibitors (EGFR-TKIs) has become a valid 
treatment option for some non-small cell lung (NSCLC) patients (1-4). It has become 
clear that this oncogenic pathway is often mutated and the presence of mutations 
in EGFR is predictive for EGFR-TKI response (5-8). This has resulted in trials studying 
EGFR-TKIs as first line therapy in NSCLC patients with EGFR-mutations (9,10). However, 
acquisition of (adequate) tumor tissue is not always possible, and some patients 
without mutations may also benefit from EGFR-TKI treatment (11-13). As systemic 
treatment options in NSCLC patients are limited and targeted therapy is expensive, 
identification of easily obtainable predictive markers remains essential.

Pursuing this goal, we previously tested serum concentrations of EGFR and insulin-like 
growth factor (IGFR) ligands for their predictive potential in advanced NSCLC patients 
treated with erlotinib/gefitinib in comparison to matched, advanced NSCLC, patients 
without TKI treatment (14,15). We found that low concentrations of transforming-
growth factor alpha (TGFa) and high concentrations of amphiregulin (ARG) were 
associated with longer survival in patients treated with erlotinib or gefitinib compared 
to controls. Furthermore, high serum-EGFR (s-EGFR) concentrations were associated 
with a better overall survival in advanced NSCLC patients treated with erlotinib or 
gefitinib (14,16,17). The studies were exploratory and the study of Kappers et al and 
Vollebergh at al were both retrospective. 
 The aim of this study was therefore to validate our prior results using data from 
a prospective neoadjuvant trial, in which operable NSCLC patients received 3-weeks 
treatment with erlotinib before surgical resection. The objective was to validate the 
association of ligand concentrations and response to neoadjuvant erlotinib. Overall 
toxicity and response data of the neoadjuvant study have been presented before (18). In 
this analysis, concentrations of s-EGFR, ARG, TGFa, IGF1 and insulin-like growth factor 
binding protein-3 (IGFBP3) in serum collected prior to erlotinib treatment and during 
treatment were studied in relation to metabolic response as measured by FDG-PET 
imaging.
 
PATIENTS AND METHODS

This current study is a sub-study of the neoadjuvant erlotinib (NEL) trial (18). Patients 
were treated in the NEL-study, an open-label, non-comparative phase II study 
performed in four hospitals in The Netherlands (EudraCT number 2006-003927-35). 
The protocol was approved by each local institutional ethical review board and written 
informed consent was obtained from each patient before the start of the study. First, 15 
patients with resectable NSCLC from a selected (“enriched”) population (two or more 
of the following features: female, adenocarcinoma, non-smoker, Asian) were enrolled. 



76 Chapter V

After evaluation of treatment in these patients by the safety committee, another 
45 unselected patients were included. All 60 patients received, prior to resection, 
neoadjuvant erlotinib daily during an intended course of three weeks. Toxicity and 
response data of this study have been reported and showed tumor response in 14/60 
patients (23%), of whom 3 (5%) had near-complete response (18,19). Of the NEL-study 
population (n=60), a sub-study was conducted with serum samples of 37 patients. 
Serum was available both before treatment (baseline) and between day 14 and 21 of 
erlotinib treatment in 27 patients; in another 10 patients only baseline samples were 
available. Besides, serum samples of 22 untreated control patients were available. 
These patients were treated for resectable NSCLC, in the same period, but did not 
receive erlotinib or other neoadjuvant treatment. The control patients were matched 
for patient and tumor characteristics. 

Eligibility
Patients with newly diagnosed resectable NSCLC, over 18 years of age, could enter 
the study. Pathological staging occurred according to the 7th TNM staging edition. 
Patients had to be fit for surgery with an Eastern Cooperative Oncology Group (ECOG) 
performance status of 0 or 1, neither pregnant nor breastfeeding. The diagnosis had 
to be histologically proven or highly probable based on medical history, chest X-ray, 
spiral CT-scan, bronchoscopy and [18F]-FDG-Positron Emission Tomography (PET 
scan) (20). Clinical staging was performed using CT scan, FDG-PET and, (in case of 
suspected tumor positive nodes) additional endoscopic ultrasound guided fine needle 
aspiration cytology (EUS-FNA) or mediastinoscopy. Exclusion criteria were continuation 
of smoking (21), ophthalmologic abnormalities (especially those causing dry eyes), 
unwillingness or inability to wear glasses instead of contact lenses during the erlotinib 
treatment, or prior malignancy treated with HER1/EGFR inhibitors. 

Treatment schedule 
Preoperative treatment consisted of one tablet of 150 mg erlotinib daily for a period of 
3 weeks. FDG-PET scans were performed before the start of therapy and after 21 days, 
accompanied by a diagnostic CT scan. Surgical resection involved a radical resection of 
the tumor, preferably by lobectomy, and regional lymph node dissection. 

Assessment of response 
Resected tumor specimens and imaging data were sent to the Netherlands Cancer 
Institute (NKI-AVL) for central review, quantification and analyses. CT and FDG-PET 
scans performed after treatment with erlotinib were compared to baseline scans, by 
one radiologist and one nuclear physician, respectively. PET imaging was performed 
using a hybrid system (GeminiTF, Philips, Eindhoven, the Netherlands). Uptake was 
quantified using the maximum standardised uptake value (SUVmax)( maximum activity 
concentration of FDG divided by the injected dose and corrected for the body weight 
of the patient). Metabolic tumor response was assessed following EORTC criteria (22). 
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The resection specimens were scored for residual vital tumor and the presence of 
morphological signs of therapy-induced regression such as foam cell reaction, giant 
cell reaction, cholesterol clefts and fibrotic alterations (Junker classification (23)). As 
described before, it remains difficult to ascertain whether the degree of necrosis and 
fibrosis reflects extensive tumor heterogeneity and spontaneous necrosis or treatment 
effect (18). Since more detailed quantification of response in the setting of targeted 
therapy for early stage NSCLC is lacking, change in metabolic activity, measured by 
FDG-PET, was used for response evaluation (24). 

Serum analyses
Serum samples were stored at - 30°C and all markers were tested simultaneously. 
s-EGFR, ARG, TGFα, IGF1 and IGFBP3 were measured as previously published (14,15). 
When cut-off levels were used, we only tested previously determined cut-offs. For 
s-EGFR this value was 54.95μg/ L, for ARG 9,49 μg/ L, for TGFα 21.69 μg/ L, for IGF1 
11.95nmol/L and for IGFBP3 2.92mg/L (15,25). To calculate the IGF1:IGFBP3 ratio, 
IGFBP3 (mg/L) was converted to molar concentrations with a conversion factor of 34.78. 
The cut-off of the ratio was predefined at 0.1696. The prior studies on the markers 
mentioned above did not include serum samples during treatment; therefore we 
studied these as continuous values only. Differences between baseline and treatment 
serum were calculated and a decrease was indicated if the value of treatment serum 
was lower than at baseline. 

Mutation analyses
Mutation testing was performed centrally at the certified lab of the NKI-AVL. EGFR and 
KRAS mutation status was determined (Roche Diagnostics, Pleasanton, California, USA) 
in the postoperative material by isolating DNA from fresh tumor tissue and formalin-
fixed paraffin-embedded tumor samples as previously published (26).

Statistical analyses
Serum markers levels were mainly tested as continuous values. If predefined cut-offs 
were used, levels were reported as high or low. Associations among the individual 
markers and response were calculated using Fisher exact tests and Mann-Whitney 
U tests. Correlations between serum marker value and metabolic response were 
calculated and reported are the p-values according to the non-parametric Spearman 
rank correlation tests. 
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RESULTS AND DISCUSSION

Sixty patients with operable early stage NSCLC were included in the NEL-study. Forty-two 
patients completed 21 days of erlotinib treatment using 150mg/day. Seven patients used 
erlotinib 150mg/day for 15-18 days. In four patients the dose was reduced to 100mg/day 
and seven patients stopped erlotinib prematurely due to toxicity (after 8 - 15 days). 
 In this current serum study, baseline serum and FDG-PET evaluations were 
available in 37 patients treated with erlotinib. Besides, serum samples of 22 untreated 
control patients were available. Clinical characteristics for all patients with available 
serum for marker analysis are listed in Table 1. All 37 patients were treated with 
erlotinib for a median of 21 days (range 9- 29 days). Following EORTC criteria, 8 patients 
were classified as metabolic partial responders (SUVmax decrease of -25 to -80%). Of 
27 patients, serum samples were available during treatment; correlation of change 
of marker level and response could therefore be analyzed for 27 patients. In these 27 
patients, serum samples as well as FDG-PET/CT were available both before treatment 
(baseline) and between day 14 and 21 of erlotinib treatment. Of the in total 8 metabolic 
responders, 6 were identified in the subgroup of 27 patients. 

Serum markers
The range and median of all marker levels was in accordance with our previous study’s 
(Supplementary Table 1), except for IGFBP3 which had a higher median than previously 
reported. Only two patients had a value below the cut-off. Baseline serum marker 
distributions for all patients are summarized in Table 2. No differences in median and 
range were observed between the treated group and the untreated control group.
Figure 1 shows baseline marker levels and change during treatment in relation to 
metabolic response in 27 patients for the markers s-EGFR, ARG, TGFa and IGF. IGFBP3 
and the IGF1: IGFBP3 ratio was not included in the figures, due to the higher levels of 
IGFBP3 as reported above. High baseline levels of s-EGFR were significantly correlated 
with PET-response (p=0.04 Spearman rank). All six responders had s-EGFR levels above 
59 μg/l. ARG, TGFa, IGF1 and IGFBP3 showed no significant associations with PET 
response with a p-value of respectively 0.98, 0.66, 0.74 and 0.77 (Table 3 and Figure 1). 
A repeated analysis was performed including the baseline serum marker levels of 
all erlotinib treated patients; with the serum of 10 extra erlotinib treated patients a 
significant association was continued with high s-EGFR in metabolic responders. Two 
of these 10 patients had a metabolic response. For the total 8 metabolic responder the 
significant correlation was stable (p=0.03). 

Differences between marker levels during treatment and baseline levels were studied 
in 27 patients (Figure 2). Decrease of s-EGFR during treatment showed a trend in 
correlation with response on PET-CT (p=0.09). The relative change of SUVmax as 
measured by PET during treatment was minus 18% (as compared to baseline SUVmax) 
in patients with a decrease of s-EGFR, as compared to 3% in patients with an increase 
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   PR SD PD All PET Control 

Baseline 

only 

   N = 6 N = 17 N = 4 N = 27 N = 22 N=10 

Histology          

 Large cell 2 ( 33%) 2 ( 12%) 1 ( 25%) 5 ( 19%) 4 ( 18%) 1 (11%) 

 Squamous cell 1 ( 17%) 3 ( 18%) 1 ( 25%) 5 ( 19%) 2 ( 9%) 3 (33%) 

 Adenocarcinoma/BAC  3 ( 50%) 12 ( 71%) 2 ( 50%) 17 ( 63%) 14 ( 64%) 6 (60%) 

 BAC  0 ( 0%) 0 ( 0%) 0 ( 0%) 0 ( 0%) 2 ( 9%) 0 (0%) 

Gender          

 Male  2 ( 33%) 8 ( 47%) 2 ( 50%) 12 ( 44%) 10 ( 45%) 4 (40%) 

 Female  4 ( 67%) 9 ( 53%) 2 ( 50%) 15 ( 56%) 12 ( 55%) 6 (60%) 

Age (yrs)          

 Median/ range  62 61 60 62 62 63 

 (Range)  (47 - 67) (49 - 75) (51 - 67) (47 - 75) (33 - 82) (36-71) 

Smoking History          

 Never   2 ( 33%) 1 ( 6%) 0 ( 0%) 3 ( 11%) 1 ( 5%) 3 (30%) 

 Former  2 ( 33%) 12 ( 71%) 3 ( 75%) 17 ( 63%) 14 ( 64%) 4 (40%) 

 Current  2 ( 33%) 4 ( 24%) 1 ( 25%) 7 ( 26%) 7 ( 32%) 3 (30%) 

PA stage          

 IA  4 ( 67%) 4 ( 24%) 2 ( 50%) 10 ( 37%) 7 ( 32%) 3 (30%) 

 IB  1 ( 17%) 2 ( 12%) 0 ( 0%) 3 ( 11%) 4 ( 18%) 2 (20%) 

 IIA  0 ( 0%) 1 ( 6%) 0 ( 0%) 1 ( 4%) 2 ( 9%) 1 (10%) 

 IIB  0 ( 0%) 3 ( 18%) 0 ( 0%) 3 ( 11%) 3 ( 14%) 1 (10%) 

 IIIA  1 ( 17%) 5 ( 29%) 1 ( 25%) 7 ( 26%) 1 ( 5%) 3 (30%) 

 IIIB  0 ( 0%) 0 ( 0%) 0 ( 0%) 0 ( 0%) 2 ( 9%) 0 (0%) 

 IV  0 ( 0%) 2 ( 12%) 1 ( 25%) 3 ( 11%) 3 ( 14%) 0 (0%) 

EGFR mutation Positive   3 (50%) 1 (6%) 0 ( 0%) 4 (15%) 2 (9%) 1 (10%) 

K-Ras mutation Positive  0 ( 0%) 6 (35%) 0 ( 0%) 6 (22%) 4 (18%) 2 (22%) 

 

Table 1. Patient characteristics and serum marker outcome

Abbreviations: PR= partial response, SD= stable disease, PD= progressive disease. BAC= Broncheo alveolair carcinoma. PA stage= pathological stage 
according to the 7th TNM edition

(p=0.04). The other three markers did not show a significant relation of change in serum 
levels during treatment and metabolic response. 
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Baseline serum 
levels 

  

Total erlotinib 
population 

Baseline 
serum levels 

During 
treatment 
serum levels 

  N = 37 N=27 N = 27 
s-EGFR       
  Range 37.7 - 71.7 37.7 - 71.7 42.1 - 72 
Mean 58.0 57.3 56.7 
Response 65.1 65.5 60.1 
No response 56.3 55.4 55.8 
ARG       
  Range < 3.0 - 5000 3.0 - 1465 < 3.0 - 1516 
Median 7.0 7.0 6.2 
Response 13.7 16.2 19.8 
No response 6.0 6.0 4.6 
TGFa       
  Range < 3.0 - 63.8 3.0 - 63.80 < 3.0 - 65.3 
Mean 17.7 18.1 20.2 
Response 19.4 23.0 21.3 
No response 17.5 17.4 19.9 
IGF1       
  Range 9.0 - 51.4 9.30 - 51.38 9.5 - 48.22 
Mean 19.0 19.4 20.4 
Response 22.3 23.7 24.0 
No response 18.2 18.4 19.4 
IGFBP33       
  Range 2.4 - 5.9 2.36 - 5.90 2.4 - 6.5 
Mean 4.1 4.1 4.2 
Response 4.5 4.3 4.6 
No response 4.0 4.1 4.0 
IGF ratio       
  Range 0.06 - 0.28 0.06 - 0.28 0.05 - 0.26 
Mean 0.14 0.14 0.14 
Response 0.14 0.15 0.14 
No response 0.13 0.13 0.14 

 

Supplement Table 1. Serum marker values in erlotinib patients.
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    PR SD PD Total P-value Control 
Baseline 

only 

   N = 6 N = 17 N = 4 N = 27 
metabolic 
response N = 22 N=10 

sEGFR  ng/L                 
  Median 65 55 57 57 0.04 55 61 
  (Range) (59 - 72) (38 - 71) (53 - 60) (38 - 72)   (41 - 72) (42-69) 
  High/Low 6/0 8/9 3/1 17/10    7/3 
ARG ng/L              
  Median 12 5.9 9.9 7 0.98 2.9 12.7 
  (Range) (2.9 - 48) (2.9 - 1500) (2.9 - 170) (2.9 - 1500)   (2.9 - 4100) (<3-5000) 
  High/Low 3/3 5/12 2/2 10/17    3/7 
TGF ng/L              
  Median 14 12 15 14 0.66 15 12 
  (Range) (2.9 - 64) (3.5 - 37) (9.9 - 16) (2.9 - 64)   (3.3 - 70) (<3-42) 
  High/Low 1/5 5/12 0/4 6/21    4/6 
IGF1 nmol/L             
  Median 19 16 20 16 0.74 17 17 
  (Range) (14 - 51) (9.3 - 42) (14 - 38) (9.3 - 51)   (8.9 - 41) (9-29) 
  High/Low 6/0 14/3 4/0 24/3    9/1 
IGFBP3 mg/L             
  Median 4.3 3.6 4.9 4.0 0.77   3,8 
  (Range) (3.7-5.5) (2.4-5.9) (3.7-5.6) (2.4-5.9)    (2.9-5.3) 
  High/Low 6/0 16/1 4/0 26/1    9/1 
IGF ratio             
  Median 0.12 0.13 0.10 0.12 0.96   0.15 
  (Range) (0.07-0.28) (0.06-0.21) (0.79-0.20) (0.07-0.18)    (0.07-0.17) 
  High/Low 1/5 4/13 2/2 7/20     2/7 

 Abbreviations PR= partial response, SD= stable disease, PD= progressive disease, sEGFR: soluble endothelian growth factor receptor, TGFa, transforming 
growth factor alpha-, ARG, amphiregulin; IGF1, insulin-like growth factor-1, IGFBP3, insulin-like growth factor binding protein-3.

Table 2: Baseline marker distributions according to metabolic response.

Mutation status
Mutations status was assessed in all 37 patients receiving erlotinib treatment with 
available baseline serum. EGFR was mutated in 5 patients (13.5%), KRAS in 8 (21.6%). 
Four out of five (80%) patients with EGFR-mutated tumors showed high sEGFR baseline 
levels (Table 4). ARG baseline levels did not seem to be associated with either EGFR or 
KRAS mutations, while low TGFa baseline levels was present in 4 out of 5 EGFR-mutated 
patients. IGF1 was high in 4 out of 5 EGFR mutated patients, IGFBP3 was high in all 5 and 
the IGF ratio was low in all 5. No further statistics were applied on mutation level. 
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Figure 1: Relative PET-change vs. serum marker-baseline distributions in 27 patients, treated neoadjuvant 
with erlotinib.
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    PR SD PD Total P value 
    N = 6 N = 17 N = 4 N = 27   

sEGFR ng/L           
  Median difference -7 -1.6 2 -1.8 0.09 
  (Range: decrease - increase) (-10 - 9.3) (-16 - 20) (-5.5 - 13) (-16 - 20)   

ARG ng/L           

  Median difference 11 -11 68 -3.4 0.73 
  (Range: decrease - increase) (-24 - 3200) (-88 - 59) (-47 - 650) (-88 - 3200)   

TGF ng/L           

  Median difference 20 -3.8 11 -2.8 1.00 
  (Range: decrease - increase) (-39 - 54) (-60 - 250) (-21 - 190) (-60 - 250)   

IGF1 nmol/L          
  Median difference 4.6 5.3 -2.6 5.1 0.26 

  (Range: decrease - increase) (-17 - 31) (-11 - 53) (-31 - 53) (-31 - 53)   
IGFBP3 
mg/L          
  Median difference 0.5 0.2 -0.25 0.10 0.52  

  (Range: decrease - increase) (-1.2 -3.0) (-1.3 -0.8) (-0.3 -0.8) (-1.3 -0.8)   
IGF ratio          

  Median difference - 0.01 -0.01 0.00 -0.01 0.40  

  (Range: decrease - increase) (-0.03 -0.06) (-0.07 -0.08) (-0.04 -0.03) ( -0.7 -0.8)   
 

Table 3: Absolute change in marker distributions between baseline and treatment serum levels according 
to metabolic response for 27 patients treated with erlotinib.
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    Double WT EGFR + KRAS + 
    N=24 N=5 N=8 

Low  8 1 4 sEGFR 
High 16 4 4 

  Mean (range) 57.8 (42-72) 59.4 (52-60) 56 (38-71) 
        

Low 13 2 5 ARG 
High 11 3 3 

  Median 7 (<3-3427) 12.7 (6-48) 7.8 (<3-5000) 
        

Low  18 4 5 TGF α 
High 6 1 3 

  Mean (range) 16.8 (<3-37) 22.1 (8-64) 21.0 (3.5-42) 
        

Low  2 1 1 IGF1 
High 22 4 7 

  Mean (range) 20.3 (9-51) 16.5 (11-22) 18.7 (12-25) 
        
IGFBP Low  1 0 1 
  High 23 5 7 
  Mean (range) 4.2 (2-6) 4.1 (3-5) 3.8 (3-6) 
        
IGFratio Low  17 5 6 
  High 7 0 2 
  Mean (range) 0.13 (0.06-0.28) 0.11 (0.08-0.14) 0.15 (0.06-0.21) 

 

Table 4. Outcome baseline serum markers split out for mutation status, using 
predefined cut-off levels
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DISCUSSION

This study shows that high baseline levels of soluble EGFR are associated with response to 
erlotinib in early stage NSCLC. Furthermore, in patients with metabolic response, s-EGFR 
levels decreased during treatment. Concentrations and their changes during treatment 
of TGFα, ARG and IGF1 were not predictive for response. For IGFBP3, the value measured 
in this patient group was higher than the previous measured values in advanced NSCLC 
patients. In that study IGFBP3 was predictive for progression free survival, regardless of 
treatment, which might explain the level difference in different stages of NSCLC.
 The need for predictive markers is greater than ever in this era of personalised 
medicine. Informative markers can reduce unnecessary toxicity and cost. Especially in lung 
cancer, selecting patients for targeted therapy using a serum test would be an advantage, 
as collecting (representative) tumor tissue may be difficult and require bronchoscopic or 
transthoracic biopsies.
 In a previous study in patients treated with erlotinib or gefitinib for stage III/IV 
NSCLC, higher levels of baseline s-EGFR were associated with improved survival and with 
lower risk of progressive disease within three months (14). S-EGFR is thought to reflect the 
absolute number of activated EGF receptors that can be inhibited, explaining a relation 
to EGFR-TKI treatment response in both the present study and the study of Kappers et al. 
Decreasing levels of s-EGFR during response to EGFR-TKIs have been reported in patients 
with advanced NSCLC (27). In that study, responders showed a s-EGFR decrease at time of 
best response compared to baseline level by more than −3.6 μg/l.

Other serum markers, TGFα, ARG, IGF1 and IGFBP3, were not informative for response 
evaluation. Two studies have reported that patients with baseline high TGFa or low ARG 
level did not benefit from TKI treatment (28,29), assuming they could have a predictive 
value. In our study both responders and non responders were found having high TGFa 
levels or low ARG levels, indicating that these levels do not predict for treatment response. 
 Whether these markers (TGFα, ARG, IGF1 and IGFBP3) do not have any predictive 
value remains uncertain. Although the number of patients in our study is limited, the 
overlap of test results between responders and non-responders makes a substantial link 
with response to neoadjuvant EGFR-TKIs unlikely. Another explanation for the discrepancy 
is the different population of patients (in this study mainly early stage NSCLC as compared 
to other studies with more advanced stages). Furthermore, previous studies have used 
other outcome measures (survival, stable disease). In this study, we used a metabolic 
measure for response. Defining response in the setting of targeted therapy for early 
stage NSCLC is challenging, since tumor volume reduction (RECIST) is not expected to 
occur within short term and pathologic standards to qualify for regression to TKI therapy 
are lacking (18,30). There is an ongoing discussion on the relation between response 
evaluation and prediction of survival in patients with NSCLC receiving neoadjuvant therapy, 
however early metabolic evaluation during treatment is more appropriate than other 
modalities (24).
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CONCLUSION

Currently in NSCLC, mutation status is the main factor used to select patients for TKI 
treatment. However, some patients do not benefit from EGFR-TKI treatment despite 
the presence of EGFR mutations, while some other patients do benefit without (known) 
mutation. Whether this is due to intra- and intertumor heterogeneity and sampling 
or whether it is due to false-negative or false-positive tests caused by methodological 
errors, or whether there are patients with other molecular aberrations benefitting 
from EGFR-TKIs, is unclear. Furthermore, systemic antineoplastic treatment may affect 
mutation status and EGFR overexpression.  
 If s-EGFR does reflect the amount of activated receptors that can be inhibited, 
this biomarker test may be a more functional indicator to select patients for EGFR-
TKI treatment, since it potentially selects patients with an activated EGFR-pathway 
regardless of mechanism of activation. In addition, it is a relatively simple test, which 
can be repeated during treatment to evaluate decrease. The cut-off level of 54.95μg/l 
was derived from former studies, but may be suboptimal. In another study a cut-off 
level of serum EGFR of 55,42 µg/L was reported (31). Using this slightly higher cut-
off level did not make a substantial difference in outcome for the current dataset. 
More data are needed to refine this cut-off level and further test s-EGFR for treatment 
selection and monitoring.
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ABSTRACT

Background | Patients with Non-Small Cell Lung Cancer (NSCLC) that harbor mutations 
in the tyrosine kinase domain of Epidermal Growth Factor Receptor (EGFR) have a 
higher chance of response on Tyrosine Kinase Inhibitors (TKIs). However, a subgroup 
of patients lacking these mutations may also benefit. The objective was to investigate 
kinase activity profiles in tumor tissue in the presence and absence of erlotinib and to 
relate this ex vivo response to clinical response.

Methods | Frozen tumor tissue was obtained from two groups of patients with resectable 
NSCLC (stage IA-IIIA). One group was untreated, the other group received erlotinib for 21 
days before surgical resection. Tissue cryosections were obtained and lysed in a buffer 
supplemented with phosphatase and protease inhibitors. Kinase activity profiles of the 
lysates were generated on PamChip® peptide microarrays in the presence and absence 
of erlotinib, allowing determination of the ex-vivo inhibition of kinase activity. 
Kinase inhibition profiles for a set of samples (n=16) were used to train a classifier 
to predict response to erlotinib inhibition, followed by a validation series using 
blinded test samples (n=15). Clinical response evaluation was based on PET/CT and 
histopathologic assessment. All specimens were analyzed for EGFR and KRAS mutation 
status.

Results | A classifier was obtained that distinguished erlotinib responders (n= 13) and 
non-responders (n=17) in the training set, using a Leave-One-Out Cross Validation and 
resulted in misclassification of two samples. Application of the classification algorithm 
to 15 blinded samples from an independent validation set resulted in correct prediction 
of outcome for 12 samples. 

Conclusions | A classifier was established based on kinase inhibition profiles that 
predicts response to erlotinib. The functional inhibition test at the kinase level may 
identify patients who respond to a TKI in the absence of an activating mutation.
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INTRODUCTION

Survival in patients with non-small cell lung cancer (NSCLC) remains disappointing, 
even in patients with early stage disease (1). (Neo) adjuvant treatment with 
radiotherapy or chemotherapy has a limited effect on disease free survival and overall 
survival (2, 3). 
 The development of “targeted therapy” has led to a new era of clinical 
research with promising results. The Epidermal Growth Factor Receptor (EGFR) is 
expressed in many solid tumors including NSCLC. Inhibition of the tyrosine kinase 
domain of this receptor by EGFR tyrosine kinase inhibitors (TKIs), such as erlotinib and 
gefitinib, prevents downstream signalling involved in cell proliferation, angiogenesis, 
invasion and metastasis. Activating mutations in the EGFR tyrosine kinase domain are 
associated with increased progression free survival in patients with NSCLC, especially 
adenocarcinoma (4, 5) and higher response rates to EGFR-targeting drugs (6). Whereas 
patients harbouring a KRAS mutation have a poorer progression free and overall 
survival (5). 

Erlotinib is a small-molecule EGFR-TKI, registered for the treatment of patients with 
advanced NSCLC (7, 8). It can be orally administered, and has a relatively favorable 
toxicity profile, which makes it a potentially appealing drug to use in the neoadjuvant or 
preoperative setting (9, 10). To select patients with NSCLC who may benefit from EGFR-
TKI treatment, several approaches have been used. With selection based on phenotypes 
(adenocarcinoma, female, non-smoker, Asian ethnicity) a response rate of 30% can be 
achieved (11, 12). With the availability of tumor tissue, molecular selection based on 
EGFR mutations can increase the response rate to around 70% (13-15). Sensitivity to 
TKIs is based on complex signaling cascades of tyrosine and serine/threonine kinase 
activity. Multiple targets can signal for the same transcription factor within the cascade. 
Therefore, some patients with EGFR-mutations will not respond to TKI therapy, whereas 
others can become resistant after some time. Acquired TKI resistance can arise due 
to secondary mutations in EGFR (e.g. T790M) (16, 17), selection of resistant cells or 
activation of alternative signaling pathways. In 10-20% of the patients with objective 
response to a EGFR-TKI, no mutations have been identified in EGFR (4, 13, 18).
 Kinase activity measurements on PamChip® peptide microarrays have been 
performed in several cancer types (19-30). The arrays contain peptides which are 
phosphorylated by the kinases present in the cell lysates obtained from the tumor. 
The kinase activity of a sample is measured and results in a phosphorylation profile. 
Versele et al. showed proof of principle using ex vivo EGFR-TKI testing on non-treated 
tumor cell lysates to predict “treatment response” in terms of inhibition of proliferation 
in multiple cell line models (30). Kinase phosphorylation profiling was also used 
to predict response to preoperative chemoradiotherapy in locally advanced rectal 
cancer (20, 20, 22, 24). In addition to the phosphorylation profile a functional assay, 
determining kinase activity profiles of a tumor sample in the absence and presence of 
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a targeting drug, such as erlotinib, potentially may improve adequate prediction of a 
patients’ response to such a drug (13, 31). Current response prediction models indicate 
a probability of response based on statistical analysis of a large number of patients 
sharing a particular tumor property, without taking into account individual functional 
characteristics. The primary objective of this study was to investigate kinase activity 
profiles in tumor tissue of patients with NSCLC in the presence and absence of erlotinib 
and to relate this ex vivo response to clinical response. If the effect of adding the drug to 
the lysate of a patient’s tumor reflects clinical response of this individual, this approach 
could be a further step towards personalized medicine.

METHODS

Patient population
Patients with resectable NSCLC were included in a phase II preoperative trial, receiving 
neoadjuvant erlotinib daily during 3 weeks until resection (32). Frozen tumor tissue of 
resectable NSCLC from the NKI-AvL was collected. Patients used erlotinib for a median 
of 20 days, and discontinued treatment median 3 days before surgical resection.
A control group was added with patients who did not receive preoperative treatment, 
matched with respect to tumor histology, gender and age. A schematic overview is 
shown in Figure 1. This study was approved by the protocol review board and was 
performed in accordance with the Helsinki declaration. Informed consent was required 
for participation. 
 Patients with newly diagnosed resectable NSCLC – i.e. clinical stage I-II 
NSCLC, cT1-3 N1-0 - were allowed to enter the study. Inclusion and exclusion criteria 
have been described by Schaake et al (32), as well as treatment schedule, toxicity 
and assessment of response. Responders were defined as having metabolic response 
according to EORTC criteria and more than 50% necrosis with signs of therapy-induced 
tissue alterations in the resection specimen, non-responders had stable or progressive 
disease. EGFR and KRAS mutation testing was performed in the certified diagnostic 
laboratory of the NKI-AvL (33). 

Sample preparation
Cryosections of 10 μm thickness were cut from fresh frozen NSCLC resection material. 
The sections were distributed over 3 vials and stored at – 80oC till use. The tumor 
content was determined by HE staining and ranged from 3 to 100 %. 
 Tissue cryosections were lysed for 30 min on ice in lysis buffer (M-PER 
Mammalian Extraction Reagent supplemented with Halt Phosphatase Inhibitor Cocktail 
and EDTA-free Halt Protease Inhibitor Cocktail (Pierce Biotechnology, Inc., Rockford, 
IL)). After centrifugation for 15 min at 10000xg at 4oC, the supernatants were aliquoted 
and snap frozen on dry ice. Protein content of the lysates was determined with micro 
BCA assay (Pierce Biotechnology, Inc., Rockford, IL), using BSA as reference protein. 
All experiments were performed using lysate aliquots that had not been thawed before.
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Kinase activity profiling
Incubations of the lysates in the presence and absence of erlotinib and dynamic 
readings of kinase activity on PamChip® 96 peptide microarrays (#86311, PamGene 
International BV, ‘s-Hertogenbosch, The Netherlands) have been performed under 
conditions as described in (22). A flow chart of the experimental steps is given in 
Supplemental Fig S1. 

Feasibility
The use of post-treatment tumor tissue to predict a likely response to erlotinib 
treatment is only feasible when the treatment has not significantly altered the 
properties of the tumor and thus altered the outcome of the inhibition profile. 
Therefore the untreated samples were added as a control group to the inhibition profile 
test phase. The feasibility study was performed using samples from one part of patients 
treated with erlotinib (the training set, n=16) and samples from the untreated control 

Feasibility study

Neoadjuvant erlotinib (NEL)a Trial

Controls
(untreated)

N=16

Treated patients
(N=16)

Treated patients
(N=16)

Feasibility model

Prediction model

Treated patients
(N=15)

Main study

- Training set

- Validation set

Prediction unblinding

blinded

Assay optimization

Result
Evaluation

Figure 1. Schematic overview of feasibility and main study



96 Chapter VI

Su
pp

le
m

en
ta

ry
 fi

gu
re

  S
1.

 O
ve

rv
ie

w
 o

f e
xp

er
im

en
ta

l s
et

-u
p



97Kinase activity profiling for response prediction to erlotinib

group (n=16). Patient samples (7 μg of protein per array) were analyzed in quadruplicate 
without erlotinib, and in duplicate with 5 µM erlotinib (LKT Laboratories, St Paul, MN, 
USA) in the incubation mixture. The final DMSO concentration was 0.5 % v/v. Patient 
samples of the training and control set were distributed over 96 microarrays (96 per 
plate) per run.  A basal optimisation was performed. 

Training and validation
Before performing the validation experiment, further assay optimization was performed 
with respect to sample input and erlotinib concentration. Based on those results, the 
amount of protein used per assay was adjusted according to the mean signal intensity 
of the 15 peptides with the highest signal, and varied between 2 and 20 μg per array. 
Samples were normalized for basal signal heights during validation, without inhibition. 
The erlotinib concentration was increased to 25 μM, compared to 5 μM in the feasibility, 
as for unexplained reasoning a higher concentration was needed for the same 30% 
inhibition. 
 The validation experiment was performed using the samples from the first 
part of patients, the training set (n=16), and a separate (blinded) validation set (n=15) 
obtained from the other part of patients enrolled in the neoadjuvant erlotinib study. 
Patient samples of the training and test sets were randomly distributed over 96 
microarrays (96 per plate) per run.
The whole procedure took 2 hours to perform. Clinical response data of the validation 
set samples were only revealed, after reporting read-out and likely response of the 
samples to the NKI-AvL. 

Data analysis
After visual check of all arrays and grids for spot finding, signals for each peptide were 
quantified with BioNavigator software (PamGene, ‘s-Hertogenbosch, The Netherlands). 
Defective arrays were removed after data inspection. Measurements were performed 
in duplicate. For each spot on the array, signal intensity after subtraction of local 
background was calculated and used for further analysis. All data processing and 
visualizations were performed using Bionavigator and Matlab (R2010B, The Mathworks, 
Natick, MA) 

Data pre-processing for the feasibility experiment
Signals measured at the end of the incubation (end levels, EL) were used for analysis. 
Data were 2log transformed, hereto a small number of negative values in the data 
needed to be handled prior to log transformation. It occurred that clear signals were 
lower than background signals, therefore resulting in a negative signal after subtraction 
of the background signal. This was done applying an “upward shift” to the data. 
Hereto the 1% percentile point + 1 of the full data set was subtracted from the data, 
values remaining < 1 after the shift was set to 1. In order to – largely – remove the 
subset of peptides that showed weak or absent signals, peptides for which the mean 
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log transformed signal in the incubation without inhibitor was < 9.551 (2log750) were 
excluded from the profiles, leaving 79 peptides for further analysis for each sample. 
For each sample an inhibition profile was calculated by subtracting the 2log value 
with inhibitor from the 2log value without inhibitor. In formula: for each peptide j in 
sample i the log-fold-change Lij = S0

ij – S1
ij, was calculated, where S0

ij and S1
ij are the 

log-transformed signals for peptide j in sample i without and with inhibitor added, 
respectively. The log-fold-change Lij corresponds to the 2log of the ratio of the measured 
activity signal without and with inhibitor added before log transformation. It is equal to 
zero for peptides for which no changes occur, and <0 for peptides for which blocking of 
the relevant kinase activity occurs in the presence of a blocking agent such as erlotinib. 

Class prediction model for the feasibility experiment 
Based on the 2log inhibition ratio profiles of the training set a class prediction model 
was built in Matlab using partial least squares discriminant analysis (PLS-DA), (34) 
without further selection of discriminative peptides; all peptides were included with 
differential weights. The performance of the class prediction model was estimated by 
leave-one-out-cross-validation (LOOCV), ensuring that for each iteration of the cross 
validation the model was built completely independent of the left out sample (35). 
For both the training and the test set a model was tested with each of the samples 
individually left out to test the robustness of response prediction. Application of this 
class prediction model to a new sample results in a prediction index (“PamIdx”), where 
PamIdx > 0 means that the sample is predicted to be a responder, a PamIdx < 0 means 
that the sample is predicted to be a non-responder

Data preprocessing for the validation experiment
For the validation study, inhibition profiles were calculated in the same way as for the 
feasibility experiment. In this case a larger set of 121 peptides was retained for further 
analysis after applying the signal threshold. It was found that the validation set samples 
as a whole showed a lower signal and inhibition level than the training set samples. 
This systematic difference between the training and validation set was accounted for 
by scaling each included peptides to zero mean and unit variance in the training and 
validation set separately, prior to the class prediction analysis.

Class prediction model for the validation experiment 
In the main study the class prediction model was built as described for the feasibility 
experiment using a training set and validating it on a validation set. Prediction 
performance was evaluated by LOOCV of the training set (as described for the feasibility 
experiment) and by applying the prediction model that was built using the training set, 
to the data obtained from the validation set. The clinical response data of the validation 
set were only revealed after reporting the predicted response to the NKI-AvL.
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Erlotinib Untreated  

Training set 

N=16 Test set = 15 Total =31 Control group =16 

Count Mean Count Mean Count Mean Count Mean 

Sex Male 8   6   14   6   

Female 8   9  17   10   

                  

Age at diagnoses   60  63   62   57 

                 

Histology Large cell undiff. 1   4  5   1   

  Squamouscel ca 2   4  6   2   

  Adeno carcinoma 13   6  19   13   

  Broncheo alveolair ca 0   0  0   0   

  A-typical carcinoid 0   1  1   0   

                  

Smoking status Never 6   3  9   1   

  Former/Current 7/3   7/5  14/8   12/2   

  Packyears   33  43   38   23 

                  

EGFR mutated No 14   12  26   15   

Yes 2   3  4   1   

KRAS mutated No 12   13  25   10   

Yes 3   2  5   6   

Not performed 1   0  1   0   

                  

Days erlotinib 20   19    19   0 

         

Follow up months 34   25     30   40 

Table 1. Patient characteristics

RESULTS

Patient characteristics
The patient population reported was enrolled between January 2007 and May 2010, the 
diagnostic evaluation, treatment and follow-up were performed in the NKI-AvL. For this 
analysis 31 patients received neoadjuvant erlotinib and 16 untreated control patients 
were analysed. Table 1 summarizes the demographic and tumor characteristics of the 
treated and untreated patient groups. 
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Feasibility study
Inhibition profiles of the training and the control set (as illustrated in Figure S1) were 
compared (Figure S2) to evaluate whether the treatment of the patients led to significant 
differences between the groups. Univariate analysis of the profiles did not yield any 
peptides that differed significantly between the treated and untreated group, showing 
that it was feasible to use the (post-treatment) samples of the training set for this study. 
 The 2log inhibition ratio profiles of the training set (n=16) were used to test the 
feasibility of building a classifier to distinguish responding from non-responding, using 
partial least square discriminant analysis (PLS-DA). Two samples prevented the building 
of a useful model. For one of these patients (T-16), who had concomitant NSCLC & CLL, 
tumor material from a metastatic lymph node was used in the test. The other sample 
(T10) was an atypical case, a squamous cell carcinoma with response to erlotinib. 
Exclusion of these samples resulted in a model that was validated with Leave One Out 
Cross Validation (21). These data showed that it was feasible to distinguish responders 
from non-responders. The assay conditions were further optimized with respect to 
sample input (amount) and inhibitor concentration to allow an optimal separation of 
responders and non-responders.

Building a model with the training set
The inhibition profiles of the training and validation set were determined. 
Based on the 2log inhibition ratio profiles of the training set (Figure 2A), a classifier was 
built. Sample T-16 distorted the model and had to be removed. Sample T-10 could be 
retained, leaving 15 samples in the Training set. The performance of the classifier in the 
training set was checked by LOOCV (Fig 2B). The response class prediction for the samples 
of the training set as responder (Prediction score >0) or as non-responder (Prediction 
score <0) gave correct categorization in 13/15 samples. In addition to sample T-16, sample 
T-03 was misclassified. Sample T-03 (non-responder) had a rare EGFR exon 20 9 BP 
insertion. 
 The error rate from this procedure was 15% (2 samples misclassified). From a 
set of 700 repeats of the cross validation procedure, but with the responder and non-
responder labels randomly re-assigned to the samples (permutation test) the probability 
of obtaining such an error rate result by chance is p<0.02. 

Application of the model to the blinded validation set
The prediction model built with the training set was applied to the inhibition ratio profiles. 
The inhibition profiles of the blinded validation set and their prediction scores are shown 
in Figure 3A and 3B. Subsequent comparison of this classification to the clinical response 
assessment revealed that of the 15 samples, 12 were classified correctly. V-01 (complete 
responder, adenocarcinoma with EGFR exon 19 mutation), V-15 (breast cancer metastasis) 
and V-14 (concomitant tuberculosis) were classified incorrectly. Histological analysis 
revealed a very low percentage (3%) of remaining tumor cells in sample V-01. 
Mutation status and response prediction
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In the treated patient groups a total of 5 patients showed a EGFR mutation and 5 a KRAS 
mutation (Table 1). All except one patient (V-01) with an EGFR mutation were classified 
as responders. One patient (sample T03), with a rare EGFR exon 20 9 BP deletion, was 
classified as responder but was clinically a non-responder. All patients with KRAS 
mutation were correctly classified as non-responders (Figure 2B and 3B).

DISCUSSION

This study illustrates the potential of kinase activity profiling in tumor tissue of 
individual patients with NSCLC for predicting treatment outcome with erlotinib. A 
classifier was built based on inhibition profiles in a training set with known clinical 
response data. This classifier, as used in a blinded validation, correctly indicated likely 
response or non-response in 12 out of 15 patient samples. Only a few microgram of 
fresh (frozen) tissue is needed for the measurement of kinase activity with this assay. 

A limitation of the study was that no paired pre-treatment and post-treatment samples 
were available. To test whether the treatment resulted in profiles differences compared 
to untreated tumor tissue (the situation in which a predictive test would be used in 
clinical practice), we compared the data from the training set to a matched group of 
untreated patients. Although results in some tumors (like near-complete responders 
T-05 and V-01) may be affected by treatment, the spectrum of inhibition profiles of 
treated tumors was homogeneous and comparable to that of untreated tumors. The 
feasibility study showed that it was possible to distinguish responders from non-
responders after neoadjuvant erlotinib treatment. 
 Building a classifier for the training set was performed twice in separate 
experiments with different experimental conditions. In both cases, the prediction model 
correctly classified 13 out of 15 samples during LOOCV, which is more than what would 
be expected to occur by chance. Application of the classification model to a blinded 
validation set result in correct prediction of response for 12/15 samples. Patients with 
straight forward NSCLC were all diagnosed correctly except one patient who had a near 
complete response with very little viable tumor tissue left. The other two patients with 
misclassified results were patients with pulmonary comorbidity besides NSCLC, which 
may have influenced the kinase expression profile.

This one-step mix and measure test is performed directly on tissue lysate. Since 
enzyme activity measurements result in intrinsic signal amplification, no additional 
amplification step is needed. Overall differences in signal intensity could be attributed 
to differences in tissue input in the lysis batch and were eliminated by a batch wise 
normalization. Optimization of the sample input and spiked-in inhibitor concentration 
improved the separation between responders and non-responders. The multiplex assay 
set-up allows for processing of a large number of samples simultaneously and allows 
the analysis of sufficient number of replicates for statistical analysis of the data.
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Four samples with EGFR exon 19 mutations were present among classified responders, 
in concordance with expectations. One sample that had a rare EGFR exon 20 9 BP 
deletion, did classify as responder by Pamindex but was clinically a non-responder. 
KRAS mutations (five) were only found in classified non-responders, also as expected. 
Hence, for those patients with activating EGFR or with KRAS mutation response 
prediction using kinase activity profiles was consistent with that based on the mutation 
status of the analysed tumor. However, in the present study 12 patients were indicated 
as a responder, 5 of which harboured an EGFR mutation. In the current clinical practice, 
based on mutation analysis, only these last 5 would have received treatment with 
erlotinib. Based on the predictive assay described here, 7 more patients would be 
eligible for erlotinib treatment, with one of those being a (clinical) non-responder. 
To establish the robustness of this functional inhibition classifier for response to 
erlotinib treatment, further validation is necessary in pre-treatment samples and 
comparison with treatment results. However, the present study shows promising and 
results for the use of kinase activity profiling for response prediction, in a 2 hour assay. 
For future optimization and validation with strict inclusion criteria and pretreatment 
samples should be used to improve accuracy of the test.

CONCLUSION

Kinase activity profiling may be a promising step towards personalized medicine for 
lung cancer patients. For the future functional testing using kinase activity profiling 
in the absence and presence of targeted agents such as erlotinib should be further 
validated in prospective clinical trials. 
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ABSTRACT 

Introduction | Despite the benefits from concurrent chemoradiotherapy (CCRT) regimens 
in patients with locally advanced non-small cell lung cancer (NSCLC), more efficacious 
treatment options are needed. Cetuximab, a monoclonal antibody that selectively 
binds to the epidermal growth factor receptor, has demonstrated activity in patients 
with metastatic NSCLC. This study assesses whether combining cetuximab with CCRT is 
feasible.

Methods | Patients with inoperable locally advanced NSCLC, received cetuximab (400 
mg/m2 on day 1, 250 mg/m2 q1w in weeks 2–6) in addition to radiotherapy (66 Gy 
in 24 fractions weeks 2–6) and cisplatin (6 mg/m2 q1d during weeks 2–6) daily. Early 
response was monitored using FDG PET/CT-scans performed 4 weeks after treatment 
and response was evaluated by CT-scan 6 weeks after the last fraction of radiotherapy.

Results | Between March and July 2008, 12 consecutive patients were enrolled. Ten 
patients completed protocol treatment. Although generally well tolerated, two patients 
were unable to complete protocol treatment. Acneiform rash and dysphagia were the 
most common side effects (grade ≤3 according to CTCAE v 3.0). No unexpected toxicities 
were observed. 
Early response monitoring revealed a metabolic response in 8 (out of 10) patients. 
CT-scan evaluation showed a partial response in 8 patients. Four (out of 12) patients 
showed progressive disease after 12 months of follow up. 

Conclusions | The addition of cetuximab to CCRT in patients with NSCLC was generally 
well tolerated and early clinical responses were observed with this new therapy 
combination. A randomized phase II study comparing CCRT with CCRT and cetuximab is 
ongoing. 
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INTRODUCTION

Lung cancer is the leading cause of cancer related death in the western world. Non- 
small cell lung cancer (NSCLC) accounts for 80-85% of all cases of lung cancer and 30% 
of these patients present with locally advanced disease. Until 1990 patients with locally 
advanced NSCLC were treated with radiotherapy alone. The addition of chemotherapy 
to radiotherapy has resulted in a modest increase in survival (1). Our institute has 
investigated the role of concurrent chemoradiotherapy and was the first to pilot 
daily single agent cisplatin (6mg/m2) administered concurrently in a close temporal 
relationship with radiotherapy. A clear survival benefit was the result of adding 
cisplatin in a concurrent fashion (2;3). This increased survival was found to be related 
to increased loco-regional progression free survival. A meta-analysis supported the 
favorable outcome of concurrent chemoradiation (CCRT) (4). Further improvement of 
the chemoradiation schedule concerned escalation of the radiation dose from 55 Gy to 
66 Gy using concomitant boost technique and this was effectuated with an acceptable 
level of toxicities (2;3;5). A recent meta- analysis of concurrent versus sequential 
chemoradiotherapy (CRT) showed an absolute 3-year overall survival benefit of 6.6% 
for concurrent over sequential CRT due to improved local control while the incidence of 
distant metastasis was not significantly affected by the addition of chemotherapy (6)

Cetuximab is a chimeric IgG1 monoclonal antibody that specifically binds to the 
epidermal growth factor receptor (EGFR) with high affinity, internalising the receptor 
and preventing the ligands EGF and TGF-α from interacting with the receptors, thereby 
effectively blocking ligand-induced EGFR phosphorylation (7;8). The EGFR is over-
expressed in many solid tumors including NSCLC and is associated with an unfavorable 
outcome of disease. In an experimental setting EGFR expression becomes elevated after 
radiation and affects radiosensitivity (9;10). Conversely, inhibition of the EGF receptor 
can induce long lasting responses in a subset of NSCLC patients (11;12). 
 Improvement of treatment results in patients with NSCLC may be effectuated 
by combining chemotherapy with targeted therapy or by an individualized approach of 
biomarker adapted chemotherapy (13;14). A successful example of the implementation 
of targeted therapy is the treatment of locoregional advanced squamous cell carcinoma 
of the head and neck with RT plus cetuximab improving locoregional control and 
survival without increase of toxicity related to the radiotherapy (15). The feasibility of 
induction chemotherapy followed by radiotherapy and cetuximab in stage III NSCLC has 
been shown recently(16-18) and cetuximab has been found to potentiate the effects 
of chemotherapy and radiotherapy in experimental settings (7;19;20). Cetuximab 
(initial dose 400 mg/m² and subsequent weekly doses of 250 mg/m² on day 1) was well 
tolerated and regarded safe in several studies regarding colorectal -, head & neck- and 
lung cancer. The main side effects of cetuximab monotherapy consist of hypersensitivity 
related infusion reactions and acneiform skin reactions.
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In this study we have assessed the feasibility of the addition of weekly cetuximab to 
high dose radiotherapy and concurrent daily cisplatin.

PATIENTS AND METHODS

Study design
Twelve consecutive patients with locally advanced NSCLC were enrolled to receive 
weekly cetuximab in combination with concurrent chemoradiation consisting of daily 
cisplatin, and fractionated radiotherapy. All patients were deemed irresectable prior 
to the start of chemoradiotherapy. Primary endpoint was the incidence and grade 
of toxicities. Secondary endpoints were early treatment response, overall response; 
progression free survival and survival at 12 months follow up.

Patient Population
Patients with a histological or cytological confirmed diagnosis of NSCLC, stage II/
III irresectable disease and/or inoperability, without malignant pleural effusion were 
eligible for this study. The treatment options were discussed in a multidisciplinary 
fashion after completion of all diagnostic and staging procedures. Staging occurred 
according to the IASLC version 6(21;22). All patients were treated with intentional 
chemoradiation.
 Further inclusion criteria included WHO (ECOG) performance status 0-1, age 
18 years or older and the presence of at least one measurable target lesion (according 
to RECIST 1.0) with adequate haematological, renal and hepatic functions. Exclusion 
criteria were: known active other malignancies, unless definitive treatment was 
completed 5 years or more before study entry; ipsilateral radiotherapy to the chest, 
serious cardio-vascular diseases within the last 6 months, uncontrolled hypertension, 
pregnancy, previous treatment with EGFR-targeted drugs or monoclonal antibodies 
and symptomatic peripheral neuropathy (National Cancer Institute’s common toxicity 
criteria, version 2, grade ≥2). Written informed consent was obtained from each patient 
before the start of study treatment. The study was approved by the local independent 
ethics committee and was designed in accordance with the International Conference on 
Harmonisation and Good Clinical Practice and the Declaration of Helsinki. 

TREATMENT AND ASSESSMENT

Concurrent chemoradiotherapy
The treatment scheme is shown in Table 1. The initial dose of cetuximab was 400 mg/
m² intravenously (i.v.), followed by a weekly dose of 250 mg/m² i.v. given on day 1, 
administered for a total of 6 infusions. Radiotherapy and cisplatin started one week 
after the initial dose cetuximab. Daily cisplatin was given from the first radiotherapy 
fraction onwards. The daily cisplatin dose was 6mg/m² given 1-1.5 hour before RT as an 
intravenous infusion (50 ml NaCl 0.9% solution) given as a bolus (+/- 10ml). 
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Radiotherapy
For all patients treatment planning was performed using intensity-modulated 
radiotherapy, with 4 dimensional treatment planning CT-scan, prepared with 
intravenous contrast (0.3 cm slice thickness). Patients were positioned supine; all 
fields were treated with the patient in the supine position. The involved irradiation 
fields encompassed the primary tumor and pathological lymph nodes on the 
18-Fluorodeoxyglucose Positron Emission Tomography (FDG PET) scan. The Gross 
Tumor Volume (GTV) and normal structures were delineated according to the 
institutional protocol; Margins for the Clinical Target Volume (CTV) and Planning Target 
Volume (PTV) were added. The delineations were approved during a multidisciplinary 
meeting and the treatment was given using cone beam CT guidance. All patients were 
treated with mega voltage photon beams of 10 MV. The PTV was irradiated with 2.75 Gy 
per fraction with a multiple beam arrangement, for 5 days a week to a total number of 
24 fractions over a period of 32 days (Table 1). The dose was specified according to the 
ICRU 50 guidelines, using advanced tissue inhomogeneity corrections. In the optimal 
plan the mean lung dose and other organs at risk were kept within specified constraints 
(spinal cord dose ≤ 50 Gy, esophagus: V35 <65%; whole heart ≤ 40 Gy and ≤ 50 Gy to 2/3 
and ≤ 66 Gy to 1/3). The Mean Lung Dose was kept below 20 Gy. 

Patient Evaluation
Physical examination and laboratory tests were performed twice a week during 
treatment. The tumor was measured at onset of therapy and response was evaluated 
according to Response Evaluation Criteria In Solid Tumors (RECIST) version 1.0 (23). 
Six weeks after the end of treatment response to therapy (complete, partial response, 
stable disease, and progressive disease) was assessed using CT-scan. All patients were 
discussed in a weekly multidisciplinary meeting to assess resectability after treatment. 
A FDG PET/CT (Gemini TF, Philips, Eindhoven, the Netherlands) was assessed as an 

D1

• • • • • •
Cet:

CDDP:

Rt:

D8 D15 D22 D29 D36-D39

X X X X X X X X X X X X X X X X X X X X X X X X 

•   = Cetuximab 400mg/m² on D1, 250 mg/m² on D8, D15, D22, D29, D36
X  = Cisplatin/ cDDP 6mg/m² before each RT fraction
    = Radiotherapy (RT) 2.75 Gy x 24 fractions

Table 1. Concurrent chemoradiation with weekly cetuximab.
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early response monitoring tool and was performed within 4 weeks prior to the start 
of treatment and 4 weeks after CCRT was finished. This early time-point was chosen 
to support selecting patients for resectability after CCRT. The interval between FDG 
administration and scanning was 60 minutes +/- 10 minutes. Low-dose CT images 
(40 mAs, 5 mm slices) were acquired without oral or intravenous contrast. FDG tumor 
uptake was quantified using SUVmax, (SUVmax = Standard Uptake Value, maximum 
activity concentration/ (injected dose/body weight)) which was defined as the 
maximum tumor concentration of FDG divided by the injected dose and corrected 
for the body weight of the patient. Metabolic tumor response was assessed using the 
European Organization for Research and Treatment of Cancer (EORTC) criteria for SUV 
measurement (24). According to other studies on (chemo-) radiotherapy in lung cancer 
patients the definition of complete metabolic response was slightly altered to: no tumor 
FDG uptake or SUVmax in the tumor similar to that in the mediastinum, instead of the 
SUVmax in the surrounding normal tissue (25).

RESULTS
 
Between March and July 2008, 12 consecutive, eligible patients were enrolled. Patient 
characteristics are shown in Table 2. A total of 15 patients were screened for CCRT with 
cetuximab. During the screening phase distant metastases became evident in three 
patients. In two patients bone metastasis were diagnosed on repeat PET/CT (made 
because of a 4-6 week interval between PET/CT and the start of treatment). In the third 
patient a MRI confirmed metastatic disease in the brain. 
 Of the 12 treated patients eight patients had irresectable disease due to N2 
or N3 disease, while four patients had irresectable tumors due to tumor location or 
invasion into surrounding structures.

Treatment exposure
Ten out of 12 patients completed the full treatment schedule of cetuximab, 
radiotherapy and cisplatin. One of the patients stopped cetuximab in week 6 due to 
acneiform skin rash grade 3 CTC (Common Terminology Criteria for adverse events, 
version 3.0). Another patient did not receive the last dose of cisplatin in week 6 due 
to an overall 30% increase of creatinine during the treatment course. All patients 
completed radiotherapy treatment within 32 days. 
 
Toxicity data/ adverse events 
All 12 patients were evaluable for toxicity. The combined regimen was generally well 
tolerated. The most common side effects were cetuximab related acneiform dermatitis 
and dysphagia (see Table 3). The maximal toxicity score for both side effects was grade 
3 and both side effects did resolve completely. One patient developed grade 4 anorexia. 
No unexpected side-effects were encountered. 
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Characteristics                           N= 12 

Gender 
     Male 6 
     Female 6 
Age   
      Median 60 
      (range) (44-77) 
Performance score 
      WHO 0 9 
      WHO 1 3 
Smoking status   
     Never 1 
     Former 4 
     Current 7 
Ethnical background   
    Caucasian 11 
    Azian 0 
    Latin 1 
Histology/Cytology 
      Adenocarcinoma 4 

Large cell carcinoma 1 
Squamous cell carcinoma 7 

T-stage 
     T0 1 
     T1 2 
     T2 2 
     T3 3 
     T4 4 
N- Stage 
     N0 4 
     N1 - 
     N2 7 
     N3 1 
Extent of disease 
     Stage IIb 2 
     Stage IIIa 6 
     Stage IIIb 4 
EGFR Mutation   
    Yes 0 
    No 3 
    NA/ not enough tissue 9 
Kras mutation   
    Yes 1 
    No 2 
    NA/ not enough tissue 9 
 

Table 2. Patient and tumor characteristics
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Haematological toxicities are shown in Table 3 for all 12 patients. During treatment 
haematological toxicity did not exceed grade 2. In one patient neutropenia (grade 4) 
and leucopenia (grade 3) were observed two weeks after completion of treatment. This 
leucopenia was not accompanied by fever or infection.

A total of three serious adverse events (SAE) were documented in two patients. One 
concerned a 64-year old male, who was admitted as a consequence of generalized 
weakness during the 2nd week of treatment and vomiting. Tube feeding was initiated 
and the patient recovered fully within five days. The second patient, a 44 year old 
female was admitted to the hospital twice: the first time after an episode of mild 
haemoptysis in the 2nd week of treatment. No firmly established cause of haemoptysis 
could be determined but presumably both the tumor and the vulnerable mucosa may 
have contributed to this. She fully recovered and treatment was continued. In the 4th 
week she was readmitted because of dehydration and weight loss due to an episode 
of diarrhoea, fatigue and oesophagitis. After tube feeding she regained weight and she 
completed treatment.

Late toxicity
Six out of the 12 patients suffered from mild radiation pneumonitis (grade 1-2) between 
week 30 and 40 of the follow-up. In one patient the pneumonitis was associated with 
clinical bronchiectasis. Another patient developed an oesophageal stenosis (dysphagia 
in week 31), for which a single dilation procedure was performed.

Toxicity N = 12 Maximum grade 
  2 3 4 
Acneiform rash 7 4 0 
Anorexia 0 1 1 
Cough 1 0 0 
Dysphagia 2 3 0 
Fatigue 2 2 0 
Nausea 1 1 0 
Pain 0 1 0 
Pneumonia 1 0 0 
Vomiting 0 1 0 
Anaemia 0 0 0 
Leucopenia 2 1 0 
Neutropenia 1 0 1 
Platelets 0 0 0 
 

Table 3. Toxicity during treatment by 
maximum grade (CTCAE v 3.0)
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Response
For early metabolic response monitoring, FDG PET/CT-scans were performed at baseline 
and 4 weeks after the last fraction of RT in 10 out of 12 patients. One patient did not 
receive a second FDG PET/CT-scan due to logistic reasons; another patient refused a 
second FDG PET/CT-scan. The median SUVmax of the primary tumor at baseline FDG 
PET/CT was 11.4 (SD 7.7). After CCRT treatment the median SUVmax was 4.5 (SD 2.6). 
The individual metabolic responses are shown in Figure 1. Baseline CT-scans were 
compared with scans obtained 6 weeks after the end of treatment (week 13). Eight 
patients exhibited partial response and three patients stable disease, in one patient 
locally progressive disease was observed on CT-scan.

In two patients CCRT was followed by surgery as advised in our multidisciplinary team 
meeting: one patient underwent lobectomy of the right upper lobe. Interestingly the 
CT response evaluation (RECIST criteria) had shown stable disease, but the resected 
tumor pathological analysis showed a complete response. In the second patient, 
mediastinoscopy revealed persistent N2-disease, so the surgical approach was 
abandoned. 

One year follow up
Four patients have shown progressive disease after a total follow up of 12 months 
(Figure 2a). Local recurrence was observed in one patient, after 6 months. Three other 
patients developed distant metastases within one year: one patient showed brain 
metastasis within 3 months following the completion of CCRT; one patient developed 
metastasis in the contra lateral lung after 4 months, the other patient showed liver and 
bone metastasis after one year exactly. After 12 months 10 patients are still alive (Figure 
2). The patient with local progression died 12 months after registration. Of the eight 
patients with no disease progression, one patient died 6 months after treatment due to 
pulmonary embolism; this SAE was analyzed and scored unrelated to treatment.

CONCLUSIONS & DISCUSSION

In this feasibility study cetuximab could be safely combined with concurrent high-dose 
radiotherapy and daily cisplatin in patients with NSCLC in an outpatient setting. Skin 
toxicity and other toxicities were manageable and comparable with previous reports 
of CCRT in NSCLC and cetuximab in various cancer types(3;5;6;15). The rate of grade 3 
and higher oesophagitis, a fairly common toxicity in CCRT, was comparable with 5% and 
17% in EORTC studies with concurrent cisplatin and radiation with 66Gy and compared 
to other CCRT regimen (3;5;26-28). In the last years the introduction of Intensity-
Modulated Radiation Therapy (IMRT) allowed dose escalation by conforming the dose 
more precisely to a 3-Dimensional treatment volume, reducing toxicity (29).
 
 



120 Chapter VII

Figure 1. The percent change in SUVmax between baseline FDG PET/CT scanning and the 
FDG PET/CT after completion of CCRT treatment in 10 patients.
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The anti tumor effects of cetuximab in combination with daily cisplatin and high-dose 
radiotherapy result in a promising response rate of 66% and a PFS o f 12 months in 8 
patients. Ten patients were alive at 12 months. Cetuximab has shown its efficacy in 
combination with chemotherapy in patients with metastatic colorectal cancer (30), 
and in combination with radiotherapy or chemotherapy in patients with squamous cell 
cancer of the head and neck(15). A recent phase III study has demonstrated that adding 
cetuximab to 1st-line standard chemotherapy significantly prolonged overall survival 
in the broad category of patients with metastatic NSCLC(17;31). In contrast to EGFR 
tyrosine kinase inhibitors (TKIs), the benefit of cetuximab in NSCLC is independent of 
the EGFR mutation status or histological subtype (31). EGFR and KRAS mutation status 
were not standardly determined in this feasibility study due to lack of tissue samples 
and these small samples sizes no more then 2 mutations should be expected. 
 It is known that cetuximab can act as a radiosensitizer (32) but also may exert 
antibody-dependent cell-mediated cytotoxicity (33-36). It will be important to further 
define these mechanisms that will help to optimize treatment with this new antibody. 
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Response evaluation according to RECIST in patients treated with CCRT has proven not 
to be an optimal evaluation method in NSCLC. Tumor can often not be distinguished 
from radiation-induced pulmonary fibrosis or tumor necrosis. FDG PET/CT has been 
proposed for early prediction of response, showing promising results in colorectal, 
breast and oesophageal cancer (37-39). In NSCLC patients, reduction of metabolic 
activity during chemotherapy is also closely correlated with final treatment outcome 
(40). FDG PET response monitoring of chemotherapy has been shown to be more 
accurate than CT for response monitoring (41). Despite the promising results of FDG 
PET/CT for early accurate response monitoring, there have been concerns regarding the 
role of FDG PET/CT early after (chemo-) RT, because of the probability of false-positive 
results secondary to treatment-induced inflammatory changes (42). 

In this study, according to RECIST, 8 patients showed a partial response. However, one 
of the patients with stable disease according to the RECIST criteria had a dramatic 
response on PET/CT (85%) and underwent a successful lobectomy with no vital tumor 
present. Another patient with maximal partial response revealed a response of 80% (see 
Figure 3) and has thus far not shown disease activity. In both cases metabolic response 
showed a better correlation with the clinical outcome than the response evaluation 
according to RECIST. Large cohorts will be necessary to determine the optimal 
metabolic response cut-offs. 

In conclusion, high–dose intensity modulated radiotherapy combined with daily 
cisplatin in combination with cetuximab is feasible and well tolerated. A randomized 
phase II study comparing CCRT with CCRT and cetuximab within the Netherlands is 
ongoing. In the phase II study correlative analysis with molecular pathology, serum 
markers, and other patient characteristics will take place. 
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Figure 3. An example of a treated patient: A baseline FDG-PET/CT was 
performed, showing FDG uptake in the primary tumor and subcarinal 
metabole activity (A, B). Four weeks after treatment FDG-PET/CT 
showed complete metabolic response and an FDG uptake in the 
esophagus due to radiation esophagitis (C,D).
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 ABSTRACT 

Background and purpose | Knowledge on mediastinal lymph nodes postion variability is 
lacking. In this study we quantified the variability over the irradiation course in non-
small cell lung cancer (NSCLC) patients.

Methods | A 0.35x5 mm gold fiducial marker was inserted in mediastinal lymph nodes of 
14 stage III NSCLC patients. A respiration correlated 4D planning CT (PLCT) and daily 4D 
Cone Beam (CB)CT-scans were acquired. To calculate the systematic and random base-
line variations, and respiratory motion variability of the lymph nodes all CBCT scans 
were first registered to the bony anatomy in the PLCT. Patient population statistics 
of the peak-to-peak amplitude and time averaged mean position relative to the bony 
anatomy were calculated.

Results | The average peak-to-peak amplitude was 0.21 cm, 0.52 cm and 0.20 cm in 
de Left-Right, Cranial-Caudal and Anterior-Posterior direction respectively, while the 
amplitude variability was ≤0.1 cm in each direction. Inter-fraction lymph node baseline 
variation was 0.21/0.2 cm, 0.34/0.23cm and 0.17/0.15 cm systematic/random. PTV 
margins for these variations were 0.92 cm, 1.24 cm, 0.82 cm if for an online bone match 
and could be reduced to 0.77 cm, 0.82 cm and 0.86 cm for an online carina match. 

Discussion | Substantial and anisotropic systematic and random mediastinal lymph 
node baseline variation was found in NSCLC patients indicating that non-uniform 
margins could be beneficial. 
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INTRODUCTION

The life expectancy of lung cancer patients is strongly correlated with the locoregional 
extension of the tumor in the mediastinal lymph nodes. In case of mediastinal lymph 
node metastases, standard treatment consists of concurrent chemo- radiotherapy of 
the tumor and involved mediastinal lymph nodes. Radiotherapy of this region demands 
specific technical skills as considerable geometrical uncertainties are associated with 
radiotherapy of lung cancer due to set-up errors: misalignment of the patient relative 
to the treatment iso-center (1), baseline variation: displacement of the target’s mid-
position relative to the bony anatomy (2) and respiratory motion (3). Generous safety 
margins are required to account for such geometrical uncertainties in the absence of 
adequate correction strategies exposing nearby organs at risk to high doses resulting 
in considerable toxicity (4-8). With current combined chemo- radiotherapy regimens for 
locally advanced lung cancer esophagus toxicity is one of the main side effects, due to 
its proximity to involved lymph nodes.

Image guided radiotherapy (IGRT) (9) has been developed to reduce geometrical 
uncertainties by acquiring images of the patients anatomy just prior to treatment, 
comparing these with the anatomy during treatment planning to assess target 
misalignments and making correction typically through a couch shift. For locally 
advanced lung cancer, however, differential motion between pathological lymph nodes 
and primary tumor limits the potential of couch shift based correction strategies to 
reduce these geometrical uncertainties. Moreover, while position variability of the 
primary tumor has been extensively studied (5), involved lymph nodes are difficult to 
visualise on IGRT imaging modalities such as Cone Beam CT (CBCT), due to the lack 
of contrast. Therefore, it is unclear if current Planning Target Volume (PTV) margins of 
involved lymph nodes are adequate to account for its variability. 

There is a clear need to quantify the inter-fraction baseline variability and respiratory 
induced amplitude variability of mediastinal lymph nodes. The use of implanted 
fiducial markers facilitates the visualization of the nodes in the imaging modalities 
available in the treatment setting. The aim of this study was therefore to determine the 
mediastinal lymph node position variability using implanted gold fiducial markers and 
determine corresponding safety margins. 

MATERIALS AND METHODS 

A single center prospective cohort study, opened in August 2010, was performed in 
NSCLC patients treated with radical radiotherapy to determine mediastinal lymph node 
position variability using fiducial markers (from now on referred to as marker). Patients 
who were medically fit (WHO 0-2), 18 years or older, without prior mediastinal surgery 
or chest irradiation and who underwent trans-oesophageal endoscopic ultrasound-
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guided mediastinal lymph node aspiration (EUS-FNA) (10) for diagnostic purpose and 
subsequent radiation therapy or chemoradiation for primary treatment, were eligible 
for inclusion within this study. Written informed consent was obtained from all patients 
according to ICH/GCP and national and local regulations. This study was approved by 
the institutes’ medical ethical committee.
The endpoint of the study was to quantify the inter-fraction baseline variations 
and variation of respiratory motion amplitude of lymph nodes over the course of 
radiotherapy, in NSCLC patients. 

Marker placement using EUS-FNA
The EUS-FNA procedure was performed under intravenously administered short acting 
propofol sedation. After obtaining cytology of a suspicious lymph node on (PET-)
CT, a single marker was inserted, extending the total procedure time with two to five 
minutes. The sterile 0.35 mm by 5.0 mm gold marker (Visicoil by RadioMed, Barlett, 
USA) was preloaded into a 22-gauge EUS-FNA needle with the stylet retracted slightly 
to accommodate the marker and sealed off with sterile bone wax. The needle was then 
inserted into the working channel, advanced into the desired lyxmph node under EUS 
guidance and the marker was inserted into the lymph node by carefully advancing the 
stylet (Figure 1). 

Treatment
Every patient received standard radical Intensity Modulated RT (IMRT) conform the 
tumor stage; treatment schedules were not adapted for this study. A 4 dimensional (4D)
CT-scan with intravenous contrast (0.3 cm slice thickness) was made and subsequently 
a Mid-Ventilation CT scan (MidV CT) or Mid-Position CT (MidP CT) scan was reconstructed 
from the 4D CT scan (11) for delineation of the targets and organs at risk, and treatment 
planning. In a MidV CT a frame out of a 4D CT scan closest to the time average mean tumor 
position is used. A MidP scan is a 3D scan reconstructed using deformable registration 
based motion compensation with the complete anatomy in the time –averaged mean 
position. Patients were treated in supine position, to a dose of 66 Gy in 24 fractions with 
an overall treatment time of 32 days using 10 MV photon beams. Two patients received 
60Gy in 30 fractions and one patient received a dose of 51 Gy in 17 fractions as the mean 
lung dose was too high otherwise. The involved irradiation fields encompassed the 
primary tumor and pathological lymph nodes. The Gross Tumor Volume (GTV) and organs 
at risk (OAR) were delineated according to the institutional protocol and subsequently 
PTV margins were added to the GTV (no margins for microscopic disease). For the lymph 
nodes the current margin (GTV-PTV) is 12 mm, irrespective of the motion of the lymph 
node, while the GTV-PTV margin for the primary tumor is 12 mm + 0.25 times the GTV’s 
peak-to-peak amplitude observed in the 4D CT. Daily 4D cone beam CT scans were 
acquired using Elekta Synergy 4.2 or 4.6 (Elekta Oncology Systems Ltd., Crawley, UK) 
augmented with in-house developed software. The imaging dose per scan was about 2 
cGy and 4D CBCT scans were reconstructed in 10 equidistant phases with 2x2x2 mm3 voxel 
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Figure 1. Marker placement 
under endoscopic ultra 
sound guidance.
1a. The lymph node is 
outlined with the dashed 
ellipse, the pulmonary artery 
with the dotted ellipse. 
1b. The marker is inserted 
in the lymph node while the 
needle is being retracted.

Mediastinal lymph node position variability during radiotherapy

size. An online set-up correction protocol based on bony anatomy (vertebral bodies at the 
level of the high dose region) was used to minimize the patient set-up error and to detect 
relevant anatomical changes within the thorax. 

Lymph node position variability analysis
For this study the position of each individual marker was registered in each phase of each 
4D CBCT scan to the planning CT using a marker tailored chamfer matching algorithm 
yielding the lymph node trajectory (position of the lymph node marker over the different 
breathing phases) relative to the planning CT marker position. Additionally, in a similar 
way the carina displacements were quantified by a local rigid 4D grey-value registration. 
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To quantify baseline variability, first the time-weighted mean lymph node position 
(averaged over the 10 phases taken into account the relative time spend in each phase 
of the breathing cycle) was calculated. Subsequently, the result of the bony anatomy 
registration was subtracted from the time averaged mean lymph node marker position to 
obtain the lymph node baseline shift for that fraction. Inter-fractional baseline variability 
was quantified in terms of group mean, systematic errors (Σ), and random errors (σ). 
Additionally, the lymph node peak-to-peak breathing amplitude was calculated by the 
excursion of the trajectory in the LR, CC and AP direction. Subsequently, the inter-fraction 
trajectory shape variations were quantified over the all the scans per patient and over the 
patients and compared to the lymph node trajectory in the 4D planning CT. 

Margins
The GTV-PTV margin to ensure that the lymph nodes receive at least 95% of the 
prescribed dose for 90% of patients when all geometric uncertainties are included were 
calculated for all three directions using the following Margin recipe (12)
M = 2.5*Σ + 1.64*(√[σ2 + A2/9) + σ2

p] - σp). With Σ the overall standard deviation (SD) of the 
systematic errors, σ the overall SD of the random errors, A the peak-to-peak amplitude 
of the lymph node respiratory induced motion and σp, describing the width of the 
penumbra. The overall systematic and random errors were calculated as 
Σ = √[ Σ2

B + Σ2
T + Σ2

L + Σ2
I] and σ = √[ σ2

B + σ2
L + σ2

I], where the subscript B refers to baseline 
variation as quantified in this study, T refers to target definition uncertainty estimated 
at 2 mm (1SD), L refers to localization accuracy and I refers to inter-fractional variability. 
The latter two were taken from Sonke et al (13). σp was set to 0.32 cm (14).
Higgins et al.(15) suggested to use the carina as a surrogate for the lymph node 
position. Therefore, the residual lymph node position variability relative to the time 
averaged mean carina position were also quantified and resulting margins were 
calculated. The time averaged mean carina position was determined similar to the 
marker registration except that grey value registration was used instead of chamfer 
matching.
 
Marker Migration
Using an implanted marker as a surrogate for the lymph node position, assumes 
that the position of the marker relative to the lymph node is constant, i.e., implanted 
markers do not migrate. To measure possible migration the time averaged mean marker 
position was compared to the position of its surrounding tissue in the CBCT scans of the 
last two treatment days per patient. To that end, 4D CBCT-to-planning CT grey-value 
registration of the surrounding tissue was performed using a shaped ROI. The marker 
was excluded from the ROI to minimize its influence on the registration result. 
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Patient characteristics All patients 
  (n = 16) 
  N= or Mean 
Age in years 
 

64 
(50-85) 

Gender   
Male 10 

Female 6 
Stage   

IA 0 
IB 1 
IIA 1 
IIB 1 
IIIA 8 
IIIB 4 

IV Left 1 
Histology   

Adenocarcinoma 7 
Squamous cell carcinoma 4 

Undifferentiated NSCLC 5 
Radiation dose   

51 Gy (17x 3 Gy) 1 
60 Gy (30x 2 Gy) 2 

66 Gy (24 x 2.75 Gy) 13 
Lymph node stations with marker (n=16)   

II Left 2 
IV Left 2 

V 2 
VII 9 
VIII 1 

Concurrent chemotherapy 13  
 

Table 1. Patient Characteristics 
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RESULTS

From September 2010-August 2011 a total of 16 patients were included for the first 
analysis. Patient and tumor characteristics are listed in Table 1. The EUS guided marker 
placement occurred without complications and no markers were lost during placement 
or treatment. The 16 markers were inserted in five different lymph node stations: two 
markers in lymph node station II, two markers in station IV, two markers in station V, 
nine markers in station VII and one in station VIII. 
 Fourteen out of 16 patients finally received radical irradiation of 51-66 Gy for 
NSCLC. The two patients not receiving radical irradiation were excluded from further 
position variability analyses; both patients had a marker in lymph node station VII. All 
inserted markers were well visible on planning CT and CBCT and an average of 22 CBCT 
scans were acquired per patient (range 17-24). 

Lymph node baseline variation
An example of lymph node base line variation is shown in Figure 2, where both the 
exhale and inhale position of the inserted marker is considerably displaced following 
bony anatomy alignment. The systematic baseline variation over the 14 patients was 
0.21 cm, 0.34 cm and 0.17 cm in the LR, CC and AP direction respectively while the 
random baseline variation was 0.20 cm, 0.23 cm, 0.15 cm (Table 2A). 

The mean (range) peak-to-peak amplitude of the lymph nodes during treatment was 
0.20 cm (0.10-0.32 cm), 0.52 cm (0.11-1.06 cm) and 0.21 cm (0.11-0.30 cm). Amplitude 
variability was calculated by subtracting the amplitude of the 4D PLCT from the average 
amplitude of the CBCT per patient. The group mean amplitude differences were -0.03 cm 
in LR, 0.15 cm in CC and -0.03 in the AP direction. The systematic differences were 0.07 
cm, 0.32 cm and 0.10 cm respectively and somewhat larger than the random amplitude 
variability over the treatment course of 0.11 cm, 0.13 cm and 0.13 cm respectively.

Margins were calculated to account for the residual geometrical uncertainties following 
an online bony anatomy correction strategy to cover the lymph nodes of 90% of the 
patients with 95% of the prescribed dose. Figure 3 depicts the required CTV-to-PTV 
margins as a function of the lymph node peak-to-peak amplitude. For the average 
peak-to-peak amplitude over the 14 patients, these margins were 0.92 cm, 1.24 cm and 
0.82 cm in the LR, CC and AP direction respectively. Using the carina as a surrogate for 
lymph node location significantly reduced the systematic residual lymph node position 
variability in the CC direction (p=0.0007), and the random residual lymph node position 
variability with a trend towards significance in the LR (p=0.051) and CC (p=0.077) 
direction (Table 2B). This could lead to a margin reduction to 0.77 cm, 0.82 cm in the LR 
and CC direction and a very small increase to 0.86 cm in the AP direction for the average 
peak-to-peak amplitude. As a function of the respiratory amplitude, the curves in all 
three directions are very similar to the AP curve in Figure 3.
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  Left-Right Cranial-Caudal Anterior-Posterior 
Group mean 0.02 cm 0.09 cm 0.04 cm 
Systematic ( Σ: 1SD) 0.21 cm 0.34 cm 0.17 cm 
Random (σ: 1SD) 0.20 cm 0.23 cm 0.15 cm 
Amplitude average  
       Range 

0.20 cm 
0.10-0.32 cm 

0.52 cm 
0.11-1.06 cm 

0.21 cm  
0.11-0.30 cm 

Online corrected margin  0.92 cm  1.24 cm 0.82 cm 

 

  Left-Right Cranial-Caudal Anterior-Posterior 
Group mean 0.04 cm 0.04 cm  0.07 cm 
Systematic (Σ: 1SD) 0.14 cm 0.12 cm 0.21 cm 
Random (σ: 1SD) 0.15 cm 0.17 cm 0.11 cm 

Online corrected margin 0.77 cm 0.82 cm 0.86 cm 

 

Table 2A. Lymph node position variability relative to the bony anatomy

Table 2B. Lymph node position variability relative to the carina

Mediastinal lymph node position variability during radiotherapy

Figure 2. Example of marker baseline variation. The planning CT (left column) and CBCT (exhale middle 
column, inhale right column) registered to the bony anatomy depicted in coronal plane. The center of the 
mass of the marker in the planning CT is marked by a black marker to show the displacement on CBCT.

Marker migration assessment
To quantify possible marker migration, the residual time averaged marker displacement 
was determined relative to the surrounding tissue for the last two scans of each patient. 
The average (1 SD) displacement over all patients was 0.06 (0.10) cm, 0.04 (0.14) cm and 
0.04 (0.12) cm in the LR, CC and AP direction respectively. Using the difference between 
the two last scans per patient, the measurement error in the migration numbers 
above was estimated at 0.11 cm, 0.17 cm and 0.12 cm in the LR, CC and AP direction 
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Figure 3. PTV margin as a function of lymph node peak-to-peak amplitude for the 
Left-Right (LR), Cranial-Caudal (CC) and Anterior-Posterior (AP) direction, for an 
online bony anatomy based correction strategy.

respectively (1 SD). This indicates that marker migration was negligible in this study. 
Note that this measurement error is the result of a marker registration and soft-tissue 
registration. The registration error in the marker position, having a higher contrast than 
the soft tissue is thus likely to be much smaller. In one patient, considerable anatomical 
changes over the course of treatment made accurate local rigid soft tissue registration 
unfeasible (figure 4). This patient was excluded from the migration analysis. As no 
migration in other patients was observed and actual lymph node baseline shift in this 
patient could be clearly visualized, the patient was not excluded from the position 
variability analysis. 

DISCUSSION

This article is the first to report on actual mediastinal lymph node baseline variability. 
In this study markers were inserted under EUS guidance and visualised by daily CBCT 
scans making precise quantification of lymph node baseline variability possible. 
Placement of the markers under EUS guidance was fast and without complications. 
Most lymph node baseline variability was seen in the Cranial-Caudal direction. PTV 
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Figure 4. Coronal view of 
the planning CT scan and 
CBCT scan of the last fraction 
for the patient for which 
accurate local rigid soft tissue 
registration was not feasible 
due to substantial anatomical 
changes at the mediastinal-
lung interface. 

Mediastinal lymph node position variability during radiotherapy

margins required to account for residual uncertainty of lymph node position following 
an online bony anatomy based correction protocol were 1.24 cm in this direction. 

Respiratory motion was also largest in the CC direction but on average somewhat 
smaller than reported for the primary tumor (2). The amplitude variability over the 
course of treatment was equal or smaller than 1 mm. Relative to the amplitude 
obtained from the planning CT, somewhat larger differences were found. This is likely 
caused by the difference in imaging modalities. Where a 4D CT captures the motion of a 
single respiratory cycle, a 4D CBCT represents the average over many (30-60) respiratory 
cycles and therefore better captures the average respiratory behaviour of the patient. 
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In this study we evaluated the use of a carina based correction strategy to reduce the 
geometrical uncertainties of the lymph nodes as described in the study of Higgins et 
al.(15) and found a considerable reduction in the CC direction from 1.24 cm to 0.82 cm. 
Note however, that the clinical relevance of a carina based correction strategy depends 
on the differential motion between primary tumor and the carina. In this study, the 
number of patients was too low to evaluate this correlation taking the large variation 
in tumor location into account. Similarly, this study evaluates the lymph node base line 
shift irrespective of lymph node station. A larger patient group is required to evaluate if 
baseline variation and respiratory motion (variability) varies with lymph node station. 
Finally, note that the margins calculated in this study are based a margin recipe that 
was derived to determine margins for a single target. In case of multiple lymph nodes 
and tumor with limited correlation in their baseline variation, somewhat larger margins 
are required to obtain the same probability to cover all targets. 

Lymph node motion is common and variable but the techniques of motion registration 
so far were not objectified during actual treatment and are subject of inter- and intra-
observer variability due to a limited number of evaluated scans. Lymph node motion has 
been correlated to the motion of surrounding structures and the motion of surrogate 
references. These studies outlined mediastinal nodal stations 1–8, according to Naruke 
(16), with respectively 1 or 3 scans per patient evaluated (17, 18). Another study evaluated 
motion on 2 inhale and exhale controlled CT scans and compared displacement in three 
directions (19) or were correlated to changes in the carina position (20). 
 
The current margins are based on estimates while with new techniques there is a better 
insight to be gained of true lymph node motion. For the primary lung tumors this has 
resulted in adaptive radiotherapy; frequently regression of shift have been observed 
and accounted for. For lymph nodes less variation and regression is expected. But 
resolving atelectasis or a regressing tumor can influence the lymph nodes position 
compared to the planning CT as well. Seven of the 14 nodes had average amplitude of 
over 0.5 cm with a maximum of 1.06 cm (SD 0.12 cm). With an average systematic error 
up to 0.34 cm in CC direction it is evident that there is more variability then anticipated 
in current protocols. So far, offline correction protocols were used to account for these 
set-up evaluations and eventual replanning. The margins after offline correction for this 
study would be up to 1.80 cm in CC direction.
 Currently, online correction protocols are being used in our clinic, giving 
smaller residual error allowing the use of smaller margins. In the new protocol a tumor 
match, carina match and bone match will be performed to quantify the differential 
motion per patient and replan when required. This study shows that current lymph 
node margins of 12 mm are narrow for offline correction protocols. 
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ABSTRACT 

Purpose/Objective | In locally advanced lung cancer patients, PTV-margins for mediastinal 
lymph nodes and tumor after a bony anatomy registration based correction protocol 
typically range from 1-1.5 cm. Detailed information of lymph node motion variability and 
differential motion in relation to the primary tumor, however, is lacking. In this study 
lymph node and tumor position variability were analyzed in detail and correlated to the 
main carina to evaluate if margins can be reduced. 

Materials and Methods | Small gold fiducial markers (0.35 x 5 mm) were placed in a 
mediastinal lymph node of 51 non-small cell lung cancer patients, during a routine 
diagnostic esophageal or bronchial endoscopic ultrasound (EUS/EUBS) procedure. A 
4D-planning (p)CT and daily 4D-CBCT scans were acquired prior to and during radical 
radiotherapy (66Gy/24fractions). Each CBCT was registered in 3D (bony anatomy) and 4D 
(tumor, marker and carina) to the pCT. Subsequently, systematic and random residual 
misalignments of the time-averaged lymph node and tumor position relative to the bony 
anatomy and carina were determined. Additionally, tumor and lymph node respiratory 
amplitude variability was quantified. Finally, required margins were quantified using a 
recipe for dual targets.

Results | Relative to the bony anatomy, the grand mean lymph node displacement was 
<0.05 cm in all directions, while systematic- and random errors ranged from 0.16-0.32 cm 
for the markers and 0.15-0.33 cm for the tumor. A large systematic variability in lymph 
node amplitude between patients was observed with an average motion of 0.56 cm in 
Cranial-Caudal (CC) direction. Margins could be reduced by 10% Left-Right (LR), 27% CC 
and 10% Anterior-Posterior (AP) for the lymph nodes and -2%, 15% and 7% for the tumor 
if an online carina registration protocol replaced a bone registration based protocol.

Conclusions | Detailed analysis revealed considerable lymph node position variability, 
differential motion and respiratory motion. PTV-margins can be reduced up to 27% in lung 
cancer patients when the carina registration replaces bony anatomy registration. 
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INTRODUCTION

Mediastinal lymph node metastasis invasion strongly correlates with the life expectancy 
in lung cancer patients (1). When mediastinal lymph nodes are involved the treatment 
of choice consists of concurrent chemoradiation of the primary lung tumor and affected 
mediastinal lymph nodes. For optimal irradiation, it is necessary to adequately account 
for geometrical uncertainties such as baseline shifts, differential and respiratory motion 
(2). Traditionally, generous safety margins are applied to account for such geometrical 
uncertainties in the absence of adequate correction strategies exposing nearby organs 
at risk to high radiation doses resulting in considerable toxicity (3-7) such as esophagitis 
and pneumonitis. Lymph nodes are soft tissues surrounded by vessels and other ‘soft’ 
mediastinal tissues, and therefore difficult to localize on in-room imaging series such 
as Cone Beam CT scans. It is therefore unclear if current Planning Target Volume (PTV) 
margins of involved lymph nodes sufficiently account for their variability. Current margins 
are based on tumor position variability only. 

In a previous proof of principle analysis of a first patient group of 14 patients, we showed 
that it is feasible and easy to place gold fiducial markers in mediastinal lymph nodes 
during routine diagnostic endoscopic ultra sound procedures (8). Subsequently, the 
cohort was extended to 51 patients to improve statistical power, quantify differential 
motion between lymph nodes and primary tumor, evaluate intra-fraction variation and 
registration accuracy, and finally properly advise on margins. The lymph nodes were 
mapped according to Naruke with different stations (9). The International Association for 
the Study of Lung Cancer (IASLC) adopted this into a lymph node map (10).
 The aim of this study was to perform a detailed analysis of lymph node and 
primary tumor position variability, differential motion and required safety margins.

MATERIALS AND METHODS 

A single center prospective cohort study, opened in 2010, was performed in Non-Small 
Cell Lung Cancer (NSCLC) patients planned for radical radiotherapy to determine 
mediastinal lymph node position variability using gold fiducial markers (0.35 mm x 5.0 
mm, RadioMed, Barlett, USA; from now on referred to as “marker”). Patients who were 
medically fit (WHO 0-2), 18 years or older, without prior mediastinal surgery or chest 
irradiation and who underwent endobronchial ultrasound (EBUS)- or trans-esophageal 
endoscopic ultrasound-guided mediastinal lymph node fine needle aspiration (EUS-
FNA) (11) for diagnostic purposes and were scheduled for radical radiation therapy 
or chemoradiation as primary treatment, were eligible for inclusion in this study. 
Written informed consent was obtained from all patients according to the International 
Conference of Hormonization/ Good Clinical Practice (ICH/GCP) and national and local 
regulations. This study was approved by the institute’s medical ethical committee.
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The primary endpoint of the study was to quantify lymph node position and motion 
variability over the course of radiotherapy in NSCLC patients. 

Radiotherapy preparation
Every patient received radical Intensity Modulated RT to a dose of 66 Gy in 24 fractions 
with an overall treatment time of 32 days. Patients were stabilized by an armrest (In 
house modified armrest of Civco, Orange City, Iowa, USA) and knee support (Civco). The 
treatment schedule could be adjusted based on inclusion in clinical trials, mean lung 
dose or on the patient’s comorbidity. A 4D planning CT-scan with intravenous contrast (0.3 
cm slice thickness) was acquired and the Mid-Position (MidP)CT scan was subsequently 
reconstructed (12) for delineation and dose calculation. The planned dose distribution 
encompassed the primary tumor and pathological or suspect, FDG-PET positive, lymph 
nodes. The CTV-to-PTV margin was 12 mm for the lymph nodes, while for the primary 
tumor the CTV-to-PTV margin was 12 mm + 0.25A, with A being the GTV’s peak-to-peak 
amplitude derived from the 4D planning CT. Daily 4D-CBCT scans were acquired and bony 
anatomy registration was used for online set-up error correction. Once a week, a CBCT 
scan was performed immediately after treatment delivery to quantify the intra-fraction 
motion.

Lymph node and tumor position variability analysis
Lymph node marker registration was described previously (8). In short, for each phase of 
a 4D-CBCT scan the position of the marker was local-rigidly registered (translations only) 
to the planning CT and the time-weighted mean lymph node position was calculated 
corrected for bony anatomy misalignments. Additionally, the peak-to-peak breathing 
amplitude was calculated by its excursion over the phases. Inter-fractional variability was 
quantified in terms of grand mean (GM), systematic errors (Σ), and random errors (σ). The 
combined effect of intra-fractional variability and registration inaccuracy was assessed by 
the difference between pre- and post-treatment CBCT scan registrations corrected for the 
prescribed couch shift.
 In a similar way, the main carina and tumor displacements were quantified by 
a local rigid 4D grey-value registration. Analysis of the registration accuracy using a 4D 
adapted full-circle method is described in the Appendix. Additionally, a carina based 
correction protocol was simulated and residual marker and tumor position variabilities 
were quantified and compared with the bony anatomy based protocol. The correlation 
between the marker and the tumor motion variability was analyzed for both a bony 
anatomy and carina based online correction strategy. Analysis was performed in Matlab 
7 (The MathWorks Inc., Natick, MA, 2000). Differences in grand mean, systematic and 
random variations were tested using the student t-test, chi-square test and sign rank test 
respectively.
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Margins
Traditionally, PTV margins are calculated for a single target. In this paper, two separate 
targets are analyzed. The derived PTV margin M to ensure that the lymph nodes and the 
primary tumor simultaneously receive at least 95% of the prescribed dose for 90% of 
patients was calculated as: M=2.79·Σ+1.64·(√[σ2+σ2

p]-σp).
 The factor 2.79 instead of the more familiar 2.5 was taken from table 2 in 
the paper of van Herk et al. for a 3D error distribution and a confidence level of √0.9 ≈ 
0.95 conservatively assuming uncorrelated uncertainties between lymph nodes and 
primary tumor (13). The overall systematic and random errors were calculated as 
Σ=√[Σ2

B+Σ2
TD+Σ2

L+Σ2
I] and σ=√[σ 2B+σ 2L+σ2

I+σ2
R], where the subscript B refers to baseline 

variation, TD refers to target definition uncertainty (14), L refers to localization accuracy, I 
refers to intra-fractional variability and R refers to respiratory motion. In this study, σR will 
be approximated by A/3, with A the peak-to-peak amplitude. For the lymph nodes σp=0.32 
cm (15) and for the primary tumor σp=0.64 cm were used to describe the width of the 
penumbra (16). 
 
RESULTS

Between September 2010 and August 2013 markers were placed in 63 patients. Fifty-four 
of these patients actually received radical irradiation. Three of these patients could not be 
analyzed due to inconsistency in the protocol logistics and were excluded. The EUS and 
EBUS guided marker placement occurred without complications and no markers were 
lost during placement or treatment.
 Patient and tumor characteristics of the 51 patients analyzed are listed in Table 
1. All inserted markers were well visible on planning CT and CBCT (Fig 1). An average of 22 
CBCT scans was acquired per patient (range 17-24). Intra-fraction motion was measured in 
49 patients with an average of 4 post treatment CBCT’s per patient (range 3-6).

Lymph node and primary tumor variation
Grand mean baseline variation was statistically insignificant and ≤0.05 cm in all directions 
for both lymph nodes and tumor (Table 2A). The systematic baseline variation ranged 
from 0.20-0.32 cm for the markers and 0.15-0.33 cm for the tumor. Random errors were up 
to 25% smaller than systematic errors.
 The mean peak-to-peak amplitude of the lymph nodes during treatment was 
0.56 cm in the CC direction and on the population level very similar to that of the tumor: 
0.55 cm (Table 3). Grand mean differences relative to the 4D planning CT scan were 
negligible for the Left-Right (LR) and Antero-Posterior (AP) direction while statistically 
significant for the CC direction: -0.08 cm (13% smaller during treatment; p=0.04) for 
the markers and -0.13 cm (24% smaller during treatment; p=0.002) for the tumor. The 
systematic amplitude differences ranged from 0.19-0.27 cm for the markers and 0.12-0.28 
cm for the tumor. Random variations were typically 40-53% smaller. Registration accuracy 
was analyzed and was below 1 mm SD for all structures (Appendix). It therefore has a 
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Patient characteristics All patients 
  (n = 51) 
  N= or Median % or range 
Age 64 36-85 
Gender  

Male 27 53 
Female 24 47 

Stage   
IA 0 0 
IB 1 2 
IIA 3 6 
IIB 2 3 
IIIA 24 46 
IIIB 20 38 
IV 1 2 

Histology/Cytology   
Adeno carcinoma 15 30 

Squamous cell carcinoma 19 37 
Undifferentiated NSCLC 17 33 

Radiation dose   
 

Number of fractions 
Fraction dose 

24 
2.75 

17-30 
2-3.4 

Marker in lymph node stations (n=)   
II Left 6 12 
IV Left 11 22 

IV Right 10 20 
V 2 4 

VII 17 33 
VIII 2 4 
XI 3 6 

Chemotherapy   
None 5 10 

Concurrent daily low dose cisplatin 44 86 
other 2 4 

 

Table 1: Characteristics of the patients analyzed.
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   LR (cm) CC (cm) AP (cm) 

Marker: GM -0.023 0.040 -0.048 
 Σ 0.20 0.32 0.21 
 σ 0.19 0.24 0.16 
     
Tumor: GM 0.004 0.049 -0.031 
 Σ 0.15 0.33 0.23 
 σ 0.16 0.26 0.25 

 

   LR (cm) CC (cm) AP (cm) 

Bone: GM 0.041 -0.033 0.001 
 Σ 0.12 0.28 0.17 
 σ 0.15 0.21 0.14 

 
Marker: GM -0.018 0.007 -0.048 
 Σ 0.15 0.13 0.16 
 σ 0.13 0.14 0.12 

 
Tumor: GM 0.036 -0.016 -0.031 

 Σ 0.16 0.24 0.20 
 σ 0.18 0.21 0.21 

 

Table 2A+B: Inter-fraction position variability relative to bony anatomy and carina.
Table 2A: Grand mean, systematic and random baseline variability of the lymph nodes and tumor after bony 
anatomy based corrections. 

Table 2B: Grand mean, systematic and random baseline variability of the bony anatomy, lymph nodes and 
tumor after carina based corrections.

limited impact on these results.
Carina based corrections
Carina based corrections successfully reduced the inter-fractional position variability 
of both lymph nodes and tumors compared to a bony anatomy based correction (Table 
2b). For the markers these reduction were 22% (LR;p=0.09), 59% (CC;p<1e-4) and 24% 
(AP;p=0.06) systematically and 33% (p<1e4) 40% (p<1e4) 24% (p=0.002) randomly. For 
the tumor this was -3.9% (p=0.79), 27% (p=0.03) and 13% (p=0.35) systematically and 
-9.7% (p=0.88), 19% (p=0.0002) and 16% (p=0.005) randomly. Note that a carina based 
correction protocol induces variability of the bony anatomy that otherwise would be near-
perfectly positioned with systematic and random variability ranging from 0.12-0.28 cm.
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Amplitude statistics LR (cm) CC (cm) AP (cm) 

Marker: Population Mean 0.23 0.56 0.24 
 Population Min 0.10 0.12 0.10 
 Population Max 0.50 1.7 0.53 
 GM 0.002 -0.08 -0.01 
 Σ 0.19 0.27 0.19 
 σ 0.1 0.13 0.11 
Tumor: Population mean 0.14 0.55 0.21 
 Population Min 0.03 0.04 0.06 
 Population Max 0.35 2.26 0.74 
 GM -0.02 -0.13 -0.02 
 Σ 0.12 0.28 0.14 
 σ 

0.07 0.13 0.08 
 

Table 3: Inter-fraction peak-to-peak amplitude statistics for the population and grand mean (GM), systematic (Σ) 
and random (σ) amplitude changes relative to the 4D planning CT for both the marker and the primary tumor.

Figure 1: Color fusion 
of a MidP planning CT 
(purple) and single 
phase of a 4D CBCT 
(green) illustrating 
a baseline shift of 
both lymph node 
(green purple marker 
displacement visible 
in coronal and 
sagittal view, top and 
bottom right) and 
primary tumor (large 
green purple tumor 
displacement visible in 
coronal view, top left). 
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Intra-fraction variation
Intra-fraction variability was considerably smaller than inter-fraction variability 
(Table 4A+B). Nevertheless, the sub-millimeter grand mean values were statistically 
significant for the CC and AP direction for both the markers and the tumor indicating 
a small drift to the cranial and posterior side. Systematic and random intra-fraction 
variations ranged from 0.15-0.21cm and were 20-45% smaller than inter-fractionally.
 Intra-fraction amplitude variation was also quite small with grand mean 
changes <0.05cm and systematic variation <0.1 cm. Random amplitude variations were 
somewhat larger up to 0.17 cm but likely affected by the registration accuracy of 0.15 cm 
as described in the Appendix.

Correlation marker-tumor 
The correlation between the marker and tumor systematic position variability was 
determined in the 3 orthogonal directions. For the bony anatomy based correction 
protocol, these correlations were: 0.17 (LR;p=0.23), 0.71 (CC;p<1e-4) and 0.55 
(AP;p=<1e-4). For a carina based correction protocol the correlations were: -0.06 
(LR;p=0.69), 0.21 (CC;p=0.16) and 0.34 (AP;p=0.016).

  LR (cm) CC (cm) AP (cm) 

Marker:      GM 0.012 0.085 -0.057 
                   Σ 0.19 0.17 0.15 
                   σ 0.17 

 
0.21 

 
0.15 

 
Tumor:       GM 0.019 0.067 -0.07 
                   Σ 0.18 0.19 0.16 
                   σ 0.16 

 
0.21 

 
0.16 

 
 

  LR (cm) CC (cm) AP (cm) 

Marker:      GM 0.005 -0.043 0.012 
                   Σ 0.07 0.10 0.08 
                   σ 0.13 

 
0.17 

 
0.14 

 
Tumor:       GM -0.017 -0.046 -0.012 
                   Σ 0.03 0.09 0.04 
                   σ 0.05 

 
0.13 

 
0.07 

 
 

Table 4A+B: Intra-fraction position and amplitude variability

Table 4A: Grand mean, systematic and random intra-fraction position variability. 

Table 4b: Grand mean, systematic and random intra-fraction amplitude variability: 
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Margins
The required PTV margins depend on the delineation accuracy, patient’s respiratory 
motion and correction strategy. In Figure 2, the required PTV margins are shown for both 
the lymph nodes and tumor for varying amplitude and delineation uncertainties. For the 
population average respiratory amplitudes and an assumed target definition uncertainty 
ΣTD=0.2cm (17) (valid for parts of the tumor with a very clear boundary) the bone-based 
margins are 1.1cm(LR), 1.4cm(CC)and 1.0cm(AP) for lymph nodes and 0.9 cm(LR), 
1.4cm(CC) and1.1cm(AP) for tumor. For a carina registration based correction strategy 
margin reduction of 10%, 27% and 10% for the lymph nodes and -2%, 15% and 7% for the 
tumor are achievable.
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Figure 2: PTV margin for the mediastinal lymph nodes (a&c) and primary lung tumor (b&d) 
as a function of the peak-to-peak amplitude (a&b) (at ΣTD=0.2cm) or target delineation 
variation (c&d) (at population average respiratory amplitudes). Solid lines represent 
margins corresponding to a bony anatomy registration based correction protocol whereas 
dashed lines represent margins corresponding to a carina registration based correction 
protocol.
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DISCUSSION

Lymph node and tumor position variability and differential motion were analyzed in 
detail. Using a margin recipe for multiple targets, a carina registration based correction 
strategy was shown to be superior to a bony anatomy registration strategy. Margins can 
be decreased up to 32% in the CC direction by using the main carina instead of the bony 
anatomy as a surrogate for the tumor and lymph nodes. 

In the recent years a few studies have been published that quantify lymph node position 
variability. The inter-fraction variability of lymph nodes found in this study was up to 1 
mm different compared to our proof of principle paper with only 14 analyzed patients 
(8). This could be expected with the low number of included patients in the pilot study. 
Similarly, Jan et al. (18), Roman et al. (19) and Weiss et al. (20) published analyses on small 
patient cohorts based on delineated structures and\or weekly scans reporting similar (19) 
or larger variability than found in this study (18, 20), likely due to delineation uncertainty 
and\or limited statistical power. In patients without large anatomical changes, however, 
Weiss et al. found somewhat smaller variability.
 The systematic amplitude variability was larger than the random variability 
illustrating the imperfection of the 4DCT based amplitude assessment during treatment 
preparation which is based on a single respiratory cycle and thus more susceptible to 
breathing irregularities compared to 4D-CBCT scans which are based on dozens of cycles. 
As well there was a small reduction of the average amplitude. The 4D-CT was obtained 
using a respiratory sensor (a thermocouple inserted into the entry of a regular oxygen 
mask) which possibly influences the respiratory behavior while being absent during 
4D-CBCT acquisition. The low random amplitude variability of both tumor and lymph 
nodes amplitude illustrates the day-to-day stability of the patient’s respiratory behavior 
which is in line with observations by Sonke et al. (16) and Rit et al (21). 
 In this study, intra-fraction variability was measured weekly using a pre-
treatment and post-treatment scan. The variability assessed by this post-treatment 
scan therefore is the combined effect of imperfect corrections (localization variability) 
and position changes during treatment delivery (true intra-fraction motion). This might 
explain that the reported intra-fractional position variability is somewhat larger then 
intra-fractional variability reported for SBRT (22), despite the shorter delivery time for 
conventionally fractionated RT.
 The intra-fraction amplitude variability was generally quite small, but the 
random intra-fraction amplitude variability of the lymph nodes was larger than the 
inter-fraction variability. Note, however, that the intra-fractional variation is the result of 
the difference in amplitude in the pre-correction and post treatment scan and thus more 
susceptible to measurement uncertainties as described in the Appendix. 
 The carina registration based correction strategy allows considerable margin 
reduction compared to a bony anatomy based registration method and was most 
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effective in the CC direction, both for the lymph nodes and the primary tumor. The 
required margin we calculated (Fig 2) increased more rapidly with respiratory amplitude 
for the lymph nodes than for the tumor. This is due to the sharper penumbra (σp) 
modeled for the lymph nodes. It is assumed here that the lymph nodes are surrounded by 
water equivalent material while the tumor is surrounded by lung. If the tumor is adjacent 
to the mediastinum or thorax wall, somewhat larger margins are required. 

Some limitations of this study are: gold markers were used as a surrogate of the lymph 
node position, yet markers are no lymph nodes. However, a marker is potentially more 
representative than a delineation of the very low contrast structure, although anatomical 
changes within the lymph node and registration errors may occur while matching the 
markers. To optimize margins and reduce uncertainties, an online correction protocol is in 
use since January 2012 for patients with lung cancer slightly increasing the workload for a 
lung cancer irradiation course. 
 Only a limited amount of lymph node stations were reached by EUS and EBUS. 
We have therefore not been able to distinguish the differences in position variability for 
different lymph node stations. 
 Not all patients receiving a marker were suitable for analysis or received radical 
irradiation. In one patient, EUS revealed disease negative lymph nodes and a radical 
resection was the preferred treatment; the marker was removed during the lymph node 
dissection with surgery. Seven other patients did not receive radical irradiation due to 
metastatic disease discovered during work-up and therefore could not be analyzed.

Daily online CBCT became standard practice following our pilot study that indicated that 
our lymph node margins were inadequate for offline correction protocol. Besides more 
accurate positioning, such an online protocol allows close monitoring of anatomical 
changes such as increased\decreased atelectasis and pleural effusion and associated 
displacements of the treatment targets, either tumor or lymph nodes. Such changes over 
the course of treatment can be resolved with adaptive radiotherapy. Based on this study, 
a carina registration based correction protocol has been clinically implemented, replacing 
the previous bony anatomy based protocol in our institute. So far, however, PTV margins 
have not yet been changed. Note that a carina registration based correction protocol 
increases the position variability of the spinal cord compared to an online protocol based 
on bony anatomy. On the other hand, the resulting position variability is quite similar 
to those reported for an offline bony anatomy based protocol and thus similar planning 
tolerance limits may be applied. 

We have shown that a carina based correction protocol allows reducing margins and 
thereby reducing toxicity in the mediastinum, without expecting a decrease in local 
control. This hypothesis should, however, be tested in a clinical trial as it may affect 
control of microscopic disease. 
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APPENDIX: REGISTRATION ACCURACY

Registration accuracy was estimated by a ‘full circle method’ (A1). Originally, the full 
circle method is based on the registration of three scans in a cyclic fashion, where 
scan 1 is registered to scan 2, scan 2 is registered to scan 3 and scan 3 is registered to 
scan 1 (Figure A1a). The combined registration result along the circle C=R1→2R2→3R3→1 
ideally would be zero but in practice a residual remains that characterizes random 
registration inaccuracies. By performing the circle registration for multiple patients and 
calculating the standard deviation across the patients yields:
 
 SD(C) = SD(3R) = √3SD(R).

In this paper, dealing with 4D CBCT data, the full circle method was adapted as depicted 
in Figure A2b. First, two 4D-CBCT scans were registered phase-by-phase to the 3D MidP 
planning CT. The time averaged registration result effectively describes the registration 
of the MidP of the CBCT to the MidP planning CT. Additionally, all phases of CBCT 1 and 
CBCT 2 were registered to phase 2 of CBCT 2. Subsequently, the circle is described as:

in which w describes the relative time spent in each phase p. The registrations utilized 
for the full circle method also include two independent amplitude measurements for 
both CBCT 1 and CBCT 2. Subtracting these two amplitudes also allows quantification 
of the accuracy of the amplitude assessment.
 The full circle method was applied to 10 patients for each of the Region of 
Interest (ROI) used in this paper: 3D Rectangular shaped ROI’s were used around the 
vertebrae (classical 3D full circle method), and the inserted marker and carina (4D 
Registration). Finally, a shaped ROI around the GTV was used with 4D registration. 
Both the registration variability (1 SD) for the time averaged mean position and the 
amplitude are shown in Table A1. The average over the evaluated patients was sub-
millimeter in all directions for all ROI’s, both for the position and the amplitude.
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Figure A1a) Schematic respresentation of 
the full circle method for three 3D scans. 
b) adapted full cicle method for the a 3D 
planning CT and two 4D CBCT scans.

       Position uncertainty      Amplitude uncertainty 

 LR (cm) CC (cm) AP (cm) LR (cm) CC (cm) AP (cm) 

Vertebrae 0.03 0.03 0.03                     NA 

Carina 0.08 0.04 0.03 0.03 0.03 0.02 

Marker 0.04 0.04 0.03 0.07 0.15 0.08 

Tumor 0.07 0.08 0.03 0.03 0.03 0.04 

 

Table A1: Results of the full circle method to quantify the registration accuracy for the 
time averaged mean position and the respiratory amplitude for the vertebrae, carina, 
marker, tumor.
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Non-small cell lung cancer (NSCLC) remains a malignant disease associated with many 
diagnostic and therapeutic challenges. The majority of patients die due to the disease, 
caused by loco-regional tumor progression and/or distant metastases. Radical resection 
and radical irradiation remain the only curative treatments, but are only applicable 
for a minority of the patients who are diagnosed with limited and localized disease. 
Concurrent chemoradiation is the standard of care in locally advanced non-metastasized 
NSCLC, with a radical radiotherapy schedule and - in our institute - daily low dose 
cisplatin (1). 
 Over the last decades combined modality treatment has slightly increased 
overall survival especially in Stage III disease. This improvement often comes at the 
expense of more toxicity, which should be weighted against each other on an individual 
basis.

This thesis has two main subjects: the first focuses on the effect of novel agents 
combined with standard treatment and its response prediction in early stage and locally 
advanced NSCLC, the second on measuring lymph node motion during radical radiation 
and its effect on treatment margins in locally advanced NSCLC. 
 In the recent years many prognostics tests have been developed and give 
insight in risk factors for poor and/or improved survival or tumor progression. Although 
this information does not yet translate into specific treatment options for specific risk 
groups in lung cancer, it will contribute to a better understanding of tumor behavior 
and from there lead to new targets for treatment in the future. Predictive tests, on the 
other hand, directly focus on treatment effects and are therefore of high value for daily 
clinical practice. By adjusting treatment to its outcome, toxicity and treatment costs 
can be reduced, especially if these tests are minimally invasive, fast in read-out and 
individually available. To validate such tests definitive phase III studies are needed. In 
the currently available treatment options, however, little differentiation can be made 
for different patient groups. With newly developed agents aimed at different prognostic 
and predictive genetic mutations treatment benefit can be obtained in subgroups. The 
new agents are finding their way and place in combination with the current established 
treatment modalities. One of these agents is erlotinib, a small molecule that binds 
reversibly to the adenosine triphoshate (ATP) binding site intracellular of EGFR.
 Toxicity and response after neoadjuvant erlotinib in early stage NSCLC patients 
are reported in Chapter II. The first aims of our study are to observe the safety and 
treatment effect of neoadjuvant erlotinib in tumors to be resected. This study shows it 
is safe to administer erlotinib prior to surgery; toxicity is mild and does not lead to more 
surgery related complications. Impressive responses are observed in several patients 
after three weeks of treatment, with a metabolic partial response observed in 27%. 
Before sensitivity to new (targeted) agents can be predicted by a minimal invasive test, 
tumor response should be clearly defined and a new standard has to be developed, as 
the current response evaluation criteria in solid tumors (RECIST) do not suffice to identify 
responders shortly after treatment (2). CT evaluation does not show any near-complete 
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responders in this neoadjuvant erlotinib study, while FDG-PET/CT and histology indicate 
near-complete responses in 3 out of 60 patients. Changes in tumor volume often follow 
alterations in tumor activity, indicating that CT evaluation is less useful for short-term 
treatment evaluation. With early FDG-PET/CT scanning it has been studied that a larger 
percentage of the erlotinib responders can already be identified during the neoadjuvant 
setting (3). Specific PET tracers, for instance labeled antibodies as cetuximab or labeled 
erlotinib, indicate tumor penetration and possibly increased response can be objectified 
in the future as well (4, 5). 
 After the tumor is resected the histological response can be evaluated. Besides 
tumor necrosis no other features of treatment induced tumor degenerations are visible 
at histopathology in our current study. Other tests focusing on cellular and molecular 
functions may give a more accurate index of tumor response. 
 In conclusion: new short-term treatment response criteria for targeted 
agents have to be developed as RECIST evaluation is not functional and both PET- and 
histological evaluation until now provide insufficient information. Therefore possible 
evaluation- and response prediction criteria are examined using the trial data of 
neoadjuvant erlotinib in the chapters III-VI, taking advantage of the availability of both 
imaging and histological data.
 The method to measure the concentration of erlotinib in plasma during and 
after treatment and resected tumor tissue is validated in chapter III. In chapter IV these 
measurements are performed in the neoadjuvant erlotinib study population. Plasma 
concentrations and tumor penetration by erlotinib are variable, and no correlations 
between the plasma-and/or tumor concentration and treatment response have been 
observed. 
 Ideally selection before start of treatment identifies the responders. Predictive 
serum markers are minimally invasive and available at all time points of treatment 
to test for drug sensitivity and effects of response. In chapter V however only one out 
of 5 tested serum markers, s(oluble)-EGFR shows predictive quality. A high baseline 
concentration of s-EGFR is predictive for response (p=0.04). Besides, all metabolic 
responding patients show a significant decrease of s-EGFR during treatment. The other 
serum markers, amphireguline, transforming growth factor α, insulin like growth factor 
and insulin-like growth factor binding protein-3, are not related to metabolic treatment 
response to erlotinib. 
 In chapter VI a kinase inhibition profile has been tested. After optimizing and 
validating the kinase inhibition profile for the current patient group a test group has 
been used to assess the predictive value of this profile. This resulted in correct response 
prediction in 12 out of 15 patients in the test group. For both the validation and test 
groups (n=31) 7 additional responding patients have been identified compared to 
mutation analyses based selection. After further optimization such a test can contribute 
to more accurate patient selection in phase III trials. 
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It has been investigated that EGFR contributes to the repopulation after irradiation of 
epithelial cells (6, 7). By blocking EGFR the repopulation can be inhibited and therefore 
enhance the effect of radiotherapy as demonstrated by Bonner et al in head and neck 
cancer patients (8).Therefore it was hypothesized that a similar effect could be achieved 
in NSCLC patients. 
 In chapter VII the monoclonal antibody against EGFR cetuximab has been 
added to the institute’s standard concurrent chemoradiation with daily low dose 
cisplatin for locally advanced NSCLC. In this proof of principle part of the trial, feasibility 
and treatment response were the primary endpoints. Treatment response was evaluated 
by CT- and PET/CT-scans. Twelve patients have been included, 8 showing a metabolic 
partial response. This feasibility study did not show increased toxicity. Acneiform 
rash and dysphagia were the most common but mild side effects. The consecutive 
randomized phase II trial concludes that the addition of cetuximab does not improve 
survival in these patients. Toxicity, however, mainly dysphagia, is increased (9). The 
differences between the feasibility study and the phase II trial are due to statistical 
power. The differences in toxicity do not decrease dramatically but statistically 
significantly. A recently presented randomized study of the Radiotherapy Oncology 
Group confirms that there is no survival benefit by adding cetuximab to chemoradiation 
in two different radiotherapy arms (10). Therefore, addition of cetuximab to concurrent 
chemoradiation does not seem of additional value. In head and neck cancer cetuximab 
is given combined with radiotherapy alone and proofs safe and effective (8), suggesting 
that the combination with cisplatin mainly increases toxicity.

Optimizing treatment efficacy while reducing toxicity is the main challenge in locally 
advanced NSCLC treated with (concurrent) chemoradiation. This concerns the 
chemotherapy, radiotherapy and their combination. In radiation oncology, toxicity is 
caused in part by irradiating larger volumes than the tumor to account for geometrical 
uncertainties. To improve the precision of radiotherapy, in-room cone beam CT (CBCT) 
has been clinically implemented that allows to capture a time resolved volumetric 
image of the patient just prior to treatment, assess misalignments and make corrections 
accordingly. However, the CBCT image quality is insufficient to distinguish the involved 
mediastinal lymph nodes in locally advanced lung cancer patients from the surrounding 
tissues. Therefore the position variability of these lymph nodes relative to organs at risk 
and primary tumor is not exactly known. 
 Chapter VIII reports on a proof-a-principle study utilizing implanted gold 
markers for the analyses of lymph node position and amplitude variability based on 
repetitive daily 4-Dimensional CBCTs acquired during treatment. Lymph node motion 
variability is larger than anticipated, mainly in cranial-caudal direction. In chapter IX a 
detailed analysis on a larger cohort has been performed investigating differential motion 
between involved mediastinal lymph nodes and the primary lung tumor. Margins to 
account for the observed geometrical uncertainties are calculated. Moreover it has been 
demonstrated that carina registration based correction strategy allows for considerable 
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margin reduction compared to the traditionally applied bony anatomy based correction. 
 The carina match has been clinically implemented at the Department of 
Radiation Oncology of the Netherlands Cancer Institute. With the improved correction 
strategy and the detailed knowledge of the geometrical uncertainties, margins reduction 
seems feasible. However it is not yet known what effect margin reduction has on toxicity 
and tumor control. The latter can unintentionally decrease by inadequate coverage 
of subclinical, microscopic disease. Therefore a prospective cohort study, comparing 
reduced margins versus reduced toxicity and tumor control is currently under design. 
To further improve treatment precision, adaptive radiotherapy is the next step. 
Plans tailored to the patients’ specific deviations and variabilities observed in the first 
part of treatment can be accounted for with deformable registration creating new 
planning CT images with usually smaller treatment volumes leading to less toxicity 
and/or higher tumor doses. Adaptive radiotherapy can also be applied in patients with 
anatomical changes such as tumor regression or resolving atelectasis. To that end daily 
in-room imaging can be used to monitor such changes. Thereafter dose recalculation 
quantifies the dosimetric impact of these changes. Future research should develop 
automated decision rules, balancing workload and treatment efficacy. 
Improved precision by image guided and adaptive radiotherapy is an enabling tool 
to deliver heterogeneous dose distributions tailored to the heterogeneous tumor 
characteristics. An ongoing study is investigating the effect of integrated boosts on FDG-
PET elevated tumor areas (11). 
 Lung cancer remains an aggressive disease that proves difficult to attack. 
Future research will be aimed at slowing the disease down and to seize metastatic 
disease. These efforts will likely result in greater understanding of oncogen mutations, 
signaling pathways and drug development for higher percentages of survival benefit. 
Individualized multimodality treatment will emerge providing a patient tailored and 
mutation tailored standard. With both genetic and histological predictive and prognostic 
assays patient selection will improve. More subgroups will be distinguished with tailored 
treatment available. If disease reduction can be induced by neoadjuvant treatment while 
microscopic or metastatic disease will be diminished with adequate chemotherapeutics, 
more patients can be resected, increasing survival rates and decreasing toxicity. The 
addition and timing of new agents as erlotinib and cetuximab will be optimized while 
the efficacy and precision of the current treatments will increase. Margin reduction and 
adaptive radiotherapy will further increase the effect of individualized NSCLC therapy.
 Finally with all this research being performed in the past, present and future 
millions of Euros of grants and funds have to be invested to move ahead in tiny steps. 
The largest decrease of incidence and increase of survival, however, can be made outside 
of the laboratories and hospitals. Ninety percent of the lung cancer cases are smoking 
related and can therefore be prevented. To stop the production and consumption of 
tobacco would be the biggest gain. So far we are better at maintaining the disease than 
curing it. 
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174 Summary

This thesis focuses on different aspects of the multimodality treatment in non-small 
cell lung cancer (NSCLC) patients. Chapter I is a general introduction on the current 
treatment and developments in NSCLC. NSCLC is a smoking related and aggressive 
disease that covers 80% of the lung cancer subtypes. With most patients being 
diagnosed with metastasized disease and a life expectancy under a year researchers are 
facing many challenges for treatment improvement. The main aspects of diagnostics 
and treatment for early stage and locally advanced NSCLC are being discussed, as well 
as new developments in individualized treatment through response prediction and the 
addition of novel agents. The outlines of this thesis are set out and addressed at the end 
of the introduction (Chapter 1). 

PART I: EXPLORING THE EGFR PATHWAY; NOVEL AGENTS ERLOTINIB AND 
CETUXIMAB IN A MULTI MODALITY TREATMENT SETTING

Part I focuses on the application of new agents erlotinib and cetuximab, epidermal 
growth factor receptor (EGFR) inhibitors. The discovery of EGFR mutations led to a 
cascade of developments in treatment of advanced NSCLC. Patients harboring an 
EGFR mutation receiving agents targeting the EGFR receptor or antibodies benefit with 
increased progression free survival. But also a subgroup of patients without an EGFR 
mutation can show treatment response. In this thesis novel agents are newly combined 
with the standard treatment of either resection in early stage NSCLC or chemoradiation 
in locally advanced NSCLC. Besides the toxicity and treatment response different 
predictive markers have been tested to improve patient selection. 
 In chapter II the results are shown of a ‘window of opportunity’ study, in 
which for the first time, NSCLC patients were treated with neoadjuvant erlotinib during 
the preparation time to radical surgery. The objective of this prospective study was to 
investigate the safety of preoperative erlotinib treatment and the (in vivo) response 
in patients with early stage resectable NSCLC. Initially patients meeting enriched 
criteria were included as they were more likely to respond to erlotinib. These criteria 
were female gender, non-smokers, Asian ethnicity and non-squamous histology. Sixty 
patients were included of whom half of the study cohort met the enrichment criteria. 
After three weeks of treatment with erlotinib toxicity was generally mild consisting of 
acneiform skin rash and diarrhea. Treatment evaluation was performed through CT 
scans, FDG-PET/CT scans and histology and their outcomes are compared. Changes on 
the FDG-PET/CT and/or necrosis above 50% were the best way for response evaluation. 
A metabolic partial or complete response was observed in 27% of the patients while 
radiological CT evaluation showed a response in 5% of the patients. After these 
three weeks the tumor was resected through lobectomy and lymphadenectomy. No 
unexpected per- or post-operative complications occurred. Histological examination 
showed >50% necrosis in 23%, of whom 5% of the all patients had >95% tumor 
necrosis. The response rate in the enriched population was 34%. The treatment 
evaluation indicated that for short term evaluation of erlotinib used in this setting the 
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volume of the tumor might not decrease while the metabolic activity clearly decreases 
and necrosis evolves.
 In chapter III an accurate and sensitive method for the determination of 
erlotinib and N-desmethyl erlotinib in human EDTA plasma and tumor tissue of NSCLC 
patients treated with erlotinib is analyzed. To increase knowledge of the plasma and 
tissue levels a method was established to perform these assays for different studies 
in NSCLC using high-performance liquid chromatography and detection with tandem 
mass spectometry. This method was validated over a linear range from 5 to 2,500 ng/
mL in plasma and from 5.0 to 500 ng/mL for human lung tumor tissue homogenate. 
Calibration curves in plasma were used to quantify the analytes in lung tumor tissue 
homogenate samples. Results from the validation study demonstrated a good intra- 
and inter-assay accuracy and precision in both matrices. 
 Subsequently in chapter IV the results of the exploratory study in which 
erlotinib and des-o-methyl erlotinib concentration determination are presented in 
plasma and tumor tissue of patients treated with 3 weeks of neoadjuvant erlotinib. 
The mean plasma and lung tumor tissue erlotinib levels were 1222 ng/mL (standard 
deviation (SD) 678) and 149 ng/g (SD 153), respectively. No strong accumulation of 
erlotinib in lung tumor tissue was observed. Nevertheless, extrapolated intra-tumoral 
concentrations during erlotinib therapy were above the IC50 of wild-type EGFR.
 In chapter V different serum markers were tested for their predictive value 
during and after treatment with neoadjuvante erlotinib. The markers are ligands of the 
EGFR pathway and could therefore play a role in mechanisms of treatment response. 
The markers soluble-EGFR (s-EGFR), transforming growth factor alpha (TGFα), and 
amphiregulin (ARG) and two ligands of the insulin-like growth factor (IGF) receptor 
interacting with the EGFR pathway through IGF and IGF binding protein 3 (IGFBP3) 
were measured in serum before and during treatment. The concentration of the serum 
markers were tested for their predictive value for metabolic response. One marker, 
s-EGFR, showed a trend towards treatment outcome prediction. A high baseline level of 
s-EGFR (>54.95μg/l) was predictive for a response on PET/CT (p=0.04). In all responding 
patients the level of s-EGFR was decreased during treatment. The other markers did not 
show a correlation with response. 
 In chapter VI the development and results of kinase activity profiles in 
NSCLC tumor tissue are described in the presence and absence of erlotinib. The assay 
is used to relate this ex vivo response to clinical response in patients treated with 3 
weeks of neoadjuvant erlotinib. A classifier was obtained that distinguished erlotinib 
responders and non-responders in the training set, using a Leave-One-Out Cross 
Validation and resulted in misclassification of two samples out of the 30. Application of 
the classification algorithm to 15 blinded samples from an independent validation set 
resulted in correct prediction of outcome for 12 samples.
 Chapter VII focuses on a different combination of a new drug combined with 
the standard treatment for NSCLC patients with irresectable or locally advanced disease 
without metastases. Cetuximab, a monoclonal antibody that selectively binds to the 
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epidermal growth factor receptor, has demonstrated activity in patients with metastatic 
NSCLC. This pilot study assessed whether combining cetuximab with concurrent 
chemoradiation (CCRT) is safe and effective in locally advanced NSCLC patients. 
Twelve patients were enrolled. Ten patients completed protocol treatment. Although 
generally well tolerated, two patients were unable to complete treatment according to 
the protocol. Acneiform rash and dysphagia were the most common side effects (grade 
≤3 according to CTCAE v 3.0). No unexpected toxicities were observed. Early response 
monitoring using FDG-PET/CT revealed a metabolic response in 8 (out of 10) patients. 
CT-scan evaluation showed a partial response in 8 patients. Four (out of 12) patients 
showed progressive disease after 12 months of follow-up. The addition of cetuximab to 
CCRT in patients with NSCLC was generally well tolerated and early clinical responses 
were observed with this new therapy combination. A randomized phase II study 
comparing CCRT with CCRT and cetuximab followed thereafter. 

PART II: IMPROVING IMAGE GUIDED RADIOTHERAPY FOR NON-SMALL CELL LUNG 
CANCER PATIENTS

Part II of the thesis focuses on motion of the mediastinal lymph nodes during 
irradiation of locally advanced NSCLC. During irradiation cone beam CT (CBCT) scans 
are used for position verification of the lung tumor and the organs at risk. Lymph nodes 
are not well visible on CBCT scan. Therefore gold fiducial markers were used to track the 
position of the mediastinal lymph nodes during the course of treatment. 
 In chapter VIII the feasibility is analyzed of using these markers as a surrogate 
for lymph node position variability. The markers were placed during diagnostic 
endoscopic ultra sound guidance through the esophagus or bronchial wall. No 
complications occurred during or after marker placement. Substantial position 
variability was observed, mainly in cranial-caudal direction. The trial continued and the 
results of in total 51 patients are analyzed 
 in chapter IX. The larger prospectively treated cohort showed that there is 
substantial motion of the mediastinal lymph nodes. There was no correlation between 
the baseline shift of the lymph nodes and of the primary tumor. The margin recipe was 
adapted to the application of two individual targets, while the current margins are 
based on a single target calculation. By using a carina based correction protocol instead 
of a bony anatomy based margins can be reduced up to 27% for the lymph nodes and 
15% for the primary tumor. 

Chapter X contains the discussion of the thesis. Non-small cell lung cancer, often 
smoking related, remains an aggressive disease that proves difficult to control. Future 
research will be aimed at slowing the disease down and to seize metastatic disease. 
These efforts will likely result in greater understanding of oncogen mutations, signaling 
pathways and drug development for higher percentages of survival benefit. Current 
treatment challenges, new developments with the use of targeted therapy and the 
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need for patient selection are discussed. A standard for response to (neoadjuvant) 
targeted therapy has to be developed and validated as current response criteria for 
chemotherapy and irradiation do not suffice. Optimizing treatment efficacy while 
reducing toxicity is the main challenge in locally advanced NSCLC treated with 
(concurrent) chemoradiation. This concerns the chemotherapy, radiotherapy and their 
combination. By adding a targeted agent to concurrent chemoradiation toxicity can 
unexpectedly be increased. The addition and timing of new agents as erlotinib and 
cetuximab therefore have to be optimized, while simultaneously improving the efficacy 
and precision of the current treatments. Concluding: Further individualizing treatment 
by better patient selection, using predictive markers and tests, short term treatment 
response evaluation and adaptive radiotherapy have the potential to improve 
treatment outcome in the near future.
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Dit proefschrift richt zich op verschillende aspecten van de multidisciplinaire 
behandeling van patiënten met een niet-kleincellig longcarcinoom (NSCLC).
In hoofdstuk I is een algemene introductie met betrekking tot de huidige 
behandelingen en ontwikkelingen binnen het NSCLC beschreven. NSCLC is in 90% 
van de patiënten gerelateerd aan tabak roken en is een agressieve ziekte die 80% 
van de patiënten met longkanker betreft. Met een ziekte die bij een meerderheid van 
de patiënten wordt gediagnosticeerd als gemetastaseerd met een daarbij passende 
levensverwachting van ongeveer een jaar, zijn er vele uitdagingen in het verbeteren 
van de behandelingen en daardoor de prognose. De belangrijkste aspecten van 
diagnostiek en behandeling worden besproken, naast nieuwe ontwikkelingen op het 
gebied van op de individu toegesneden therapie met behulp van het voorspellen van 
behandelresultaten en de toevoeging van nieuwe op specifieke tumoreigenschappen 
gerichte middelen (targeted agents). De hoofdlijnen van dit proefschrift worden uiteen 
gezet aan het einde van hoofdstuk I.

DEEL I: ONTDEKKINGEN BINNEN EGFR CASCADE; NIEUWE MEDICIJNEN ALS 
ERLOTINIB EN CETUXIMAB IN EEN GECOMBINEERDE BEHANDEL MODALITEIT

Deel I richt zich op de epidermale groei factor receptor (EGFR)-cascade en de 
toepassing van de nieuwe EGFR-remmers erlotinib en cetuximab. De ontdekking 
van EGFR-mutaties heeft geleid tot een reeks ontwikkelingen in de behandeling van 
gemetastaseerd NSCLC. Zo kunnen patiënten met een EGFR-mutatie in de tumor baat 
hebben bij de behandeling met middelen die specifiek aangrijpen op de EGFR-receptor 
of op EGFR antilichamen. Dat leidt tot remming van de cascade en tot een langere 
progressie-vrije overleving. Maar ook bepaalde patiënten zonder EGFR-mutatie blijken 
baat te kunnen hebben bij de specifieke EGFR-remmende medicatie. In dit proefschrift 
worden in studie verband nieuwe toepassingen van deze EGFR-remmers in combinatie 
met standaard behandelingen onderzocht. Zo wordt een dergelijke remmer gegeven 
aan patiënten met een beperkt stadium van de ziekte voordat een chirurgische resectie 
van de longtumor (neoadjuvant) plaats vindt. In een andere studie wordt een EGFR-
remmer bij patiënten met een lokaal gevorderd NSCLC toegevoegd aan de gebruikelijke 
behandeling bestaande uit gelijktijdige chemotherapie en bestraling. Naast de toxiciteit 
en het behandelresultaat worden er verschillende voorspellende markers getest ter 
verbetering van patiëntenselectie. 
 In hoofdstuk II wordt een studie beschreven die is opgezet om de tijd tussen 
de diagnose en de tumor verwijderende operatie te benutten voor het testen van 
het effect van erlotinib bij patiënten met een vroeg stadium NSCLC. Het gaat hier om 
een korte periode van gemiddeld 3 weken, die zo is gekozen om de tijd tot operatie 
niet te verlengen. Deze studie is de eerste in de wereld waarin erlotinib aan deze 
patiëntengroep is gegeven en de combinatie met een operatie is onderzocht. De 
belangrijkste doelstellingen van de studie waren de toxiciteit en het behandelresultaat 
in kaart te brengen. Initiëel werd een verrijkte patiëntengroep geincludeerd: dat wil 
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zeggen vrouwen, niet-rokers, Aziatische etniciteit en niet-plaveiselcel histologie. Dit zijn 
in eerdere studies positieve kenmerken gebleken voor het reageren van de tumor op 
een EGFR-remmer. Er zijn 60 patiënten geincludeerd in de studie, van wie de helft aan 
de verrijkingskriteria voldeed. Na een behandelduur van drie weken werden huiduitslag 
en diarree gezien als voornaamste bijwerkingen, waardoor de toxiciteit als relatief 
mild werd beoordeeld. Het effect van de behandeling is op drie manieren geëvalueerd: 
1) volumeverandering van de tumor op CT scans, en 2) veranderingen in metabole 
activiteit van de tumor middels FDG-PET/CT scans, en 3) het percentage necrose 
(weefsel afsterving) bij pathologisch onderzoek gevonden na resectie. Verandering op 
de FDG-PET/CT en/of tumornecrose van 50% of meer waren de beste methoden om de 
behandeluitkomst mee te evalueren. Een partiële- of complete metabole remissie werd 
gezien in 27% van de patiënten. Met radiologische evaluatie met behulp van een CT 
scan werd een remissie gezien in slechts 5% van de patiënten. Na 3 weken behandeling 
met erlotinib werd de tumor gereseceerd met een lobectomie en lymfklierdissectie. Er 
werden geen onverwachte complicaties gezien tijdens of na de operatie. Pathologisch 
onderzoek van de tumoren liet meer dan 50% necrose van de tumor zien bij 23% van de 
patiënten. In 5% van de totale populatie was zelfs sprake van meer dan 95% necrose. 
In de verrijkte groep werd bij 34% een metabole tumorafname gezien. De evaluatie van 
deze behandeling laat zien dat op korte termijn het volume van de tumor niet afneemt 
terwijl de metabole activiteit vaak wel duidelijk afneemt en er meer dan 50% necrose 
ontstaat.
 In hoofdstuk III wordt een validatie studie geanalyseerd waarbij de 
concentratie erlotinib en en een variant hiervan, N-desmethyl erlotinib, in humaan 
plasma en tumor weefsel wordt bepaald bij NSCLC patiënten die behandeld worden 
met erlotinib. Door het ontwikkelen van deze bepalingen is het mogelijk om voor 
verschillende NSCLC studies concentraties te bepalen met twee verschillende 
methodes. Deze concentratiebepalingen werden gevalideerd over een lineair bereik 
van 5.0-2,500 ng/ml in plasma en van 5.0-200 ng/ml voor humaan longtumor weefsel. 
De resultaten van de validatie studie lieten een hoge nauwkeurigheid en precisie zien 
zowel binnen de monsters als tussen de verschillende monsters en zowel voor het 
plasma en het tumorweefsel. 
 Vervolgens wordt in hoofdstuk IV beschreven hoe de concentratie erlotinib en 
des-o-methyl erlotinib bepaald werden in het plasma en tumor weefsel van patiënten 
die gedurende 3 weken behandeld waren met neoadjuvante erlotinib. De gemiddelde 
erlotinib concentraties in plasma en longtumorweefsel waren respectievelijk 1222ng/
ml en 149ng/g. Er werd geen sterke ophoping van erlotinib in het longtumor weefsel 
geobserveerd. Desondanks waren geëxtrapoleerde intra-tumorale concentraties van 
erlotinib tijdens de behandeling hoger dan nodig voor de helft van het maximale 
remmende effect door erlotinib.
 In hoofdstuk V worden de resultaten gepresenteerd van verschillende 
serummarkers getest op hun predictieve waarden voor en tijdens de behandeling met 
neoadjuvant erlotinib. De markers zijn gerelateerd aan verschillende eiwitten in de 
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EGFR cascade en zouden daardoor een rol kunnen spelen in het mechanisme van het 
behandel effect. De markers soluble-EGFR (s-EGFR), transforming growth factor alpha 
(TGFa) en amphireguline (ARG) en daarnaast nog twee liganden van de insuline-like 
growth factor receptor (IGF) en IGF binding protein 3 werden gemeten voor en tijdens 
de erlotinib behandeling en werden vergeleken met de metabole reactie. Eén marker, 
s-EGFR, was voorspellend voor de behandeluitkomst. Een hoge serumwaarde van 
s-EGFR (>54.95μg/l) voorafgaande aan de behandeling voorspelde een goede reactie op 
erlotinib (p=0.04). In alle patiënten die een aantoonbare tumor afname hadden werd 
een afname van s-EGFR tijdens de behandeling geobserveerd. De andere markers lieten 
geen relatie met de behandeluitkomst zien. 
 Hoofdstuk VI bevat het onderzoek naar de ontwikkeling en resultaten van 
een kinase acitiviteitsprofiel in aanwezigheid en afwezigheid van erlotinib in patiënten 
met een NSCLC. De bepaling is gebruikt om resultaten van een reactie buiten het 
lichaam te correleren met de klinische behandelreactie in patiënten die gedurende 3 
weken behandeld zijn met neoadjuvante erlotinib. Deze classificatie werd verkregen 
door het onderscheid te maken tussen tumoren die wel en niet op erlotinib reageren. 
Er werd gebruik gemaakt van een statistische validatie methode en dat resulteerde in 
het correct kwalificeren in 28 van de 30 monsters in de training set. De toepassing van 
het classificatie algoritme in een onafhankelijke validatie set leidde tot een correcte 
voorspelling in 12 van de 15 monsters.
 Hoofdstuk VII richt zich op een andere EGFR-remmer, cetuximab, in 
combinatie met standaard behandeling van NSCLC patiënten met een irresectabele 
of lokaal gevorderde ziekte namelijk gelijktijdig chemo- en radiotherapie. Cetixumab, 
een monoklonaal antilichaam dat zich selectief bindt aan de epidermal growth factor 
receptor, heeft bewezen effectief te zijn in patiënten met gemetastaseerd NSCLC. 
In deze verkennende studie werd gekeken of de combinatie van cetuximab met 
gelijktijdige chemoradiatie veilig en effectief was in patiënten met een lokaal gevorderd 
NSCLC. Twaalf patiënten werden geincludeerd, tien patiënten hebben de gehele 
behandeling volgens protocol afgerond. Hoewel de behandeling over het algemeen 
goed doorstaan werd, zijn twee patiënten eerder met de behandeling gestopt vanwege 
de bijwerkingen. Dysfagie (problemen met slikken) en acne-achtige huiduitslag waren 
de meest voorkomende bijwerkingen. Er deden zich geen onverwachte bijwerkingen 
voor. Vroege evaluatie van de behandelreactie met behulp van FDG-PET/CT liet een 
metabole reactie zien in acht van de 10 patiënten die behandeling hebben afgemaakt. 
CT evaluatie liet een partiële remissie zien in dezelfde acht patiënten. Vier van de in 
totaal 12 patiënten hadden progressieve ziekte binnen 12 maanden. De toevoeging van 
cetuximab aan gelijktijdige chemoradiatie werd goed getolereerd en vroege klinische 
remissies werden waargenomen bij deze nieuwe behandelcombinatie. Hieruit volgde 
een gerandomiseerde fase II studie waarbij gelijktijdige chemoradiatie werd vergeleken 
met cetuximab toegevoegd aan gelijktijdige chemoradiatie. 
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DEEL II: VERBETERINGEN OP HET GEBIED VAN BEELDGESTUURDE RADIOTHERAPIE 
VOOR NIET-KLEINCELLIG LONGCARCINOOM PATIËNTEN

Deel II van het proefschrift richt zich op de bewegelijkheid van lymfeklieren die 
tussen de longen (mediastinum) tijdens de bestraling van het lokaal gevorderde 
NSCLC. Tijdens de bestraling wordt de Cone Beam CT(CBCT) scan gebruikt voor 
positieverificatie van zowel de tumor als de gezonde weefsels. Vanwege een gebrek aan 
contrast zijn de lymfeklieren niet goed zichtbaar op CBCT scans. Daarom is er gekozen 
om gouden markers in de mediastinale lymfeklieren te plaatsen om zo de positie van de 
klieren tijdens de behandeling goed te kunnen volgen. 
 Hoofdstuk VIII toont de haalbaarheid van het gebruik van deze goudmarkers 
als een surrogaat voor de lymfeklier positie variatie aan. De markers werden geplaatst 
tijdens een standaard diagnostische echo geleide endoscopische procedure via 
de slokdarm of bronchus. Er werden geen complicaties waargenomen tijdens of 
na plaatsing van de markers. Aanzienlijke positievariabiliteit werd geobserveerd, 
voornamelijk in cranio-caudale richting (van hoofd af benedenwaards). 
 De studie werd voortgezet waarbij 51 patiënten geanalyseerd zijn in hoofdstuk 
IX. In deze grotere prospectieve cohort studie werd een substantiële bewegelijkheid 
van de mediastinale lymfeklieren bevestigd. Er was weinig correlatie tussen de positie 
veranderingen van de lymfeklieren ten opzichte van die van de longtumor. Het marge 
recept (voorschrift voor het gebruik van veiligheidsmarges om de tumor in verband met 
beweeglijkheid, microscopische tumoruitbreiding en intekenvariatie) was aangepast 
voor de toepassing van twee onafhankelijke doelgebieden, omdat het bestaande marge 
recept gebaseerd is op één enkel doelgebied. Door de carina (splitsing van de luchtpijp 
in de twee hoofdbronchi) te gebruiken als vaste structuur om voor bewegelijkheid 
te corrigeren, in plaats van de botten van de wervelkolom, kunnen de marges veilig 
verkleind worden tot 27% van het huidige marge voorschrift voor de lymfeklieren en tot 
15% van die voor de longtumor.

Hoofdstuk X betreft de algemene discussie van dit proefschrift. Het niet-kleincellige 
long carcinoom, vaak aan tabaksgebruik gerelateerd, blijft een agressieve ziekte die 
moeilijk te controleren valt. Toekomstig onderzoek zal gericht blijven op het afremmen 
van de ziekte en het tot halt brengen van het metastasering proces. Deze inspanningen 
kunnen resulteren in meer inzicht in de werkingsmechanismen van oncogene mutaties, 
signaal cascades en medicijn ontwikkelingen om hogere overlevingswinst te behalen. 
De uitdagingen binnen de huidige behandelingen, nieuwe ontwikkelingen met de 
komst van de gerichte middelen en de noodzaak van goede patiënten selectie worden 
besproken. Een standaard om de reactie op de nieuwe (neoadjuvante) gerichte 
medicatie te evalueren dient ontwikkeld en gevalideerd te worden omdat de huidige 
evaluatie kriteria voor chemotherapie en bestraling voor deze toepassing onvoldoende 
zijn. De optimalisatie van het behandeleffect terwijl de toxiciteit verminderd wordt, 
is de grote uitdaging bij het lokaal gevorderd niet-kleincellig longcarcinoom dat 
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behandeld wordt met (gelijktijdige) chemoradiotherapie. Dit betreft optimalisatie van 
chemotherapie, de bestraling en de combinatie van beide. De toevoeging van gerichte 
medicatie bij gelijktijdige chemoradiatie kan leiden tot een toename van onverwachte 
toxiciteit. De toevoeging en timing van nieuwe middelen als erlotinib en cetuximab 
dient geoptimaliseerd te worden onder gelijktijdige verbetering van de effectiviteit en 
precisie van de huidige behandelingen. 
 Concluderend: verdere individualisatie van de behandeling door middel van 
betere patienten selectie op basis van voorspellende markers en testen, korte termijn 
behandelevaluatie en adaptieve radiotherapie kunnen de behandelresultaten op korte 
termijn verbeteren.
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N.A. Lankheet, E.E. Schaake, H. Rosing, J.A. Burgers, J.H. Schellens, J.H. Beijnen,
A.D. Huitema.
Bioanalysis. 2012 Nov;4(21):2563-77

Mediastinal lymph node position variability in non-small cell lung cancer patients 
treated with radical irradiation.
E.E. Schaake, J.S.A. Belderbos, W.A. Buikhuisen, M.M.G. Rossi, J.A. Burgers, J.-J. Sonke.
Radiotherapy & Oncology 2012 Nov;105(2):150-4

Tumor response and toxicity of neoadjuvant erlotinib in early stage NSCLC patients.
 E.E. Schaake, I. Kappers, H.E. Codrington , R. Valdes Olmos, H.J. Teertstra, R. van Pel, 
J.A. Burgers, H. van Tinteren, H.M. Klomp, on behalf of the NEL study Group.
Journal of Clinical Oncology 2012 Aug 1;30(22):2731-8

Markers for diagnosis of mesothelioma: a systematic review and meta analysis. 
S. van der Bij, E. Schaake, H. Koffijberg, J.A. Burgers, B.A.J.M. de Mol, K.G.M. Moons.
British Journal of Cancer 2011 Apr 12;104(8):1325-33

Phase II trial of Uracil/Tegafur plus leucovorin and celecoxib combined with 
radiotherapy in locally advanced pancreatic cancer.
M.J. Morak, D.J. Richel,C.H. van Eijck, J.J. Nuytten, A. van der Gaast, W.L. Vervenne, 
E.E. Padmos, E.E. Schaake, O.R. Busch, G. van Tienhoven
Radiotherapy & Oncology 2011 Feb;98(2):261-4

Cetuximab in combination with single agent daily cisplatin chemotherapy concurrent 
with radiotherapy in locally advanced non-small cell lung carcinoma: A feasibility study. 
E.E. Schaake, T.S. Aukema, J.S. Belderbos, W. Uyterlinde, N. van Zandwijk, 
R.A. Váldes Olmos, M. Verheij, A.D. Vincent, M.M. van den Heuvel.
European Journal of Clinical & Medical Oncology 2010; 2(3):1-7
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Mediastinal lymph node position variability in lung cancer patients treated with 
radiotherapy
E.E. Schaake, J.S.A. Belderbos, J. Nijkamp, W.A. Buikhuisen, J.A. Burgers, J.-J. Sonke
European Society of Treatment in Radiation Oncology, May 2011, London- UK. 
Oral presentation

Blind prediction of response to erlotinib in early-stage non-small cell lung cancer 
(NSCLC) in a neoadjuvant setting based on kinase activity profiles.
R. Hilhorst, E.E. Schaake, R. van Pel, P.M. Nederlof, L. Houkes, M. Mommersteeg, R. de Wijn, 
R. Ruijtenbeek, M.M. van den Heuvel, P. Baas, H.M. Klomp.
American Society for Clinical Oncology, June 2011, Chicago-USA. Poster discussion

Detailed analysis of tumor regression during radical radiotherapy in lung cancer 
patients
E.E. Schaake, J.S.A. Belderbos, S. Rit, S. van Kranen, S. van Beek, H.J. Teerstra, J.-J. Sonke
World Lung Cancer Conference, July 2011, Amsterdam- the Netherlands. 
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Blind prediction of response to neoadjuvant treatment with erlotinib in early stage non-
small cell lung cancer (NSCLC) using kinase activity profiles.
R. Hilhorst, E.E. Schaake, R. van Pel, P.M. Nederlof, L. Houkes, M. Mommersteeg, R. de Wijn, 
R. Ruijtenbeek, M.M. van den Heuvel, P. Baas, H.M. Klomp.
World Lung Cancer Conference, July 2011, Amsterdam- the Netherlands. 
Poster Discussion

Adaptive radiotherapy for primary lung tumours and mediastinal lymph nodes
E.E. Schaake, J.S. Belderbos, W.A. Buikhuisen, J.-J. Sonke
European Society of Treatment in Radiation Oncology, May 2012, Barcelona- Spain. 
Oral presentation

Differential motion between mediastinal lymph nodes and primary tumor in lung 
cancer patients
E.E. Schaake, M.M.G. Rossi, J.S.A. Belderbos, W.A. Buikhuisen, J.A. Burgers, J.-J. Sonke
European Society of Treatment in Radiation Oncology, April 2014, Vienna- Austria. 
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Na 4 jaar onderzoek en verschillende studies zijn er veel mensen te bedanken.
Allereerst gaat mijn dank uit naar alle patiënten, die belangeloos hebben mee 
gedaan aan de verschillende studies. Zonder hen zullen de ontwikkelingen die in het 
laboratorium of in de hoofden van de onderzoekers ontstaan nooit hun weg vinden 
naar de dagelijkse praktijk. 

Geachte professor Baas, beste Paul, dank voor je overzienende blik en de adviezen die 
je tijdens de laatste fase van mijn promotie traject en als hoofd van mijn promotie-
begeleidings commissie hebt gegeven.
 Geachte professor Verheij, beste Marcel, dank voor je wetenschappelijke 
ideeën en adviezen die je me door de tijd heen gegeven hebt. Ik ben heel blij verder te 
mogen leren en mijzelf te mogen ontwikkelen als AIOS-radiotherapie op een afdeling 
waar zoveel ruimte is voor inspirerend onderzoek in harmonie en nauwe relatie met de 
kliniek.
 Beste Sjaak Burgers, dank voor de regelmatige gesprekken over mijn 
onderzoeken, met de blik altijd op het eindresultaat gericht. Je hebt me geleerd dingen 
niet ingewikkelder te maken dan ze al zijn. Om in de boodschap en hoofdlijnen te 
blijven denken op momenten waar ik af en toe vast liep op de weg er naar toe.
 Beste Houke Klomp, wat een geschenk dat ik van jou de NEL studie verder 
mocht uitwerken en afmaken. Op een moment dat ik me afvroeg of er ooit samenhang 
tussen mijn projecten zou komen, kwam jij. Wanneer we eenmaal naast elkaar 
zaten heb ik onze samenwerking als heel vrolijk beschouwd ondanks jouw drukke 
programma.

Geachte leden van de promotie commissie, professor de Mol, professor van Herk, 
professor Rasch, profesor Aalders en professor van Meerbeeck: hartelijk dank voor 
het zorgvuldig beoordelen van mijn proefschrift en voor het aangaan van de discussie 
hierover op 20 juni.

Leden van mijn promotie begeleidings commissie: 
 Geachte professor Neefjes, beste Sjaak, bedankt dat je een arts zonder enige 
kennis van laboratorium onderzoek hebt opgenomen in je research groep. Ik ben blij 
dat ik dankzij jou, Ruud Wijdeven en de rest van jouw groep een indruk heb mogen 
krijgen van fundamenteel onderzoekswereld en ik zal daar mijn hele werkzame leven 
heel veel profijt van hebben. 
 Geachte professor Linn, beste Sabine, je bent als extern lid een zeer welkome 
aanvulling in mijn promotie-begeleidings commissie geweest. Jouw onderzoekskennis 
is bewonderenswaardig en het talent om dat te combineren met de dagelijkse kliniek 
en patientenzorg is zeer inspirerend. Dank voor het meedenken, de vele goede ideeën 
en jouw tijd! 
 Beste José Belderbos, hartelijk bedankt voor het begeleiden, je kritische 
vragen en je betrokkenheid. Ook wil ik je bedanken voor het laten zien hoe je in de 
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radiotherapie onderzoek en kliniek goed met elkaar kunt combineren op dagelijkse 
basis; dat heeft zeker bijgedragen aan mijn beslissing om me te gaan specialiseren tot 
radiotherapeut.

Prof van Zandwijk, beste Nico, eigenlijk begon mijn hele promotie traject met een zeer 
uitgebreid Italiaans diner in Sydney. Je adviezen en betrokkenheid vanuit de andere 
kant van de wereld heb ik altijd zeer gewaardeerd.

Marcel van Herk, Jan-Jakob Sonke en de RT long research groep: bedankt voor jullie 
introductie in termen waarvan ik toen dacht ze nooit te zullen gaan begrijpen. Dank dat 
alle deuren altijd open staan en voor jullie engelengeduld. De passie en eindeloze inzet 
voor onderzoek zijn aanstekelijk. Jasper Nijkamp en Maddalena Rossi in het bijzonder 
bedankt voor alle hulp bij het oplossen van vastgelopen software, samenwerken binnen 
studies, meedenken en daarnaast voor alle gezelligheid. 
 Thorax oncologie groep van het AVL; bedankt voor het includeren, behandelen 
van studie patiënten en het meedenken tijdens de verschillende onderzoeken, voor het 
delen van jullie klinische kennis en wetenschappelijke inzichten. Ik blijf gelukkig in de 
buurt voorlopig! 
 Daphne Roberts; bedankt voor al je hulp en als uitblaaspunt, in het bijzonder in 
de laatste maanden. 

Mijn grote dank gaat uit naar alle co-auteurs en medewerkers van de verschillende 
projecten. Dank voor de verschillende discussies en het helpen creëren van gezamelijke 
studies en manuscripten. In het bijzonder:
 Ingrid Kappers, fijn om het project dat jij hebt opgezet te mogen afmaken 
en samen een mooi artikel te schrijven. En om nog echt samen te kunnen werken in 
het Slotervaart Ziekenhuis en te kunnen filosoferen over de voor- en tegenspoed als 
onderzoeker. Succes met de rest van je opleiding! 
 Marieke Vollebergh, lieve Marieke, wat was ik blij dat ik jou tegenkwam 
tijdens de OOA-postersessie op Texel. De herkenning was het begin van een gevoel van 
verbondenheid in de verschillende uitdagingen met onszelf en met het onderzoek. Je 
ben lief, slim, grappig, een doorzetter, een zeer toegewijde onderzoeker en arts naar wie 
ik met bewondering kijk. 

Mede-onderzoekers, kamergenoten en O-gebouwers van de oude en nieuwe 
garde, Slotervaart afdeling Interne-Longgeneeskunde-Cardiologie, collegae RT-
AIOS. Op congressen, cursussen, feestjes, borrels, lunches waren jullie een grote 
vertegenwoordiging van mijn arbeids(feest)vreugde. Samen de ups en downs van 
het dagelijkse werk en onderzoek bespreken, vaak afgewisseld met de rariteiten van 
het dagelijks bestaan. Slotervaart Ziekenhuis bedankt voor het revitaliseren van mijn 
klinische kant.
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En wat is er leuker als vrienden collega’s worden en collega’s vrienden?! 
 Mila Donker, vanuit ons co-groepje samen het AVL onveilig gemaakt, en nu 
als collega’s in de radiotherapie. Je vrolijke en uitbundige uitstraling met behoud van 
aandacht en diepgang voor de mensen om je heen is een groot talent en een mooie 
inspiratie! Dank voor je eindeloze steun toen dat hard nodig was EN voor alle feestelijke 
momenten samen. We gaan een stralende toekomst tegemoet! En volgende keer vieren 
we jouw promotie!  
 Jurrien Stiekema, van het introductie groepje van het AMC in 2002 via Nereus 
van vrienden naar collega en kamergenoot. Altijd goed om op zijn tijd samen te eten 
of te dansen. Dankzij jou ben ik op de hoogte van de beste muziek. Je vriendschap en 
relaxedheid hebben mij als kamergenoot door de laatste jaren van mijn onderzoek 
heen gesleept. 
 Ewout Courrech-Staal, ik ben heel bij dat ik bij jou op de kamer terecht kwam. 
Vele gespreken binnen en buiten het ziekenhuis hebben ons, al bestaande, contact uit 
laten groeien tot een mooie trouwe vriendschap, waarin alle aspecten van het leven 
gedeeld kunnen worden en waar ook Sanne, Kato en Krijn onmisbaar in zijn.
 Maurits Swellengrebel, onderzoek doen is niet altijd eenvoudig, gelukkig zijn er 
dan mensen met wie je dat gevoel kunt delen! Soms loopt de weg anders dan tevoren 
bedacht maar als je je eigen weg volgt kom je uiteindelijk uit waar je moet zijn. Bedankt 
voor de vriendschap en gesprekken die daardoor ontstaan zijn. 
 Heike Peulen en Gerben Borst, voor mijn volgende proefschrift gaan we samen 
mooie megalomane projecten creëren.

Lieve vriendinnen van geneeskunde, clubacht-Nereus, CISV, HML, Amsterdam en uit alle 
windstreken. Jullie zijn de lente bloesem op mijn takken, de frambozen en bosbessen 
in mijn prinsessen-ontbijt. Ik vind mezelf terug in gesprekken, etentjes en ontspanning 
samen en kijk er naar uit dat de voortgang van mijn promotie daar geen onderwerp 
meer in is!

Lieve Sophie, dank voor het mooie ontwerp van mijn boekje en de uren die je in de 
lay-out en editing hebt gestoken. Je hebt me daarmee heel dankbare vrije uren mee 
gegeven, je hebt mijn boekje en artikelen een gezicht gegeven. 

Lieve Paranimfen, Nike Harinck en Esther Griffioen. 
 Lieve Nike, door onze hele jeugd naast elkaar opgegroeid te zijn, delen we veel 
ondanks dat onze wegen altijd heel verschillend zijn. We kruisen elkaars pad altijd weer, 
vooral op de momenten dat we het zelf niet verwachten. De rode vriendschapsdraad 
door ons en elkaars leven verliezen we niet snel meer. Je bent als familie voor me, ik 
ben benieuwd waar de draad ons de komende jaren gaat brengen! 
 Lieve Esther, zonder jou zou ik hier niet rustig kunnen staan. We hebben zoveel 
gedeeld de afgelopen jaren, ontdekt waar wij ten opzichte van de wereld en mensen om 
ons heen staan. Beiden met passie en hart voor ons werk en zoekend waar de balans 
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weer wat meer richting onszelf moet gaan. Filosoferend over wetenschap ten opzichte 
van het dagelijkse leven en emoties; we weten elkaar eigenlijk altijd te raken. 

Lieve Maurits, dank voor je aanhoudende interesse in de ontwikkelingen in en van mijn 
onderzoek. Jouw positieve energie heeft me vaak op de been gehouden in de eerste 
jaren van mijn onderzoeksleven. 

Familie Sonke-Aalders-Verstraelen dank voor het ongedwongen en fijne samenzijn en 
jullie bijdragen aan het leven van mijn grote liefde.

Lieve David en Marietje, we zijn een prachtige sterke drie-eenheid. We hebben de wereld 
ontdekt met z’n drieën en ik voel me zo rijk met het gevoel dat jullie er altijd voor me 
zullen zijn. We zijn zo verschillend en leiden een compleet verschillend leven maar onze 
wortels zijn met elkaar vergroeid. Ik ben trots op onze eigenheid en trots op jullie. Lieve 
Anna, bedankt dat ik altijd kan aanschuiven en ik kijk uit naar de nieuwe Schaake telg.

Lieve Mamma, de appel rolt soms langzaam dichter naar de boom! Hoe meer ik een 
kijkje krijg in je werkende leven hoe groter mijn bewondering en ook verbazing. Wat heb 
je veel gecombineerd en voor elkaar gekregen. En dat terwijl je grootste baan moeder 
zijn, voor ons drie, was en blijft. Dank voor je betrokkenheid en adviezen die nooit 
ongevraagd waren. Je hebt me altijd het gevoel gegeven iedere keuze te steunen zonder 
daar je eigen emoties in te verweven. Je hebt ons ook geleerd te genieten van ieder 
moment met elkaar omdat het leven kwetsbaar is en dat doen we zeker. Ab bedankt 
voor de oprechte interesse en voor het telefonische hulppanel dat je samen met 
mamma tijdens mijn studie vormde, de antwoorden waren altijd juist! Je interesse in de 
medemens is heel prettig en ik ben heel blij dat je naast mamma staat al vele jaren.

Lieve Pappa en Cilia, dank voor de rustige haven met thee, de tuin en ruimte voor even 
niets of juist een mooi gesprek. Pappa, dank je wel voor het laten zien dat je altijd jezelf 
kan zijn in deze rare wereld waarin er zoveel druk op je wordt uitgeoefend. Je hebt 
ons geleerd dat je je niet altijd hoeft te conformeren, maar dat je vanuit je eigen kracht 
moet werken en zijn. Je weet altijd de spijker op z’n kop te slaan en hebt gauw door 
hoe de (groeps) dynamiek is. Je hebt me enorm geholpen door te luisteren en ook door 
verschillende stukken te lezen waar je bijzonder veel van begrijpt voor een alpha!

Lieve Jan-Jakob, op het moment dat ik het het minst had verwacht kwam ik jou ineens 
op een andere manier tegen. Het mooiste wat mijn promotietraject mij gebracht 
heeft! Jij kan altijd en overal werken en daarmee heb je veel verlichting gebracht in 
het soms eindeloos lijkende werk. In de vele vrije uren die we, ieder werkend aan onze 
eigen deadlines en projecten, samen hebben door gebracht hebben we met plezier 
gedeeld. Gelukkig kan je het werk ook razendsnel loslaten en beleven we samen een 
werkelijkheid die mooier is dan dromen. 
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Eva Schaake was born on the 28th of April 1983 in Leiden, The Netherlands. She 
graduated from the secondary education at the Haags Montessori Lyceum in The Hague 
in 2001. After her graduation she worked with street children in Cusco, Peru and traveled 
through South-America during a gap year. 
 In 2002 she started her medical school at the University of Amsterdam. She 
was involved in rowing and in organizing international youth camps and meetings for 
Children’s International Summer Villages (CISV), a NGO - international peace education 
charity. In 2006 she proceeded with her medical internships in the region of the 
Amsterdam Medical Center- University of Amsterdam. She concluded with an internship 
Radiation Oncology at the Royal Prince Alfred Hospital in Sydney, Australia and a senior 
internship in pulmonary diseases at Onze Lieve Vrouwe Gasthuis in Amsterdam. 
 After obtaining her medical degree she started her PhD research at the 
department of thoracic oncology at The Netherlands Cancer Institute/ Antoni 
van Leeuwenhoek in Februari 2009. Under daily supervision of dr. J.A. Burgers 
(pulmonologist), and later accompanied by dr. H.M. Klomp (thoracic surgeon), she 
performed research into novel agents combined with a multimodality approach in non-
small cell lung cancer patients.
 In June 2012 she returned to clinical practice while working for a year, at the 
department of Internal Medicine of the Slotervaart ziekenhuis in Amsterdam supervised 
by Prof. dr. D.P.M.  Brandjes and dr. J.-W. Mulder. She initiated her specialization for 
radiation oncology at The Netherlands Cancer Institute/ Antoni van Leeuwenhoek under 
supervision of Prof. dr. M. Verheij in October 2012. 
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